
Secretome Signature of Invasive Glioblastoma Multiforme

Catherine A. Formoloa,†, Russell Williamsb,†, Heather Gordish-Dressmana, Tobey J.
MacDonaldc, Norman H. Leeb, and Yetrib Hathouta,d,*

aResearch Center for Genetic Medicine, Children's National Medical Center, 111 Michigan
Avenue NW, Washington, DC, 20010, USA
bDepartment of Pharmacology and Physiology, The George Washington University Medical
Center, 2300 I Street NW, Washington, DC, 20037, USA
cAflac Cancer Center and Blood Disorders Service, Department of Pediatrics, Emory University
School of Medicine, 1405 Clifton Road NE, Atlanta, GA, 30322, USA
dDepartment of Pediatrics, The George Washington University Medical Center, 2300 I Street NW,
Washington, DC, 20037, USA

Abstract
The incurability of malignant glioblastomas is mainly attributed to their highly invasive nature
coupled with resistance to chemo- and radiation therapy. Because invasiveness is partially dictated
by the proteins these tumors secrete we used SILAC to characterize the secretomes of four
glioblastoma cell lines (LN18, T98, U118 and U87). Although U87 and U118 cells both secreted
high levels of well-known invasion promoting proteins, a Matrigel invasion assay showed U87
cells to be eight times more invasive than U118 cells, suggesting that additional proteins secreted
by U87 cells may contribute to the highly invasive phenotype. Indeed, we identified a number of
proteins highly or exclusively expressed by U87 cells as compared to the less invasive cell lines.
The most striking of these include ADAM9, ADAM10, cathepsin B, cathepsin L1, osteopontin,
neuropilin-1, semaphorin-7A, suprabasin and chitinase-3-like protein 1. U87 cells also expressed
significantly low levels of some cell adhesion proteins such as periostin and EMILIN-1.
Correlation of secretome profiles with relative levels of invasiveness using Pavlidis template
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matching further indicated potential roles for these proteins in U87 glioblastoma invasion.
Antibody inhibition of CH3L1 reduced U87 cell invasiveness by 30%.
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Introduction
Glioblastoma multiforme (GBM) is the most common type of tumor that arises in the brain
and is also the most deadly, with a five-year survival rate of only 3%1. Contributing to the
incurable nature of these tumors are their propensity towards extensive invasion into
surrounding healthy tissue and resistance to both chemo- and radiation therapy.
Unfortunately, little progress has been made in the treatment of malignant gliomas over the
last twenty years, partly due to our poor understanding of their behavior and the lack of
effective therapeutic targets.

The process of tumor cell invasion is a combination of complex cellular and molecular
events involving the breakdown of extracellular matrix (ECM) components, cell
detachment, and migration through the basement membrane and stroma. It is well known
that ECM degradation is dictated by the overexpression of key proteases whose activity is
normally kept in check in healthy tissue by endogenous inhibitors (reviewed by Rao2 and
Levičar et al3). The main regulators of this process include urokinase-type plasminogen
activator (uPA) and its receptor (uPAR), the families of matrix metalloproteases (MMP), a
disintegrin and metalloproteinase domain-containing proteins (ADAM) and the cathepsins.
Most of these are secreted as pro-proteases which are then activated through a complex
cascade of cross- and self- activation leading to the degradation of all components of the
ECM including collagen, fibronectin and laminin.

While the overexpression of these proteases and their involvement in glioma cell invasion is
well documented at the cellular level, it is ultimately the balance between proteases, their
inhibitors, various adhesion molecules and other not yet defined molecules that dictates the
invasive and aggressive behavior of a tumor cell. Thus, comprehensive analysis of secreted
proteins, or secretome profiling, is a valuable approach to further our understanding of GBM
biology and to define the molecular signature of the invasive glioblastoma secretome.

In this study, we sought to characterize the secretome profiles of four malignant
glioblastoma cell lines (LN18, T98, U118 and U87) using a stable isotope labeling by amino
acids in cell culture (SILAC) strategy4,5,6 and then correlate the secretome profiles with
their invasive behavior. We found that the balance between ECM proteases and their
inhibitors alone may not determine the overall invasiveness of a tumor cell, but that this
process may be enhanced by additional, non-proteolytic factors. In this study we have
identified several new candidate proteins that may actively promote tumor cell invasiveness.

