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Abstract
The tumor microenvironment including glial cells and their inflammatory products regulates brain
tumor development and progression. We have previously established that human glioma cells are
exquisitely sensitive to IL-1 stimulation leading us to undertake a comparative analysis of the
secretome of unstimulated and cytokine (IL-1)-stimulated glioblastoma cells. We performed label-
free quantitative proteomic analysis and detected 190 proteins which included cytokines,
chemokines, growth factors, proteases, cell adhesion molecules, extracellular matrix (ECM) and
related proteins. Measuring area under the curve (AUC) of peptides for quantitation, the IL-1-
induced secretome contained 13 upregulated and 5 downregulated extracellular proteins (p<0.05)
compared to controls. Of these, IL-8, CCL2, TNC, Gal-1 and PTX3 were validated as upregulated
and SERPINE1, STC2, CTGF and COL4A2 were validated as downregulated factors by
immunochemical methods. A major representation of the ECM and related proteins in the
glioblastoma secretome and their modulation by IL-1 suggested that IL-1 induces its effect in part
by altering TGFβ expression, activity and signaling. These findings enhance our understanding of
IL-1-induced modulation of glioma microenvironment, with implications for increased tumor
invasion, migration and angiogenesis. They further provide novel targets for the glioblastoma
intervention.
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1. Introduction
Glioblastoma multiforme (GBM) is the most common brain tumor with very poor prognosis
despite recent progress in chemotherapy and immunotherapy [1-3]. The poor prognosis of
malignant gliomas is related to the ability of tumor cells to infiltrate the surrounding tissue,
making the tumor non-resectable, as well as their high degree of neo-angiogenesis and
tumor necrosis [4]. During tumorigenesis/progression, the normal balance between critical
proteins such as proteases, their inhibitors, and adhesion molecules is dysregulated. It is also
expected that other not yet identified proteins are involved in this process. In addition to the
cell-associated proteins, glioma-produced secreted proteins also play a major role in cell-cell
communication with other glioma cells, tumor vessels, inflammatory cells, and endogenous
brain cells [3]. Therefore, analysis of proteins secreted by glioblastoma cells in an unbiased
manner (secretome) is an important approach to understand these mechanisms.

Gliomas in vivo grow in a highly complex microenvironment. Microglia and astrocytes are
among the brain cells implicated in facilitating glioma growth, invasion, angiogenesis and
anti-tumor surveillance [3;5]. Tumor-associated microglia and astrocytes show an activated
phenotype with a global change in their transcriptional, metabolic and secretory profiles, but
the details of these changes and their impact on glioma progression are not known. Of the
soluble mediators that are produced by activated microglia, IL-1 plays a particularly
important role in the activation of glioma cells and initiating the neuroinflammatory cascade
in the central nervous system (CNS) [6-9]. Human glioblastoma cells are exquisitely
sensitive to IL-1 stimulation [10] (and this report). Importantly, evidence also supports that
glioblastoma cells in vivo and in vitro also produce IL-1 [11;12] (Tarassishin and Lee,
unpublished) and that IL-1 itself is also a potent inducer of IL-1 production in myeloid cells
and in human glioma cells [13;14](manuscript in preparation). These results together
indicate that IL-1-mediated cellular interactions involving GBM cells, tumor-associated
microglia, neuroglial cells, and blood vessels can set off a potent proinflammatory, pro-
tumor and neurotoxic cascade in the CNS [15-17].

Given the importance of inflammation in tumorigenesis and progression [18;19], and the
central importance of IL-1 in the establishment of glioma microenvironment, in the present
study we performed quantitative proteomic analysis of the glioblastoma secretome,
comparing unstimulated and IL-1-stimulated glioblastoma cells (U251). This approach
provides a platform of non-targeted and unbiased discovery for large number of
differentially secreted proteins. We found 190 proteins including cytokines, growth factors,
ECM and related proteins. Their altered abundance upon IL-1β stimulation imitates the
inflammatory response and provides insight into the extracellular events resulting in pro-
tumor environment.

2. Materials and methods
2.1 Cells, reagents, and sample preparation

Glioblastoma cell line U251 was cultivated in DMEM supplemented with 5% FBS and
antibiotics (“Anti-anti” from Invitrogen/Life Technologies, Grand Island, NY).
Recombinant human IL-1β was purchased from Peprotech (Rocky Hill, NJ). For cytokine
stimulation, the cells were grown in 25 cm dishes until ~90% confluence, then incubated
with IL-1β (10 ng/ml) for 15 min, which we previously determined to be sufficient to
activate human astrocytes [20]. Cultures were then washed extensively with PBS to remove
carry over cytokines and were further incubated with serum-free DMEM for an additional
24 h. Control medium was produced similarly except that the cytokine treatment was
omitted.
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Conditioned medium (CM) was collected by gentle aspiration and then centrifuged at 2,000
rpm for 10 min to remove cell debris. CM was concentrated using polyethersulfonate
membrane > 5,000 MWCO (Sartorius Stedim Biotech GmBH, Gethingen, Germany), and
washed twice with sterile ddH20 (x2 volume) in order to decrease the salt loading at MS.
Samples were then denatured by boiling for 5 min and centrifuged at 10,000 rpm for 5 min
to remove possible protein aggregates. Protein concentration was determined with Bio-Rad
Protein Assay reagents (Bio-Rad, Hercules, CA). This process was repeated three times to
collect three sets of controls and stimulated media.

2.2 SDS-PAGE and Western blotting
Ten (10) μg of samples were incubated with equal volume of 2x dissociation buffer for 5
min at 95 °C and applied to the Criterion 4-20% gradient gel or 10% gel as indicated. After
electrophoresis, the gels were stained with Bio-Safe Coomassie Blue. All reagents were
from Bio-Rad.

For Western blotting, the proteins were transferred to polyvinylidene difluoride membrane.
The membrane was blocked in PBS containing 5% nonfat milk and then incubated with
antibodies at 4°C for 16 h. Primary antibodies were: anti-Tenascin-C, anti-Galectin-1, and
anti-Pentraxin 3 (1:1,000, R&D Systems, Minneapolis, MN), anti-Stanniocalcin-2 (1:100,
ThermoScientific, Franklin, MA), anti-SERPINE1 (1:400, Sigma-Aldrich, St Louis, MO),
anti-MMP2 (1:250, Cell Signaling, Beverly, MA), anti-CTGF (1:200, Santa Cruz Biotech,
Santa Cruz, CA), and anti-COL4A2 (1:200, Santa Cruz Biotech). Secondary antibodies
were: horseradish peroxidase (HRP) - conjugated anti-goat IgG (1:5,000, Rockland
Immunochemicals, Gilbertville, PA), anti-rabbit IgG (1:500) and anti-mouse IgG (1:500,
ThermoScientific) and incubated for 1 h at room temperature. Signals were developed using
enhanced chemiluminescence (Super Signal West or Pico Chemiluminescent Substrate,
ThermoScientific). After developing, the X-ray films were scanned and densitometry
analyses were performed with NIH Image J software. Statistical analyses of western blot
data were performed by Student’s t-test (Ctr vs. IL-1treated samples, n =3) using GraphPad
Prism 5.0.

2.3 ELISA
ELISAs for IL-8, CCL2 and TGFβ1 were performed using R&D Systems DuoSet reagents
following the manufacturer’s protocols. The sensitivity ranges for ELISA were 32.2 - 2,000
pg/ml for IL-8, 15.6 - 1,000 pg/ml for CCL2, and 31.2 - 2000 pg/ml for TGFβ1. The
samples were diluted until the values fell within the linear range of detection. Statistical
analyses of ELISA data were performed by Student’s t-test (Ctr vs. IL-1treated samples, n
=3) using GraphPad Prism 5.0.