Methods
Cell lines and metabolic labeling

Malignant astrocytoma cell lines LN18, T98, U118 and U87 were purchased from American
Type Culture Collection (Manassas, VA). Cell lines were grown to confluency and
subsequently washed six times with serum-free medium, followed by a 24 hour incubation
in serum-free medium containing either “heavy” or “light” amino acids. Since T98 cell lines
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exhibited the lowest invasion characteristics these cells were cultured in “heavy” (or
“labeled”) Dulbecco's modified Eagle's medium (DMEM) (Atlanta Biologicals,
Lawrenceville, GA) where Arg and Lys were replaced by 13C6-Arg and 13C6, 15N2-Lys
(Cambridge Isotopes, Andover, MA), while the comparative astrocytoma cell lines U87,
LN18 and U118 were grown in “light” (or “unlabeled”) DMEM (Atlanta Biologicals,
Lawrenceville, GA) containing 12C6-Arg and 12C6, 14N2-Lys (Sigma-Aldrich, St. Louis,
MO). A comparison of labeled T98 with unlabeled T98 was included as a control.
Incorporation of the heavy isotopes was verified by mass spectrometry to be > 98% after at
least five cell doublings (data not shown). Conditioned media from labeled and unlabeled
cells were collected and cellular debris removed by centrifugation at 1,000 × g for 10
minutes at 4°C. Protein concentration of each sample was determined using the Bradford
assay (Pierce Protein Research Products, Rockford, IL). Conditioned media for western blot
analysis were collected in the same manner, with all cells grown in unlabeled DMEM.

Sample preparation
Conditioned medium (50 μg total secreted protein) from each of one unlabeled cell line
(T98, U118, LN18 or U87) was mixed with an equal amount of conditioned medium (50 μg
of total secreted protein) from the SILAC labeled T98 cell line. To validate the data for the
most significant sample pair (e.g. unlabeled U87 versus labeled T98) we performed a
reverse SILAC experiment in which we compared unlabeled T98 to labeled U87
conditioned media. Paired samples were concentrated to dryness using Amicon Ultra-4
Ultracel 3K centrifugal filter units (Millipore Corporation, Billerica, MA) followed by
vacuum centrifugation. Resulting residues were then dissolved in Laemmli buffer containing
50 mM DTT, denatured at 95°C for five minutes and alkylated with iodoacetamide (final
concentration of 100 mM). Proteins were then separated by SDS-PAGE on Criterion 8–16%
Tris-HCl midi-format gels (Bio-Rad, Hercules, CA) at 200 volts for one hour. Gels were
stained with Bio-Safe Coomassie blue (Bio-Rad, Hercules, CA) and each gel lane sliced into
approximately 40 bands followed by digestion with trypsin (Promega, Madison, WI) using
an established protocol7. Resultant peptides from each band were dried by vacuum
centrifugation and resuspended in 6 μL of 0.1% TFA for analysis by mass spectrometry.

Mass spectrometry analysis
NanoLC MS and MS/MS were performed using the Eksigent nanoLC 2D HPLC system
(Eksigent Technologies, Inc., Dublin, CA) coupled to the LTQ-Orbitrap XL hybrid mass
spectrometer (Thermo Electron Corporation, San Jose, CA). Samples were desalted via
autosampler loading onto a C18 trap column (300 μm i.d. × 1 mm, LC Packings, Sunnyvale,
CA) for 10 minutes at a flow rate of 5 μL/min then loaded onto the PepMap 100 C18 (3.5
μm, 100 Å) reverse-phase nanocolumn (75 μm i.d. × 15 cm) (LC Packings, Sunnyvale, CA)
at a flow rate of 250 nL/min. The mobile phases comprised ultrapure Optima LC/MS water
(Thermo Fisher Scientific, Inc, Pittsburgh, PA) with 0.1% formic acid (A) and 90%
acetonitrile with 0.1% formic acid (B). Peptides were eluted over a 45-min linear gradient
increasing from 5% to 95% B. Peptides were introduced into the mass spectrometer via a
10-μm silica tip (New Objective Inc., Ringoes, NJ) adapted to a nano-electrospray source
(Thermo Electron Corp, San Jose, CA). The spray voltage was set at 1.4 kV with the heated
capillary at 200°C. The LTQ-Orbitrap XL was operated using Xcalibur 2.0.7 (Thermo
Fisher Scientific, Inc.) in data-dependent mode in which one cycle of experiments consisted
of one full-MS survey using the high resolution Orbitrap mass analyzer (300–2000 m/z,
R=30,000) and subsequently five sequential MS/MS events of the most intense peaks using
collision-induced dissociation with helium in the LTQ.
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Protein identification and quantitation
Protein identification was performed using BioWorks 3.3.1 software (Thermo Electron
Corp, San Jose, CA) in which raw data files were searched against the 22,222 human
proteins extracted from the SwissProt database (release 55.0) using the Sequest search
engine with a peptide tolerance of 50 ppm, fragment ions tolerance of 1 AMU and allowing
up to two missed cleavages. Parameters for modifications included a static cysteine
modification of +57.02146 Da and the following variable protein modifications: +15.99492
Da shift for oxidized Met; and +6.0204 and +8.0142 Da shifts for stable isotope labeled Arg
and Lys respectively. Acceptable peptide identification scores were set as follows: DeltaCn
(ΔCn) > 0.1; variable threshold of Xcorr vs. charge state (Xcorr = 1.9 for z = 1, Xcorr = 2.5
for z = 2, and Xcorr = 3.5 for z ≥ 3); and peptide probability based score with p value <
0.001. A false discovery rate of 1.69 % was determined by using the same filtration criteria
and searching the raw data files against an indexed reversed human SwissProt database (data
not shown). Quantitative analysis was performed using the Census algorithm8 and the
following filters: determination factor = 0.5, outlier threshold p-value = 0.1, peptides with
negative R = removed. To correct for any inaccuracies in equal mixing of conditioned media
from heavy and light labeled samples, we established a histogram of log-transformed Census
ratios and used the off-set of the histogram center from zero as the correction factor. Only
proteins identified with two or more peptides of unique sequence were retained for
quantitative analysis. Known contaminant proteins from processing or serum (e.g. keratin,
albumin, hemoglobin) were not included in the analysis.

Cell death examination
To assess the relative levels of cell death in our experiments, confluent cells were washed
six times in serum free medium, then incubated for 24 hours in serum free medium. Total
cells including floating cells were collected and counted using a hemacytometer with trypan
blue exclusion to distinguish living cells from dead cells. Percent cell death was calculated
as the number of dead cells over total cell count and tested for significance using Kruskal-
Wallis.

Tumor cell invasion assay
Cell suspensions containing 100,000 live cells from each cell line were seeded into the upper
region of a Boyden chamber comprising a Fluoroblok membrane with 8 μm pores coated
with Matrigel (BD Biosciences, San Jose, CA). Cells were allowed to attach to the Matrigel-
coated membrane, then washed six times with serum free medium and synchronized for 24
hours in the same medium. DMEM containing 10% FBS was then placed in the lower
chamber to act as a chemottractant. Cells were allowed to invade through the Matrigel-
coated membrane for 12 hours, after which they were incubated with a 1 μM calcein AM/5
μM Hoechst 33342 solution for 30 minutes. Fluorescent cells in ten fields per well were
imaged on the Zeiss Apotome (Munich, Germany) at 470/508 nm (Calcein AM) and
359/461 nm (Hoescht 33342). Both invasive cells on the bottom of the membrane and non-
invasive cells on the top of the membrane were counted using ImageJ software and averaged
for each cell line. Percent invasion was calculated as the average number of invasive cells
per microscope field that passed through the Matrigel into the lower chamber divided by the
average number of total cells (average invasive cells per field + average non-invasive cells
per field). This controlled for any differences in cell number that may have arisen due to
differing levels of apoptosis, proliferation or seeding density. ANOVA followed by Student-
Newman-Keuls was used to test for significant differences in levels of invasiveness among
the four cell lines. For antibody inhibition of CH3L1 during invasion, synchronized U87
cells were seeded in serum-free DMEM containing a final concentration of 5 μg/mL of α-
CH3L1 antibody (R&D Systems, Minneapolis, MN, #AF2599), 5 μg/mL normal goat IgG
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(R&D Systems, Minneapolis, MN, #AB-108-C) or no antibody and allowed to invade for 12
hours.