2.4 Mass Spectrometry Analysis of conditioned media
Concentrated and washed CM retentates from the membrane filters were loaded on a PAGE
gel (12%) and run to ~6 mm to remove the dye from cell medium. Complete lanes were
excised using disposable grid cutters (The Gel company, San Francisco, CA) to produce 6
bands with the size of 10X1X1mm3 from each samples. Two band slices were placed in
each well of 96 well plates and in-gel digested using an Ettan Digester (GEHealthcare,
Piscataway, NJ). Gel pieces were reduced with DTT and alkylated with iodoacetamide as is
described previously [21].

Digested peptides from all 6 bands were pooled before MS analysis. An Agilent 1100 series
Nano HPLC interfaced to a QStar XL mass spectrometer (AB Sciex, Ontario, Canada) was
used for analysis. Extracted peptides were loaded onto a Zorbax 300SB-C18 trap column (5
μm, 300 Å, 0.3 mm) at a flow rate of 8 μl/min with 2% CH3CN/0.1% trifluoroacetic acid
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and delivered to an Acclaim 300 nanocolumn (C18, 3 μm, 300 Å, 75 μm i.d. × 15 cm,
Dionex, Sunnyvale, CA, USA) by a switching mechanism. Peptides were eluted from the
nanocolumn at a flow rate of 250 nl/min with 2% CH3CN/0.1% formic acid (solvent A) and
90% CH3CN/0.1% formic acid (solvent B). The gradients used were as follows: 0 to 30 min,
5% B (desalting); 30 to 80 min, 5 to 25% B; 80 to 95 min, 25 to 90% B; 95 to 110 min, 90%
B; 110 to 120 min, 90 to 5% B; 120 to 130 min, 5% B. A nanospray voltage in the range of
2000 to 2400 V was optimized daily. All nanoLC-MS/MS data were acquired in the data-
dependent acquisition mode in Analyst QS 1.1 (AB Sciex). TOF (time-of-flight) MS survey
scans had a range of 300 to 1600 m/z for 1 s, followed by a product ion scan with a range of
50 to 1600 m/z for 2 s each. Collision energy was automatically controlled by the IDA CE
Parameters script.

2.5 Protein identification
Once obtained, peak lists were generated from MS/MS spectra using AB SCIEX MS Data
Converter ver 1.2 and searched against the IPI-Human database (version 3.73) concatenated
with a reverse decoy using Mascot (version 2.3, Matrix Science). Fixed modification of
cysteines to S-carbamidomethyl derivatives and variable oxidation (M) were defined for the
database search. One missed cleavage was allowed with trypsin, and mass tolerance was set
to 100 ppm for precursor ions and 0.2 Da for fragment ions. Searched results were exported
as DTA files and grouped to protein matches using ProteoIQ (Ver.2.6.03, Nusep). Protein
hits were filtered to include only those that were identified with less than 1% false discovery
rate and 2 peptides detection.

2.6 Protein quantitation and Statistics
Wiff files from LC-MS/MS analysis were converted to mzXML with Trans Proteomic
Pipeline ver 4.4 [22]. Intensity of peaks was extracted from mzXML using deisotoped
accurate mass retention time (RT) pairs which were replicated throughout the entire
experiments. Windows of the mass tolerance and RT were 100ppm and 15 seconds each.
Then, those intensity measurements were matched to the redundant, tryptic peptides
identified from each protein to determine an average, relative protein fold-change.
Nonproteotypic peptides with significantly different ratios from proteotypic peptides of the
same protein were excluded from quantitation. Systematic bias was corrected using intensity
normalization using ProteoIQ. Proteins from 139 protein groups that demonstrated the
median expression from the IL-1 simulated group were selected as “control” proteins for
normalization. Normalization factors for each replicate were calculated for each control
protein and then averaged across all proteins to determine normalization factors for each
replicate. These factors were then applied to replicate intensities for all peptides in the
dataset for quantitation. Presence of an interfering precursor which overlaps with the
distribution of interest were removed from quantitation using the correlation coefficient
measured between the theoretical and experimental isotopic distributions for the quantitative
precursors.

Biological replicates were analyzed from different cultures and their analytical
reproducibility was assessed by comparing protein expressions across biological replicates
using average spectral counts and number of peptides. Average and replicate values from
three measurements in each group were compared using Pearson correlation coefficient.

Statistical significance was measured using both Student’s t-test and Mann-Whitney U test.
Student’s t-test was performed as implemented in ProteoIQ. For each protein, relative
abundances for all peptides from all biological replicates were combined for the calculation,
i.e. measurements from biological replicates were not treated separately. Thus, replicate
sample size for each protein varied with number of peptide identifications. The p-value is
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calculated using the FDistribution function from the apache commons math library (http://
commons.apache.org/proper/commons-math/download_math.cgi).

The Mann-Whitney U test was performed using a custom Java program as follows. For each
peptide of each protein, the number of biological replicates that produced a measureable
signal was determined for each sample, and from those counts we determined the minimum
number of replicates from both samples. This value represented the maximum number of
measurements to be used from each sample for the statistic. A reference value (normalized
intensity) was then randomly chosen from the control sample replicates, and the relative
abundance was calculated for each IL-1 sample (up to the maximum allowed) and placed in
a list for IL-1.

Similarly, a list was created for the control sample by randomly choosing an IL-1 reference
value and proceeding accordingly. The p-value was calculated from the two resulting lists
using the Mann-Whitney function from the apache commons math3 library. Finally, in order
to ensure that the calculation was not biased from any random choices, the calculation was
repeated 1000 times, and the mean p-value was reported. Systematic bias was corrected with
intensity normalization using TIC. Grouped peptides intensities were compared between
control and IL-1 stimulated groups. T-test was performed to identify discriminating peptides
between two groups.

2.7 Functional classification of secreted proteins
Acquired protein groups were annotated with GO using the Panther classification system
[23] to determine the subcellular location and molecular function of them. FASTA files
contains the sequences of all identified proteins were generated and uploaded to Secretome
P 2.0 server [24] which produces ab initio predictions of non-classical protein secretion.
Lastly, proteins and their ratios in table 1 were analyzed using Ingenuity Pathway® to
identify the upstream transcriptional regulators in the dataset.

3. Results
3.1 Identification of the glioblastoma secretome

U251 cells were grown to ~90% confluence and incubated in media without serum
overnight to free the overwhelming contamination from serum. Three each of control and
IL-1-stimulated cultures were analyzed to ensure reproducibility. Equal amounts of proteins
were used for the analyses (Supplementary Figure 1S). To ensure analytical reproducibility
of the method, protein expressions in three biological replicates were compared using
average spectral counts and number of peptides. Pearson correlation coefficient between
average and replicate values from three measurements were all above 0.95 in each group.
Sum of 190 proteins were identified in all three experiments from conditioned media from
control and IL-1-stimulated U251 by LC-MS/MS analysis (Supplementary Table 1 and
Figure 1). In addition to the correlation analysis, protein numbers from each group and
replicates were illustrated to assess the reproducibility of the analysis. One hundred seventy
two proteins were common between control and IL-1stimulated U251 secretome. Three
replicates in control and IL-1 stimulated group also share 109 out of 184 and 125 out of 181
proteins, respectively, indicating a good reproducibility. Differential expressions were
measured among common sets of proteins using deisotoped accurate mass retention time
pairs. There are several proteins unique to each group which may work as “on-off”
differences and they are noted in Table 1.

Identified proteins were annotated with Gene Ontology (GO) functions using the Panther
Classification system [25] and with Ingenuity Pathway® to identify subcellular location.
The distribution of proteins among GO functions or predicted cellular locations did not
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differ between the two experimental conditions, i.e., control and IL-1 stimulation. Among
these, 71 proteins have been previously annotated as extracellular proteins, supporting our
findings of them as secreted proteins (highlighted gray in Supplementary Table 1 and Figure
2A). This does not preclude that the other proteins identified are secreted, only that they
have not previously been identified as such.

One of the challenges of isolating secreted proteins is the contamination of media from the
proteins originated from dead cells or secondary to protein turnover. Proteins that had been
pinocytosed or adsorbed from prior incubation with complete media can also contaminate
the secretome. In spite of careful cell handling and sample preparation, several proteins
annotated with intracellular as well as plasma membrane locations were detected using the
current approach. These may not be solely originated from the leakage from dead or
damaged cells, as some proteins are secreted through non-classical pathways [26] including
the exosome (extracellular vesicle) mechanisms [27]. In our secretome study, IL-1 did not
cause cell death (Supplementary Figure 2SA). In addition, western blot analysis for
intracellular proteins such as β-actin failed to show its presence in the U251 secretome
(Figure 2SB).

Before dismissing the remaining 119 proteins as contamination, analysis using SecretomeP
software [24] was carried out. Most of the proteins identified as extracellular proteins
(Supplementary Table 1) were predicted to proceed through the classical pathway, i.e.,
signal peptide triggered protein secretion. However, 28 of the proteins (highlighted light
blue in Supplementary Table 1) identified in other cellular locations were found to have
scores above the threshold (<0.5) suggesting their non-classical secretion, even without a
predicted signal peptide. This analysis indicates that those proteins may have been secreted
through non-classical pathways. For example, B4GALT1 is known to be located in the
cytoplasm as is shown in the Supplementary Table 1. However, there exist long and short
isoforms of B4GALT1 and the latter is known to be secreted [28]. This implies that one of
the isoforms may have been secreted in a non-classical manner which confirms the
prediction by Secretome P. Evidence for secretion of the other proteins by non-canonical
pathways may simply not be available.

3.2 Functional classification of glioblastoma secreted proteins
Figure 2B shows the functional categories of the 190 identified proteins according to the GO
Biological Process algorithm. Because of the focus of our study, protein groups such as cell
communication (11%), cell adhesion (7%), response to stimulus (7%), and immune system
process (10%) were of significant interest. Proteins from the cell communication group are
important in term of the interaction of glioma cells with the brain microenvironment as well
as with other tumor cells. Proteins from the cell adhesion group could play a role in glioma
invasion into surrounding tissues.

3.3 IL-1 induced changes in the glioblastoma secretome
There have been several studies that attempted to quantitate the glioblastoma secretome
[29-31]. Most of them utilized either spectral counting or number of peptides as a measure
of relative quantitation between two groups. Those parameters have been frequently used as
an indirect measure of the relative abundance in previous studies. However, these methods
naturally require multiple MS/MS of several peptides to measure relative abundance, thus
limiting the quantitation of low abundance proteins. Hence, we have employed label-free
quantitation utilizing the measurement of area under the curve (AUC).

To measure AUC of peaks, a list of identified peptides was exported as Mascot DAT file.
The m/z, z, and retention time from LC-MS/MS were used as identifiers to extract AUC of a
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peak from the total ion chromatogram recorded in mzXML. ProteoIQ® was used to extract
the information to link this to the filtered protein list. Measured intensities of peptides were
compared between two groups to produce log2 (IL-1β/control) abundance ratios. Both
Student’s t-test and Mann-Whitney U test were performed in order to calculate p-values to
determine the statistical significance of quantitation of proteins between control and IL-1
stimulated groups. The t-test was performed as implemented in ProteoIQ. However, though
visualization of normalized peptide quantitation suggested a normal distribution, the use of a
t-test is not always applicable for biological samples due to violation of the parametric
assumption. For this reason, a Mann-Whitney analysis was performed. One of the
prerequisites of the Mann-Whitney U test is separate lists of independent, ordinal
measurements for each sample. Because abundance measurements of different peptides are
not comparable, relative abundances, or fold-changes, must be utilized. In order to obtain
separate lists using relative abundances, we randomly chose a biological replicate for each
reference group to obtain independent measurements, and the analysis was repeated 1000
times and averaged in order to obtain an unbiased result. Extracellular proteins that are
detected in the secretome (n = 71) are listed in Table 1. Of these, proteins that are
significantly (p <0.05) increased in the IL-1β-stimulated secretome included the chemokines
IL-8 and CCL2, pentraxin-related protein PTX3, tenascin-C (TNC) and galectin-1
(LGALS1). Additionally, a number of proteins were found to be decreased in IL-1β
stimulated glioma secretome and these included collagen alpha-2(IV) chain (COL4A2),
fibrillin-1 (FBN1), stanniocalcin-1 (STC1), metalloproteinase inhibitor 1 (TIMP1), isoform
1 of EGF-containing fibulin-like extracellular matrix protein 1 (EFEMP1), isoform C of
fibulin-1 (FBLN1),, Lysyl oxidase homolog 2 (LOXL2),, plasminogen activator inhibitor 1
(SERPINE1), and TGFβ-induced protein ig-h3 (TGFBI) (Table 1).

3.4.1 Orthogonal validation of some proteins whose secretion is stimulated by IL-1
We used ELISA and western blotting to provide orthogonal validation of some of the
proteins with increased expression induced by IL-1β. IL-8 and CCL2 were measured in the
glioma conditioned supernatants by ELISA (Figure 3A). They indicate that the glioma
secretome contains significantly increased amounts of IL-8 (52-fold on average) and CCL2
(4.6-fold on average) after stimulation with IL-1β. Figure 3B and 3C show western blot
analysis of control and IL-1-stimulated glioma conditioned medium and confirmed the
increase of TNC (3.3-fold on average) and PTX3 (5.8-fold on average). Additional
experiments demonstrated that other factors such as galectin-1 (Gal-1) which was only
marginally increased (30%, p = 0.0049) by MS showed larger increase (~130% on average,
p<0.05) by Western blot analysis. We also validated two downregulated proteins,
stanniocalcin-2 (STC2) and plasminogen activator inhibitor 1 (SERPINE1) (Figure 3B and
3C). MMP2, although it was not regulated proteins according to our MS data, Western blot
analysis showed a more complicated picture. Two forms of MMP2 (proMMP2 and active
MMP2) existed that can be detected by western in the IL-1 secretome, with only pro-MMP2
predominant in control secretome (Figure 3B and 3C, also see below section 3.5 post-
translational modification). Otherwise, the blots illustrate the matching trend with MS data.

3.4.2 Functional implications of the glioblastoma secretome
Below, we provide a short literature review of the factors present in the GBM secretome in
Table 1. We cover the general biology as well as information relevant to glioma and
speculate the functional implications of our findings with respect to the pathogenesis of
glioblastoma. Our simplified model and hypotheses based on our data and the literature is
depicted in Figure 4. The secreted factors are classified into a few functional groups for
discussion as follows:
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(A) Cytokines, chemokines and other inflammatory mediators—Among the most
abundant secreted proteins upregulated by IL-1 are the chemokines IL-8 and CCL2. IL-8
(CXCL8) is a chemokine belonging to the alpha (α: CXC) subgroup, involved in neutrophil
chemotaxis. IL-8 is also shown to be a pro-angiogenic factor. A recent study found that
GBM-secreted IL-8 promotes angiogenesis and microvascular endothelial permeability [32].
The robust increase of secreted IL-8 following IL-1 stimulation of GBM cells shown here
suggests that inflammation-induced IL-8 in tumor cells can have a major impact on GBM
progression. CCL2 (aka MCP-1) is a chemokine belonging to the beta (β: CC) subgroup and
is the principal chemoattractant involved in monocyte recruitment to inflamed tissues
including the brain. A recent study found CCL2 expression by the majority of 16 human
glioma lines and that over-expression of CCL2 in U87 cells increases glioma invasiveness
by interacting with CCR2-bearing microglia [33]. Antibody-mediated blockade of CCL2 has
been shown to prolong the survival of mice bearing murine or human glioma cells [34],
suggesting that CCL2 might be a useful therapy target. Pentraxins (PTX) are a group of
immune molecules that include C-reactive protein and serum amyloid P-component (short
pentraxins) and pentraxin 3 (PTX3, long pentraxin). PTX3 is expressed by cells of the innate
immune system and is involved in inflammation, angiogenesis, and ECM formation [35;36].
CNS glial cells and leukocytes express PTX3 following LPS injection [37;38]. Little is
known about PTX3 in gliomas. Very recently, it has been shown that glioma exosomes
derived under hypoxic conditions and GBM patient plasma-derived exosomes are enriched
in hypoxia-regulated proteins including PTX3, IL-8 and lysyl oxidase (LOX) [27], all of
which are present in our IL-1 induced glioma secretome. The identification of PTX3 as one
of the highly increased secreted proteins by IL-1 in the GBM secretome therefore opens up a
new research avenue.