Correlation of invasion assay data with secretome data
Spectral counts were extracted after Sequest processing and normalized against a reference
sample to remove technical bias. Pavlidis template matching, also known as Feature
Selection9, was used to correlate the spectral count for each protein detected with the
relative levels of invasiveness for each cell line as determined by Matrigel invasion assay.
This correlative approach, executed in MultiExperiment Viewer (Dana-Farber Cancer
Institute, Boston, MA, USA; www.tm4.org/mev), has been successfully implemented with
microarray expression data as a means to identify candidate genes associated with invasion
and foci formation10,11. Secretome-invasion associations were based on Pearson Correlation
and significance was defined at p < 0.05. Only proteins with known or predicted localization
to the extracellular, cell membrane, endosomal or lysosomal compartment were included in
the analysis.

Western blot analysis
Conditioned media (30 μg) from each cell line were concentrated using Amicon Ultra-4
Ultracel 3K centrifugal filter units (Millipore Corporation, Billerica, MA) followed by
vacuum centrifugation. Resulting residues were dissolved in NuPage LDS Sample Buffer
containing NuPage Reducing Agent (Invitrogen Corp, Carlsbad, CA) and denatured at 95°C
for five minutes. Proteins were resolved by SDS-PAGE on a NuPage Novex 10% Bis-Tris
midi format gel (Invitrogen Corp, Carlsbad, CA) at 200 volts for one hour. Proteins were
transferred to an Amersham Hybond ECL 0.45μm nitrocellulose membrane (GE Healthcare,
Piscataway, NJ) at 100 v for 1.5 hours. The membrane was probed with 1:500 α-CH3L1
antibody (R&D Systems, Minneapolis, MN, #AF2599) followed by 1:2000 donkey α-goat-
HRP (Jackson ImmunoResearch Laboratories, West Grove, PA, #705-035-147) or with
1:1000 α-vinculin antibody (Sigma-Aldrich, St. Louis, MO, #V9131) followed by 1:2000
goat α-mouse-HRP (Bio-Rad, Hercules, CA, #170-6516). Bands were visualized by
enhanced chemiluminescence using Amersham ECL (GE Healthcare, Piscataway, NJ).

Results
Relative invasiveness of astrocytoma cell lines

We first characterized the invasive phenotypes of the four astrocytoma cell lines LN18, T98,
U118 and U87 using a Matrigel-coated Boyden chamber. Figure 1 shows the invasive
behavior of each cell line based on the infiltration of the cells through the Matrigel after 12
hours incubation. While T98, LN18 and U118 cells exhibited low to moderate invasive
properties, U87 cells were significantly more invasive, with 6 to 29 fold higher levels of
invasiveness compared to the other cell lines.

Secretome profiling of glioblastoma cell lines
To determine which secreted proteins may contribute to the highly invasive nature of the
U87 cell line, we quantified the relative expression levels of all secreted proteins in the four
cell lines using a differential SILAC strategy12,13. Since this quantitation method is most
easily performed between pairs of samples, and since T98 cells exhibited the lowest invasive
behavior compared to the other cell lines, we chose to label T98 cells with heavy isotope
bearing amino acids (13C6-Arg and 13C6, 15N2-Lys) and use them as a reference sample by
which to define the relative secretome profiles of unlabeled U118, LN18 and U87 cells. As a
control, we also compared the secretome of labeled T98 cells to unlabeled T98 cells. In this
study we quantified 1140 proteins in the conditioned media of all four cell lines combined
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(Supplemental Tables 1 and 2a–e, Supplemental Information and PRoteomics
IDEntifications database14 (PRIDE) at: http://www.ebi.ac.uk/pride/). Figure 2 shows the
ratio distribution profiles of labeled and unlabeled tryptic peptide pairs from each
comparison. The peptide ratio distributions of our control (T98 unlabeled vs. T98 labeled)
shows a narrow distribution with an average ratio of 1.01 ± 0.46 reflecting the expected
similarity between the two samples. Peptide ratio distribution derived from LN18/T98 and
U118/T98 pairs provide broader distributions with average ratios of 0.87 ± 0.65 and 2.15 ±
8.79 respectively, though their similarity to each other could reflect the similarity between
their secretome profiles. The U87/T98 peptide ratio distribution had a much broader
distribution, with no real definable peak and an average peptide ratio of 2.49 ± 11.31,
suggesting highly different secretome profiles between U87 and T98 cell lines.