(B) Growth factors and related proteins—There are several growth factors and
related proteins detected in the GBM secretome in our study. Among them are
vasculoendothelial cell growth factor (VEGFA), platelet-derived growth factor (PDGF-D),
and leukemia inhibitory factor (LIF) all of which are implicated in glioma pathogenesis
[39-41]. LIF belongs to the gp130 cytokine/growth factor family and activates Stat3, a
transcription factor involved in multiple aspects of glioma progression [42;43]. LIF has also
been shown to mediate TGFβ-induced glioma-initiating cell self-renewal [40]. Of interest is
the presence of several insulin-like growth factor-binding proteins (IGFBPs 2, 5 and 7) in
our secretome. IGFBP7 was found to be a highly selective biomarker of tumor vessels, as
GBM-secreted factors have been shown to induce IGFBP7 and angiogenesis by modulating
Smad-2-dependent TGFβ signaling [44]. Our secretome data suggest that IL-1 might reduce
IGFBPs, but these require further validation studies.

(C) Extracellular matrix proteins (ECMs) and related proteins—A number of
ECM proteins such as laminin (subunits α4, α5 and γ1), fibronectin, collagen alpha chain
proteins (COL18A1, COL11A1, COL4A2, and CLO6A1), nidogen-1 (NID1), and
extracellular matrix protein 1 (ECM1) are present in our secretome. Most of these proteins
are part of the ECM proteins that make up the epithelial basement membrane and may be
important in forming the barrier for tumor invasion. The effect of IL-1 is both stimulatory
and downregulatory (COL4A2, for example) with many more being downregulated than
upregulated. This is consistent with the well-known, generally stimulatory effects of TGFβ
on ECM and integrin expression, and the proposed TGFβ-downregulatory effects of IL-1
(see below). Our data therefore suggest that IL-1 can induce GBM invasiveness/proliferation
by modulating ECM proteins such as COL4A2. Furthermore, Ingenuity Pathway Upstream
Regulator analysis identified 21 proteins in our secretome as TGFβ-downstream proteins
(gray highlighted in Table 1). TGFβ is an important growth factor implicated in glioma
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biology. Several pieces of evidence also indicate that TGFβ and related proteins are major
targets of IL-1 action in glioma secretome (see below).

TGFβ is secreted in a latent complex consisting of three proteins: TGFβ (for which there are
three isoforms, 1-3), an inhibitor called latency-associated protein (LAP) which is derived
from the TGFβ propeptide, and an ECM-binding protein called latent TGFβ binding protein
(LTBP,1-4). LTBP interacts with fibrillins and other ECM components including fibulins to
localize latent TGFβ in the ECM [45]. Humans and mice with fibrillin 1 (FBN1) gene
mutations show the critical role of ECM and integrins in regulating TGFβ signaling.
Mutation of human FBN1 gene causes Marfan’s syndrome as a result of overactive TGFβ
[46;47]. Our data show that IL-1 suppresses fibrillin 1, indicating that IL-1 targets multiple
groups of proteins involved in TGFβ-ECM interactions, further strengthening the idea that
the ECM-TGFβ axis may be one of the major targets of IL-1 in glioma in vivo (Figure 4).

EGF-containing fibulin-like extracellular matrix protein 1 (EFEMP1 aka fibulin 3) was
reported as a suppressor of malignant glioma growth by inhibiting angiogenesis and
modulation of ECM. Its expression in GBM is associated with favorable prognosis [48].
IL-1-mediated suppression of EFEMP1 may thus contribute to glioma progression. TGFβ-
induced protein (TGFBI, aka βig-h3) is a 68 kDa RGD motif-containing protein that binds to
type I, II and IV collagens. This protein is induced by TGFβ and acts to inhibit cell adhesion,
cell-ECM interaction and cell migration [49;50]. Various mutations are associated with
corneal dystrophy. Experimental evidence indicates that MMP-9 mediated tumor cell and
macrophage migration is mediated by its action on this migratory inhibitor protein [49].
TGFBI is also an angiogenesis inhibitor that inhibits endothelial cell migration and
VEGFR-2 signaling [50]. Our data suggest that IL-1 can promote glioma progression by
suppressing TGFBI.

Matricellular proteins including tenascin C, connective tissue growth factor,
thrombospondin-1 and SPARC (aka osteonectin) are present in our secretome. Matricellular
proteins are de novo deposited in the forefront of invading tumor cells and modulate
structural, growth factor-binding and signaling functions of tumor and stromal cells [51].
Tenascin-C (TNC) is an ECM glycoprotein transiently induced upon tissue injury by the act
of growth factors and cytokines [52;53]. Numerous studies show a key role that TNC plays
in glioma progression including tumor cell proliferation, invasion, angiogenesis,
mesenchymal differentiation and T cell suppression [42;54-56]. TNC expression is
associated with overall worse prognosis and is among the nine genes that have predictive
value in GBM malignancy [42]. We find that TNC is constitutively secreted by U251 cells
similar to another study [30] and that it is highly upregulated by IL-1 (Table 1 and Figure 2).
These results reinforce the idea that multiple secreted proteins including TNC are aberrantly
expressed by GBM cells, and that IL-1 upregulates these factors further contributing to
tumor progression.

Connective tissue growth factor (CTGF aka CCN2) is a matricellular protein identified as a
secreted factor that stimulates the migration and invasion of GBM cells [57]. CTGF is over-
expressed in many cancers, and its expression in glioma is reportedly to correlate with tumor
grade and patient survival. CTGF is induced by growth factors, typically by TGFβ. IL-1-
mediated suppression of CTGF may thus indicate that IL-1 can suppress TGFβ signaling in
our secretome. In support of this, opposing effects of IL-1 on tenascin-C and CTGF (similar
to ours) have been reported [58]. Thrombospondin 1 (THBS-1) is an adhesive glycoprotein
that mediates cell-to-cell and cell-to-matrix interactions. This protein can bind to fibrinogen,
fibronectin, laminin, type V collagen and integrins αV and β1. THBS-1 has been shown to
play roles in platelet aggregation, angiogenesis, and tumorigenesis [59;60]. THBS has also
been shown to activate TGFβ.
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(D) Extracellular heparan/chondroitin sulfate proteoglycans (H/CSPG)—Several
extracellular matrix proteoglycans are present in our glioma secretome including testican-1
(SPOCK1), an inhibitor of membrane type (MT)-MMPs [61], secretogranin-2 (SCG2, aka
chromogranin-C) a neurosecretory molecule, and versican (VCAN, isoform V0). Versicans
are large CSPG found in glioma and tumor vessels [62]. The isoforms V0/V1 have been
shown to be induced by TGFβ2 and involved in glioma invasion [63].

(E) ECM- and TGFβ-modulating enzymes—A number of proteins involved in blood
coagulation that also play important roles in glioma invasiveness are present in our GBM
secretome. Among these are plasminogen activator inhibitor 1 (PAI-1 aka SERPINE1),
isoform 2 of glia-derived nexin (SERPINE2), urokinase-type plasminogen activator
(PLAU), plasma serine protease inhibitor (SERPINA5), tissue-type plasminogen activator
(PLAT), and antithrombin-III (SERPINC1). Plasmin and MMPs play a key role in
promoting tumor invasion and tissue remodeling by inducing proteolysis of several ECM
components [64-66]. Serum proteases such as plasmin catalyze the release of active TGFβ
from the matrix. MMP2 and MMP9 are also known to cleave latent TGFβ. Therefore, the
actions of these enzymes are intricately linked to their activity on TGFβ.

Plasminogen activator inhibitor 1 (PAI-1 aka serine protease inhibitor SERPINE1, aka
protease nexin-1): SERPINE1 is the principal inhibitor of tissue plasminogen activator (tPA)
and urokinase (uPA) hence is an inhibitor of fibrinolysis. Previous studies have shown that
IL-1 induces SERPINE1 in GBM cells and increases their invasiveness [67]. SERPINE1 is a
well-known TGFβ-induced gene, and its expression in glioma is a predictor of poor
prognosis [68]. We find that SERPINE1 is suppressed by IL-1 in our glioma secretome
(Table 1 and Figure 3), perhaps reflective of its action on TGFβ. Matrix metalloproteinase 2
(MMP2): In spite of the mass spectrometry data showing MMP2 unchanged by IL-1, our
Western blot data show that U251 cells secrete large amounts of proMMP2 and that IL-1
might slightly increase proMMP2 secretion. Furthermore, active MMP2 is produced almost
exclusively in the presence of IL-1 (Figure 3B, C). MMP2 has been shown to be an
important enzyme involved in glioma invasiveness. Interestingly, the MMP inhibitors
TIMP1 and TIMP2 are both present in our secretome and the TIMP1is suppressed by IL-1.
These results together suggest that IL-1 upregulates the expression and activity of crucial
enzymes involved in ECM degradation and glioma invasion. Antithrombin-III (SERPINC1):
The expression of antithrombic molecules have been found to be altered in glioma vessels.
Specifically, reduction of antithrombin-III immunoreactivity was reported in GBM vessels.
Furthermore, thrombin has been suggested to promote tumor growth and angiogenesis, as
well as vascular complications [69-71]. Thus, IL-1-mediated suppression in our secretome
suggests that the thrombin system may be yet another novel tumor target.

(F) Miscellaneous—Galectin-1 (Gal-1) is a member of galectins, a family of β-
galactoside-binding proteins which participate in cell growth and adhesion. The involvement
of galectin-1 and 3 in different steps of glioma malignant progression including cell
migration, angiogenesis or chemoresistance have been demonstrated [72], making them
potentially good drug targets. Importantly, Gal-1 induces alternative activation of
macrophages and microglia via interacting with the surface CD45 molecule [73]. We find
that IL-1 upregulates glioma Gal-1 secretion (Figure 3B, C). These data suggest that IL-1
can suppress tumor-specific immunity by inducing Gal-1. Stanniocalcin 1 and 2 (STC1 and
2): STCs are originally described in fish as hormones that regulate calcium and phosphate
homeostasis. Human STC2 is recently found to be a heat shock- and HIF-1α-induced
protein that interacts with heme oxygenase-1 (HO-1) in the degradation of heme [74]. STC1
is neuroprotective and is induced by hypoxic preconditioning through IL-6 signaling [75].
Inflammation-mediated suppressions of STCs may hamper the ability of brain to cope with
oxidative stress. Virtually nothing is known about STC in gliomas. Importantly, a glioma
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secretome study identified STC1 as a significantly upregulated protein following cell
treatment with cAMP [76], which together with our data showing downregulation by IL-1
(Figure 3B, C) suggest a potentially important role that STC1 plays in inflammation-
mediated modulation of glioma pathogenesis. Follistatin-like 1 (FSTL1) was identified as a
TGFβ-inducible gene as well as a suppressor of TGFβ activity [77]. In epithelial cancer,
FSTL1 has been suggested to act as a potential tumor suppressor. FSTL1 was shown to be
upregulated in GBM [78]. Intriguingly, a prior study of cAMP-modulated glioma secretome
identified FSTL1 among the handful of proteins upregulated by cAMP [76], in contrast to
the downregulatory effect of IL-1 that we find in our secretome. Semaphorin 3A (SEMA3A)
is a secreted chemo-repellent that facilitates axon guidance during neural development
through interaction with its receptor neuropilin-1 [79;80]. Recent evidence indicates that
semaphorins modulate the adhesive and migratory properties of malignant tumor cells. One
study reports that GBM cells endogenously secrete SEMA3A and affects cell migration,
proliferation, and tumor development [81]. These studies contrast with those that report
semaphorins as suppressors of tumor progression [80]. Broadly, SEMA3A is featured as an
inhibitor of angiogenesis and T cell proliferation. Carboxypeptidase A4 (CPA4) is a rarely
studied enzyme with known functions in neuropeptide processing and regulation in the
extracellular environment [82]. CPA4 substrates also have known functions in cell
proliferation and differentiation [83]. Interestingly, CPA4 was one of the few significantly
downregulated proteins by cAMP in the previous glioma secretome study [76], suggesting
as yet unknown but possibly significant role that CPA4 plays in glioma pathogenesis.
Clusterin (CLU) also known as apolipoprotein J is a versatile protein expressed by reactive
astrocytes in vivo and has been implicated in the pathogenesis of Alzheimer’s disease.
Clusterin can also bind Smad2/3 proteins and potentiates TGFβ signaling. Its role in cancer
is unclear with both oncogenic as well as tumor suppressor activities assigned [84].

3.4.3 TGFβ induces TGFβ in human GBM cells: effect of IL-1
Our data strongly suggest interactions between the TGFβ and the IL-1 systems in glioma
cells, yet very little information is available on the details of this interaction. We thus
performed initial analyses of this relationship by posing questions such as (1) how is TGFβ
production regulated in glioma cells; (2) what are the roles of IL-1 and TGFβ on the
expression of ECM and related proteins? Our ELISA results shown in Figure 5 demonstrate
that TGFβ is a strong inducer of TGFβ itself in glioma cells (though this required high
concentrations of recombinant TGFβ) and that IL-1 suppresses TGFβ-induction of TGFβ.
Interestingly, while IL-1 is also a strong inducer of IL-1 itself in glioma cells, TGFβ failed to
show any effect on this. The results were virtually identical in both U251 and U87 cells.
Furthermore, the expression of COL4A2 and CTGF in the glioma secretome was enhanced
by TGFβ and this was also reduced by IL-1 as determined by western blot analyses of the
concentrated U251 and U87 secretomes. These results directly demonstrate some of the
antagonistic interactions between IL-1 and TGFβ using high concentrations of recombinant
cytokines.

3.5 Post translational modifications of secreted proteins
We have identified and quantified secreted proteins based on the detection of tryptic
peptides. Although this allowed detection of many secreted proteins and facilitates accurate
quantitation, there are extra layers of regulation (unaccounted for the study) that control
secretion of proteins to the extracellular space. One of the most important controlling
mechanisms is perhaps the post-translational modification (PTM) including proteolytic
cleavage, phosphorylation and glycosylation. One of the advantages of using MS based
proteomic strategy is its capability in further characterization of PTMs during the secretion
as described above. To take advantage of this capability, additional Mascot search was
performed to test the feasibility of using this method in detecting PTMs uniquely involved in

Tarassishin et al. Page 11

J Proteomics. Author manuscript; available in PMC 2015 March 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the secretion of proteins. The same set of peak lists generated was subjected to the search
against IPI-Human database with the semitryptic restriction and variable phosphorylation
(STY). Several candidates were matched. Among those, two cases were manually curated
and reported below.