To ensure that this differential protein secretion is not a result of differential cell death we
used trypan blue exclusion and confirmed that the percentage of cell death across the four
cell lines did not differ significantly after 24 hours serum deprivation (data not shown).

Quantitative secretome analysis
Although there was slight variation between SILAC ratios in the unlabeled T98 versus
labeled T98 secretomes (ratios averaging 1.01 ± 0.46), this same set of samples showed little
to no variation in the SILAC ratios of the cytosolic fraction (ratios averaging 1.04 ± 0.20,
see Supplemental Figure 1, Supplemental Information). This suggests that the secretome is
more susceptible to biological and/or technical variation than the intracellular compartment.
Thus, we used a stringent criterium to determine which proteins were differentially secreted
by U118, LN18 and U87 cells as compared to the T98 control. We calculated the average,
standard deviation and 99% confidence interval in the control pair (unlabeled T98 and
SILAC labeled T98) and considered ratios that fell outside this confidence interval to be
significant. This method of calculating significant expression levels from SILAC data is
commonly used in SILAC experiments, though normally only a 95% confidence interval is
used15,16,17. To further validate the data obtained for the U87 versus T98 sample pair, we
also performed a reverse SILAC experiment in which T98 cells were unlabeled and U87
cells were labeled.

Proteins that were detected in one member of a SILAC pair but not the other were also
considered significant and these spectra were validated in both the reverse and forward
SILAC experiments using Census peak ratio viewers. See the example in Figure 3 for a
peptide corresponding to chitinase-3-like protein 1 (CH3L1) that was exclusively secreted
by U87 cells and not by T98 cells. This same peptide was validated in both forward and
reverse SILAC and clearly indicates that T98 cells express undetectable amounts of CH3L1.

Using these stringent criteria we found 209 proteins differentially expressed among the three
cell lines in comparison to the T98 control (see Supplemental Table 3, Supplemental
Information). These differentially secreted proteins were classified by functional category
using the UniProtKB database (www.uniprot.org) and the results are summarized in Figure
4. The number of proteases significantly upregulated in the U87 conditioned medium was 2
to 12- fold greater than that in the LN18 and U118 media. These proteases include
cathepsins, matrix metalloproteinases and members of the ADAM family and in general
showed the highest levels of expression when compared to the other cell lines. Although the
U118 secretome comprised a similar number and category of proteases, the majority of
expression levels were 2 to16- fold lower than in the conditioned medium of the U87 cells.
U87 cells also had a greater number of upregulated cell membrane receptors, growth factors/
growth factor binding proteins, ceramide/sphingolipid degrading enzymes and cytokines as
compared to the other cell lines (see Figure 4 and Supplemental Table 3, Supplemental
Information).
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Concomitantly, the U87 cell line had decreased or no secretion of some extracellular cell-
adhesion promoting proteins (e.g. periostin, EMILIN-1, vascular adhesion protein 1 and
thrombospondin-1) and increased shedding of cadherin 2 (N-cadherin) and cadherin 13 (T-
cadherin; H-cadherin) (Supplemental Table 3, Supplemental Information).

Correlation of secretome profiles with invasive phenotypes
To define additional invasion promoting proteins in the glioblastoma conditioned media, we
used Pavlidis template matching. The template matching algorithm matches cell invasion
values measured by Matrigel assay to protein spectral counts across the four astrocytoma
cell lines. More specifically, we used invasion values of the four cell lines as a template and
correlated the pattern of expression levels of each protein across the four cell line to this
template. Protein expression patterns were considered to correlate with the invasion pattern
if they had a coefficient correlation (R value) > 0.95 and p-value < 0.05. We chose to use
spectral count over SILAC ratios for template matching because the former reflects the
abundance of proteins in the conditioned media and allowed us to include analysis of
proteins which were exclusively expressed by one cell line. We verified correlation between
spectral count and SILAC ratios for these differentially secreted proteins. With this method,
we identified additional candidate invasion promoting proteins in the U87 conditioned
medium as well as a few proteins that may have an inhibitory effect on tumor cell invasion
(see Supplemental Table 4, Supplemental Information). This list includes ADAM9,
ADAM10, cathepsin B, cathepsin L1, osteopontin, neuropilin-1, semaphorin-7A, suprabasin
and CH3L1 which were all highly or exclusively secreted by U87 cells compared to the
other three cell lines and healthy primary astrocytes, and have potential roles in tumor cell
invasion (Figure 5).