3.5.1 Activation of plasminogen activator inhibitor 1 (SERPINE1: serpin
peptidase inhibitor, clade E, aka nexin)—SERPINE1 is a serine protease inhibitor
that consists of 402 Amino acids (AA) and works as a principal inhibitor of tissue
plasminogen activator and urokinase. It is synthesized as a larger protein which is activated
by cleavage of the N-terminal portion, known to be 1-23AA, by a second peptidase or by
auto-cleavage. Interestingly, we detected two different N-terminal tryptic peptides of
SERPINE1 as shown in Figure 6A. Both are slightly decreased upon IL-1β treatment.

3.5.2 Activation of MMP2—MMP2 is produced as pro-forms with 660 amino acids and
its molecular weight is 73.9 kDa. Activation of MMP-2 requires proteolytic processing.
First, signal peptide from N-terminus and consequently propeptides (30A-109N) can also be
cleaved off prior activation. The latter process is clearly shown in Figure 2B as pro-MMP2
and MMP-2. However, removal of signal peptides cannot be detected using Western blot
alone. In addition, the C-terminal non-catalytic fragment of MMP2 (which has a reported
suppressive role in glioma progression) can be generated by cleavage between 444L
and 445Y [85]. Hence, four types of MMP2 fragments can be mixed in both conditions in
perhaps different abundance upon IL-1 stimulation. Once analyzed, detected tryptic peptides
from all four forms are grouped into the pro-MMP2 and quantitated to produce one average
ratio. Therefore, discordant results can be generated between Western and MS data and the
averaged ratio of pro-MMP2 cannot represent the accurate values in this case.

N-terminal tryptic peptides (29APSPIIKFPGDVAP44K) without the signal peptides are
indeed detected as shown in Figure 6B. This has been enabled by re-searching of the data
with semitryptic specificity as described above. This N-terminal peptide seems to increase
upon IL-1β stimulation in some cases, although further studies are required to confirm this
finding, since quantitation using single peptide is less reliable.

3.5.3 Phosphorylation of stanniocalcin-2 (STC2)—STC2 is a ubiquitously expressed
enzyme regulating calcium and phosphate homeostasis. As is shown in Figure 6C, a tryptic
peptide, 237AHHGEAGHHLPEPSSRETG256R, was detected with the possible
phosphorylation at either S250 or S251. Phosphorylation of STC2 has not been reported in
PHOSIDA [86] probably because it is an extensive database reporting PTM of
“intracellular” proteins. It has previously been shown to exist only in the secreted STC1 and
STC2 of human fibrosarcoma cells [87]. This demonstrates the necessity of focusing on
extracellular proteins to understand the cell-cell interaction. Although its function has yet to
be determined, phosphorylation may regulate its activity.

4. Discussion
This is the first comprehensive unbiased analysis of tumor cell secretome that identifies
secreted targets of IL-1 to our knowledge. Our quantitative MS analysis and subsequent
validation of a few selected factors suggest that AUC measurements may underestimate the
fold-induction and reduction as determined by ELISA or immunoblotting, also diminishing
the statistical power. This can be explained based on the fact that while the measurement of
AUC is linearly proportional to the concentration of peptides in the range of 10 fmol to 100
pmol [88], when peaks in low fmol concentration are absent from one of the experimental
conditions, fold changes are measured from the values acquired from the baseline resulting
in underestimation. Furthermore, we note that certain secreted proteins known to be present
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in the IL-1 conditioned media are conspicuously absent in our MS data, probably due to the
limitation in dynamic range of detection. For example, human glioblastoma cells secrete
IL-1α and IL-1β in response to IL-1 stimulation, which is detectable by ELISA (Tarassishin
and Lee, manuscript in preparation, also see Figure 5). Proteomics analysis can miss certain
critical components of the secretome due to their low abundance and this can be improved
by further fractionation. Nevertheless, this technique provides an unbiased and non-targeted
approach that can enable discovery of secreted proteins engaged in important cell-cell
communications.

We find a significant overlap in the types of proteins detected in our secretome with those in
published GBM secretome studies [29-31;89], confirming the validity of our system and
approach. As inflammation has been found to be important in tumorigenesis and tumor
progression, our IL-1 activated secretome study has a number of implications for
understanding and treatment of malignant gliomas. Specifically, our data indicates that IL-1-
induced tumor secretome can modulate glioma and the tumor microenvironment including
tumor cell survival, invasion, tumor angiogenesis, and anti-tumor immunity (Figure 4).
Limited amount of information is available on GBM secretome [29-31;89] and our results
both resemble and differ from the published studies by several accounts. First, the
percentage of proteins that are extracellular is much higher in our study than published,
which may reflect the purity of our cultures and samples. We used U251 cells where others
most often used U87 cells which grow in a non-cohesive manner and are shown to be highly
invasive, corresponding to more a “mesenchymal” character of GBM cells [42;90;91]. For
example, the mesenchymal subtype marker chitinase-3-like protein 1 was absent from our
secretome, whereas it was often detected in the U87 secretome. Otherwise, we see high
overlaps in the types of proteins detected in our vs. published GBM secretome. Ours is the
first quantitative glioblastoma secretome study using a cytokine as a stimulus. In our
analysis, treatment with IL-1 led to changes in the levels of proteins, several of them with
statistical significance (Table 1). We surmise that transcriptional activation as well as
transcriptional repression is probably the major underlying mechanisms, but post-
transcriptional mechanisms (such as translational and post-translational modifications) as
well as proteolytic cleavage and modulation of protein secretory pathways also likely
account for those changes.

Few secretome studies address the quantitative changes. In one study, the effect of WT-p53
expression was determined in a glioma (LN-Z308) cells [31]. This study found 18 enhanced
proteins among which were Gal-1 and CTGF and 16 reduced proteins which included
VEGF, TGFβ, progranulin (PGRN), IL-8, and IGFBP6. Among 34 unchanged proteins were
fibulin 1A, follistatin-like 1, cathepsin B, filamin, STC2 and IGFBP5. As p53 mutation is
found in a major glioma subtype, the list of modulated proteins provides insight into the
mechanism/role of p53 mutation in glioma pathogenesis.

Another example of quantitative secretome study is Hill et al., which examined the effect of
cAMP [76]. The list of increased (n = 14) and decreased (n = 21) N-linked glyco-proteins
mirrors the effect of IL-1 in our secretome. For example, cAMP increased STC1 and FSTL1
but reduced TNC. These results indicate the contrasting mechanisms used by cAMP and
IL-1 in modulating the expression/secretion of these proteins. As cAMP reduces the
angiogenic, invasive and proliferative potential of GBM cells, the results also strongly
support that IL-1 promotes glioma progression. cAMP is stimulated by endogenous brain
peptides and provokes anti-inflammatory signaling through protein kinase A activation [92],
providing a larger picture that anti-inflammatory signaling might benefit GBM patients [93].

A number of proteins in our secretome that are modulated by IL-1 belong to the ECM
proteins (procollagen, laminin, fibronectin, etc) and ECM modulating proteins. The ability
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to produce ECM proteins and form basal lamina is a unique property of astrocytes facing the
blood vessels and the meninges (“glia limitans”). The spaces created (perivascular and
subpial spaces) are also the major routes for GBM spread. The ECM-related proteins were
mostly downregulated by IL-1 in our study, with some exceptions. As TGFβ is a major
component as well as the regulator of ECM-related proteins and integrins (with the generally
positive effects on them), our study reveals the TGFβ system as a probable target of IL-1 in
the glioma secretome. IL-1 also appears to be a major regulator of TGFβ activity, since
fibrillin 1 (crucial proteins known to suppress TGFβ activation in ECM) are reduced in IL-1
secretome. Together, these results strongly suggest that in in vivo glioma, the ECM-TGFβ
axis may be the main target of IL-1 action. We demonstrate this possibility in principle by
use of high concentrations of exogenous recombinant cytokines, although we see little or no
TGFβ (limited to TGFβ1 investigation) in the glioma secretome in either the control or IL-1
treated conditions (without the addition of recombinant TGFβ) (see Figure 5).

Plasmin and MMPs play a key role in promoting tumor invasion and tissue remodeling by
inducing proteolysis of several ECM components [64-66]. Serum proteases such as plasmin
catalyze the release of active TGFβ from the matrix. MMP2 and MMP9 are also known to
cleave latent TGFβ. Therefore, the actions of these enzymes are intricately linked to their
activity on TGFβ. Not surprisingly, we find over-representation of these enzymes in the
GBM secretome and their modulation by IL-1 (activation of MMP2, suppression of TIMPs),
once again reinforcing the idea that modulation of the ECM-TGFβ axis may be the main
downstream effect of IL-1 in the glioma microenvironment.

Based on the available evidence, we speculate that IL-1 is a critical positive regulator of
glioma progression. IL-1 produced by the tumor cells as well as by microglia and
inflammatory cells can function as the central molecule that connects and impacts on several
important facets of glioma progression, including glioma invasiveness, angiogenesis and
tumor immune surveillance. We further speculate that anti-IL-1 therapy can reverse many of
these processes through modulation of cellular transcriptional reprograms, suppression of
toxic inflammation, and inhibition of immune modulators such as miR-155 [94-99]. We
propose that anti-IL-1 therapy directly targeting the IL-1 system can benefit a subset of
GBM patients. Currently there are three FDA-approved anti-IL-1 agents: IL-1ra (anakinra),
a neutralizing mAb to IL-1β (canakinumab), and a soluble IL-1R (rilonacept). The
availability of approved reagents with few side effects and the newly emerging evidence that
links IL-1 and human cancer [18;93;100] provide further arguments for the development of
IL-1 blockade therapies for gliomas. Identification of the innate immune pathway as
potential therapy is also novel, as most current immune therapies are aimed at specific anti-
tumor immunity.

Conclusions
In present study label free quantitation using AUC has been employed to reliably measure
IL-1 regulated glioblastoma secretome. This simple method which does not require isotope
labeling can easily be applied to study other secretomes. Its utility in quantitating secreted
proteins upon IL-1 stimulation has been verified with ELISA and western blot analysis.

Analyses of the MS data suggest that IL-1 may contribute to glioma progression in part by
modulating TGFβ and extracellular matrix protein interactions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Significance

Present study is on an unbiased screening of the glioblastoma secretome stimulated by
IL-1 which triggers neuroinflammatory cascades in the central nervous system. Network
of secreted proteins were shown to be regulated revealing their possible contribution to
glioma progression. Label free quantitative proteomics has provided unique novel targets
for potential glioblastoma intervention.
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Figure 1. Venn diagrams of number of proteins detected in control vs. IL-1-treated U271
secretomes
Protein numbers from each group and replicates are illustrated to assess the reproducibility
of the analysis. (A) 172 proteins were common between control and IL-1-stimulated U251
secretomes. (B and C) Three replicates in control and IL-1 stimulated group also share 109
out of 184 and 125 out of 181 proteins, respectively.
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Figure 2. (A) Subcellular localization of glioma secreted proteins. (B) Functional groups of
secretome of IL-1-stimulated U251 cells
Protein identification (n = 190) was performed with Genome Ontology classification tool,
and represent as percent for each functional group.
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Figure 3. Validation of MS data
(A) IL-8 and CCL2 ELISA of U251 cell culture supernatants: U251 cells were stimulated
with IL-1β (10 ng/ml) for 15 min then cells were extensively washed to remove input
cytokine. The cultures were further incubated for 16 h in serum-free DMEM. The levels of
IL-8 and CCL2 in the culture supernatants were determined by ELISA. Mean ± SD from
triplicate wells. Results from three separate experiments (1, 2 and 3) are shown. ***p<0.001
vs. control unstimulated cultures (Ctr). (B) Western blot analysis of TNC, PTX3, Gal-1,
STC2, SERPINE1, proMMP2 and active MMP2. Concentrated culture supernatants
(secretome) were separated in a 4-20% gradient gel and transferred to PVDF.
Immunoblotting performed as described in Materials and Methods. Results from three
separate experiments (1, 2 and 3) are shown except for MMP2 (n = 2). (C) Densitometric
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analyses of Western blots (n = 3) demonstrating significant increases and decreases of the
factors shown in B (Mean ± SD, * p<0.05, **p <0.01) RU: relative units.
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Figure 4. Hypothetical model of the role of glioma secretome in GBM progression based on our
results and potential role of IL-1
We have generated a few categories of biologically identified pathways that impact on GBM
progression and host damage, and speculate how the secreted factors identified in our
secretome might contribute to these changes. See text for detail.
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Fig. 5. Interactions between TGFβ1 and IL-1 in glioma cells
(A) TGFβ induces TGFβ in U251 and U87 glioma cells: suppression by IL-1. Cultures were
treated with two different concentrations of TGFβ1 (100 ng/ml and 10 ng/ml), IL-1α (10 ng/
ml) or both for 6 h in DMEM without serum then extensively washed to remove input
cytokines. Cultures were refed with DMEM and incubated for another 18 h. Culture
supernatants (sup.) and cell lysates (i.c.) were subjected to ELISA for TGFβ1 using the
DuoSet ELISA from R&D Systems with the sensitivity range of 31.2 - 2,000 pg/ml. Ctr =
medium alone. Results are mean ± SD from triplicate cultures (* p <0.05, ** p <0.01, *** p
<0.001, n.s. not significant). TGFβ was induced in glioma cells by TGFβ but not by IL-1.
IL-1 suppressed TGFβ induction by TGFβ. The findings were similar in both U251 and U87
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cells. (B) Time-dependent production of TGFβ. Experiments were performed exactly as in
(A) above using 100 ng/ml of recombinant TGFβ1, except cytokine exposure was limited to
first 30 min and culture supernatants were harvested at indicated time points (0.5 h - 22 h).
(C) IL-1 induces IL-1 in glioma cells: TGFβ has no effect on IL-1 production. IL-1β levels
were determined by ELISA in the same cell lysates (i.c.) and culture supernatants (s.) as in
(A). In glioma cells, IL-1(α) induced robust amounts of intracellular IL-1(β) with small
fractions being secreted (s.). TGFβ did not show significant effects on IL-1 production. (D)
IL-1 suppresses TGFβ-induced ECM and matricellular proteins: Cultures were treated as
above for 16 h, then culture supernatants were concentrated (~x25) and were separated by
SDS-PAGE using a 4-20% gradient gel. Immunoblotting was performed using anti-
COL4A2 and anti-CTGF antibodies.
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Figure 6. Post translational modification of secreted proteins
(A) The known active form of SERPINE1 missing signal peptides 1-23 confirmed with MS/
MS. (B) APSPIIKFPGDVAPK from MMP2 which demonstrates signal peptide cleavage at
the N-terminus. (C) Phosphorylated AHHGEAGHHLPEPSSRETGR from STC2. Either
S250 or S251 is phosphorylated.
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Table 1