U87 cells secrete a high level of CH3L1
Of the proteins that positively correlated with U87 cell invasiveness, CH3L1 exhibited the
highest level of expression based on the number of peptide spectral counts detected in the
conditioned medium (Figure 5). We validated CH3L1 expression levels by western blot
analysis of conditioned media collected from all four cell lines. CH3L1 was detected at its
expected molecular mass (~ 40 kDa) and was highly abundant in the U87 conditioned
medium but almost undetectable in the conditioned media of the three other cell lines as well
as healthy primary astrocytes (Figure 6).

U87 cell invasion is reduced in the presence of CH3L1-specific antibody
To investigate a possible role for CH3L1 in the invasiveness of U87 cells we inhibited its
activity via antibody during the Matrigel invasion assay. Addition of 5 μg/mL of CH3L1-
specific antibody to the U87 culture medium reduced the invasive behavior of these cells by
more than 30% as compared to cells left untreated or those treated with a non-specific IgG
(Figure 7).

Discussion
Comparison of the secretome profiles of the highly invasive U87 glioblastoma cell line with
the less invasive LN18, T98 and U118 cell lines correlate well with our current
understanding of tumor cell invasiveness and further validate the model used for this study.
As expected, invasive U87 cells secreted significant levels of enzymes known for their roles
in tumor cell invasion, including key members of the ADAM, cathepsin and MMP
families2,3 while the majority of complementary protease inhibitors detected exhibited low
levels of expression. At the same time the U87 cell conditioned media contained increased
levels of cadherins 2 and 13, which may be indicative of a cadherin shedding mechanism
utilized to decrease cellular attachment18,19,20, and decreased expression of some
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extracellular adhesion promoting proteins such as periostin, EMILIN-1 and
thrombospondin-1. Overall, this secretome signature appears to favor invasive behavior.

Though for the most part the expression levels of well-known invasive proteases were lower
in the U118 cell conditioned medium than those of U87 cells, several MMPs (MMP1,
MMP2 and MMP14) may still be considered highly expressed by the U118 cells compared
to LN18 and T98 cells, yet the U118 cells exhibited levels of invasiveness comparable to the
LN18 and T98 cells, which exhibited little to no protease expression. Additionally, although
compared to U87 cells, the U118 cell line secreted 2.6 fold higher levels of the ECM protein
tenascin, which has been shown to enhance glioblastoma cell invasion21,22, U118 cells had
an eight-fold lower level of invasiveness than U87 cells, suggesting the contribution of
additional invasion enhancing proteins in the U87 cell secretome.

The most interesting proteins identified via correlation analysis as potential invasion
promoters are perhaps those which exhibit almost exclusive expression by U87 cells. These
proteins include ADAM9, ADAM10, cathepsin B, cathepsin L1, osteopontin,
semaphorin-7A, neuropilin-1, suprabasin and CH3L1. These proteins also exhibited little to
no secretion by healthy primary astrocytes, further suggesting potential contributions of
these proteins to the invasive nature of U87 cells.

U87 cells had higher expression levels of both ADAM9 and ADAM10 relative to the other
cell lines and was implicated in U87 cell invasiveness through our statistical analysis.
ADAM proteins are cell surface proteins comprising adhesion and metalloprotease domains
which are capable of regulating cell-cell and cell-matrix interactions via integrin binding and
are known for cleaving a number of membrane-bound substrates to produce biologically
active proteins, such as growth factors and cytokines23. A role for ADAM9 in U87 cell
invasiveness is supported by reports of its soluble isoform promoting invasion in liver and
lung carcinoma cell lines through β-1 integrin signaling24,25. A recent study demonstrated
that ADAM10 is necessary for the shedding of cadherin 2 from the surface of glioblastoma
cells to promote migration in vitro26. Indeed, we saw a two-fold or more increase in the
level of cadherin 2 in the conditioned media of U87 cells compared to the other cell lines.
Cadherin 13 also correlated with U87 invasiveness in our study. Also known as T-cadherin
or H-cadherin, cadherin 13 is an atypical member of the cadherin family which lacks a
transmembrane domain and is instead associated with the surface of the plasma membrane
via glycosylphosphatidylinositol (GPI) linkage. The downregulation of cadherin 13 has been
associated with poor prognosis in a variety of carcinomas including lung, ovarian, and
prostate cancer27 and its expression has been linked to increased cell attachment and
decreased cell motility in the C6 glioma cell line28. However, whether shedding of cadherin
13 is another mechanism by which cancer cells alter surface protein expression to increase
their invasive behavior and whether ADAM10 contributes to its release remains to be
investigated.