Sequence Id Sequence Name P

value
#

log2(ILβ/control) ILβ/control
ratio

IPI00215621* IL8 Isoform 2 of Interleukin-8 0.0019 2.65 6.3

IPI00412264 PTN Pleiotrophin 0.122 2 4.0

IPI00029568* PTX3 Pentraxin-related protein PTX3 0.0001 1.85 3.6

IPI00009308 CCL2 C-C motif chemokine 2 0.0001 1.7 3.2

IPI00031008* TNC Isoform 1 of Tenascin 0.0015 1.07 2.1

IPI00002714 DKK3 Dickkopf-related protein 3 0.1213 0.9 1.9

IPI00550991 SERPINA3 highly similar to ALPHA-1-
ANTICHYMOTRYPSIN

0.0003 0.87 1.8

IPI00470607 FAM20C dentin matrix protein 4 0.1239 0.84 1.8

IPI00009720 LIF Leukemia inhibitory factor <0.0001 0.81 1.8

IPI00007221 SERPINA5 Plasma serine protease inhibitor 0.0003 0.62 1.5

IPI00027497 GPI Glucose-6-phosphate isomerase 0.0926 0.56 1.5

IPI00914848 SERPINE2 Isoform 2 of Glia-derived nexin 0.0044 0.56 1.5

IPI00922213 FN1 highly similar to Homo sapiens fibronectin 1
(FN1)

0.0511 0.55 1.5

IPI00016112 PXDN Isoform 1 of Peroxidasin homolog 0.0004 0.48 1.4

IPI00008894 CPA4 Carboxypeptidase A4 0.4189 0.45 1.4

IPI00022822 COL18A1 Isoform 2 of Collagen alpha-1(XVIII)
chain

0.1591 0.43 1.3

IPI00009362 SCG2 Secretogranin-2 0.1572 0.38 1.3

IPI00219219 LGALS1 Galectin-1 0.0049 0.35 1.3

IPI00073454 COL6A2 Isoform 2C2A' of Collagen alpha-2(VI)
chain

0.2688 0.3 1.2

IPI00006273 CYR61 CYR61 protein 0.2598 0.22 1.2

IPI00027166 TIMP2 Metalloproteinase inhibitor 2 0.3788 0.22 1.2

IPI00022418 FN1 Isoform 1 of Fibronectin 0.2783 0.19 1.1

IPI00073196 LTBP3 Isoform 1 of Latent-transforming growth
factor beta-binding protein 3

0.4223 0.18 1.1

IPI00296180 PLAU Isoform 1 of Urokinase-type plasminogen
activator

0.1473 0.17 1.1

IPI00002802 LOX Protein-lysine 6-oxidase 0.3572 0.16 1.1

IPI00013976 LAMB1 Laminin subunit beta-1 0.1865 0.15 1.1

IPI00301579 NPC2 cDNA FLJ59142, highly similar to
Epididymal secretory protein E1

0.3973 0.13 1.1

IPI00298281 LAMC1 Laminin subunit gamma-1 0.2957 0.09 1.1

IPI00291136 COL6A1 Collagen alpha-1(VI) chain 0.5165 0 1.0

IPI00005686 LIPG Isoform 1 of Endothelial lipase 0.3959 0 1.0

IPI00298971 VTN Vitronectin 0.4164 0 1.0

IPI00003351 ECM1 Isoform 1 of Extracellular matrix protein 1 0.4395 −0.01 1.0
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Sequence Id Sequence Name P

value
#

log2(ILβ/control) ILβ/control
ratio

IPI00027780 MMP2 72 kDa type IV collagenase 0.3991 −0.03 1.0

IPI00297284 IGFBP2 insulin-like growth factor-binding protein 2
precursor

0.2069 −0.04 1.0

IPI00016915 IGFBP7 Insulin-like growth factor-binding protein 7 0.4361 −0.06 1.0

IPI00032293 CST3 Cystatin-C 0.4281 −0.07 1.0

IPI00011865 PDGFD Isoform 2 of Platelet-derived growth factor
D

0.4448 −0.08 0.9

IPI00014572 SPARC Secreted protein, acidic, cysteine-rich
(Osteonectin)

0.3801 −0.1 0.9

IPI00008780 STC2 Stanniocalcin-2 0.3497 −0.1 0.9

IPI00844090 COL5A1 Collagen alpha-1(V) chain 0.4186 −0.11 0.9

IPI00029236 IGFBP5 Insulin-like growth factor-binding protein 5 0.2876 −0.12 0.9

IPI00026944 NID1 Isoform 1 of Nidogen-1 0.4153 −0.13 0.9

IPI00218539 COL11A1 Isoform B of Collagen alpha-1(XI) chain I 0.4589 −0.14 0.9

IPI00296534 FBLN1 Isoform D of Fibulin-1 0.3628 −0.15 0.9

IPI00783665 LAMA5 Laminin subunit alpha-5 0.5384 −0.21 0.9

IPI00009294 CRIM1 Cysteine-rich motor neuron 1 protein 0.2685 −0.23 0.9

IPI00005564 STC1 Stanniocalcin-1 0.0249 −0.23 0.9

IPI00410487 TWSG1 Isoform 1 of Twisted gastrulation protein
homolog 1

0.3891 −0.23 0.9

IPI00009802 VCAN Isoform V0 of Versican core protein 0.152 −0.23 0.9

IPI00032292 TIMP1 Metalloproteinase inhibitor 1 0.1998 −0.25 0.8

IPI00029723 FSTL1;MIR198 Follistatin-related protein 1 0.1766 −0.27 0.8

IPI00018219 TGFBI Transforming growth factor-beta-induced
protein ig-h3

0.004 −0.27 0.8

IPI00029658 EFEMP1 Isoform 1 of EGF-containing fibulin-like
extracellular matrix protein 1

0.0004 −0.29 0.8

IPI00296537 FBLN1 Isoform C of Fibulin-1 0.0291 −0.3 0.8

IPI00005292 SPOCK1 Testican-1 0.205 −0.32 0.8

IPI00306046 EDIL3 Isoform 1 of EGF-like repeat and discoidin I-
like domain-containing protein 3

0.2225 −0.33 0.8

IPI00031510 SEMA3A Semaphorin-3A 0.2212 −0.33 0.8

IPI00019590 PLAT Isoform 1 of Tissue-type plasminogen
activator

0.233 −0.45 0.7

IPI00296099 THBS1 Thrombospondin-1 0.3548 −0.45 0.7

IPI00304962 COL1A2 Collagen alpha-2(I) chain 0.0169 −0.48 0.7

IPI00012503 PSAP Isoform Sap-mu-0 of Proactivator polypeptide 0.0295 −0.51 0.7

IPI00294839 LOXL2 ;ENTPD4 Lysyl oxidase homolog 2 0.0012 −0.53 0.7

IPI00982395 VEGFA 13 kDa protein 0.2351 −0.59 0.7

IPI00306322 COL4A2 Collagen alpha-2(IV) chain 0.0854 −0.62 0.7

IPI00007118 SERPINE1 Plasminogen activator inhibitor 1 0.0006 −0.65 0.6

IPI00020977 CTGF Isoform 1 of Connective tissue growth factor 0.0259 −0.68 0.6
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IPI00032179 SERPINC1 Antithrombin-III 0.0766 −0.91 0.5

IPI00022431 AHSG cDNA FLJ55606, highly similar to Alpha-2-
HS-glycoprotein

0.0963 −0.94 0.5

IPI00329482 LAMA4 Isoform 1 of Laminin subunit alpha-4 0.5365 −1.11 0.5

#
Mann-Whitney U-test,

*
Possible on-off differences in each group, TGFβ has been identified as a top upstream regulator with p-value of overlap 6.19×10−27 linking 21

proteins gray highlighted in the table1using Ingenuity Pathway upstream analysis, averages of relative protein quantity were listed in table1.
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