Cathepsins are well known to be overexpressed by astrocytoma cells compared to healthy
astrocytes and have been shown to play a role in tumor cell invasion as well as proliferation
and angiogenesis29. The four glioblastoma cell lines used in this study secreted cathepsins
B, D, F, L1 and Z, with cathepsins B and L1 levels significantly higher in the conditioned
medium of the highly invasive U87 cell line compared to the less invasive T98 cell line.
Furthermore, these cathepsins were not detected in the conditioned media of healthy primary
astrocytes. While our data suggest that the cathepsin B and L1 isoforms detected in this
study correspond to the proenzymes only it is possible that these highly expressed pro-
enzymes are partially responsible for the degradation of extracellular proteins necessary to
facilitate U87 cell invasion since a number of in vitro studies have demonstrated the ability
of the cathepsin B and L pro-enzymes to degrade components of the extracellular matrix,
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including laminin and fibronectin30,31,32. Collectively these data suggest a contribution of
cathepsins B and L1 to U87 cell invasiveness. Indeed, selective inhibition of cathepsins B
and L1 by gene silencing successfully reduced glioblastoma invasion up to 70%33,34.

Osteopontin was exclusively secreted by the U87 cell line but not by the other, less invasive
glioblastoma cell lines. Interestingly, this cytokine was found elevated in glioblastoma tissue
as well as the serum and cerebrospinal fluid of patients with glioblastoma tumors35,36. Its
role in tumor cell invasion may derive from an autocrine function that promotes cellular
motility and migration, as silencing of osteopontin in U87 cells by siRNA significantly
reduced cell migration while induction of its expression was shown to enhance cell
motility37,38.

Neuropilin-1 (NRP1) was present at significant levels in the U87 conditioned medium (i.e.
31 spectral counts, 12 unique peptides) and absent in the conditioned media of the other
three glioma cell lines. NRP1 exists mainly as a transmembrane receptor for the axonal
chemorepellant semaphorin 3A (Sema3A)39,40 on the surface of neuronal cells as well as for
VEGF165

41, which has been shown to stimulate chemotaxis of endothelial cells.
Overexpression of NRP1 has been demonstrated to promote glioma growth and correlates
with tumor progression in high versus low grade astrocytomas42,43. A soluble isoform
(sNRP1) has also been identified in the PC3 prostate cancer cell line and appears to be a
VEGF165 antagonist with anti-tumor properties44. Close examination of the peptides
detected for NRP1 revealed that the U87 cells expressed this protein in three distinct forms,
with the majority of peptides (19 spectral counts) identified at the high molecular mass
range of approximately 200–250 kDa, a small number (3 spectral counts) located near 130
kDa and a third form identified with nine spectral counts migrating near 56–87 kDa. These
three NRP1 species likely correspond to a high-molecular weight chondroitin-sulphate
modified NRP1 (NRP1-CS), unmodified NRP1 and sNRP1, respectively. Recent studies
suggest that the glycan modified NRP1-CS has a dampening effect on tumor cell
invasiveness since S612A site-directed mutagenesis of the glycosylation site resulted in a
50% increase in U87 cell invasiveness45. The release of this chondroitin-sulphate modified
isoform into the conditioned media of U87 cells may be a regulatory mechanism by which
these cells counteract any anti-invasive properties that NRP1-CS would invoke at the cell
surface. The functional relevance of the sNRP1 isoform to the highly invasive properties of
the U87 cell line remains to be elucidated.

Semaphorin-7A (Sema7A) was also exclusively expressed by the highly invasive U87 cell
line (48 spectral counts; 14 unique peptides). Semaphorins are a family of membrane bound
and soluble proteins that play a major role in axonal guidance and outgrowth. While
Sema7A is a GPI-anchored membrane protein, the existence of a soluble isoform released
from the cell membrane via proteolysis has been demonstrated46. Sema7A has been shown
to promote the migration and chemotaxis of both monocytes and osteoblasts47,48, but its
influence on cell adhesion appears to be receptor and cell-type specific. Binding of Sema7A
to beta 1-integrins on the monocyte surface has been shown to promote cell attachment
through MAPK signaling while cell adhesion is decreased through Sema7A interaction with
plexin C147. Conversely, it has been suggested that adhesion is disrupted through beta-
integrin signaling in osteoclasts48. To our knowledge, Sema7A has not been previously
implicated in glioblastoma, however, studies have shown a loss of plexin C1 expression with
metastatic melanoma progression as well as an inverse correlation with melanoma cell
invasiveness49,50. Indeed, mass spectrometric analysis of U87 cell membrane proteins did
not detect the presence of plexin C1, but rather the presence of integrin beta-1 (19 spectral
counts, 12 unique peptides, data not shown) suggesting that perhaps Sema7A contributes to
the increased motility and decreased adhesion necessary for U87 cell invasion via integrin
signaling and the downregulation of plexin C1.
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The absence of periostin and EMILIN-1 in the conditioned medium of the U87 cell line
could represent an additional factor contributing to the differences in levels of invasiveness
between U87 cells and the U118, LN18 and T98 cell lines. Periostin and EMILIN-1 function
as cell adhesion proteins51,52 while periostin also acts to strengthen the architecture of the
extracellular matrix by aiding in the deposition of matricellular proteins and regulating the
fibrillar formation of collagens53,54. Both proteins were highly expressed by the less
invasive cell lines LN18 and U118 but were absent in the U87 conditioned medium. Neither
did the T98 cells express these proteins, however, these cells may reduce their levels of
invasion in part through the high levels of expression of other adhesion-promoting factors
such as thrombospondin-1. The role of EMILIN-1 in glioblastoma or tumor cell invasion in
general has not been described. The effect of periostin expression on tumor cell invasion
may be dependent on cellular context, since some studies have reported that increased
periostin expression correlates with invasion and metastasis of some cancer types, including
breast55,56, colon57, pancreatic58 and esophageal squamous cell cancer59, while there was no
correlation with lung cancer metastasis56 and periostin was found to suppress invasion and
metastasis in bladder cancer60. It has also been suggested that cellular localization may
determine whether periostin promotes or inhibits tumor cell invasion, such that secreted
periostin may act to promote cellular adhesion while a cytosolic isoform may facilitate
invasion via organization of the cytoskeleton60. Thus, our data implicate periostin as an
invasion suppressing protein in the extracellular environment of glioblastoma cells.

We also detected suprabasin in the conditioned medium of U87 but not in the conditioned
medium of the other glioblastoma cell lines. Suprabasin transcripts were first identified in
differentiating keratinocytes and have since been detected in muscle tissue, but are absent in
mouse embryonic and adult brain61,62,63,64. Suprabasin is thus far believed to be involved in
skin development, but its exact function is not well known at present and to our knowledge
this is the first time that this protein has been shown to be secreted by invasive glioblastoma
cells.

Perhaps the most interesting protein that might contribute to U87 cell invasiveness is
CH3L1. This protein was highly secreted by the U87 cell line (210 spectral counts)
compared to the other cell lines (≤ 4 spectral counts). CH3L1 is an extracellular
carbohydrate-binding lectin devoid of chitinase activity and is not believed to possess
proteolytic abilities65. However, its expression level has been shown to increase with tumor
grade in many cancer types66, including glioblastoma67,68,69,35 and has been suggested as a
possible biomarker for glioma subtypes68,70,71. A role for CH3L1 in tumor cell invasion is
strongly suggested in our study by the decrease in U87 cell invasion observed upon addition
of CH3L1 neutralizing antibodies to the cell culture medium. This finding is supported by
two recent studies in which shRNA and siRNA inhibition of CH3L1 expression also blunted
levels of U87 cell invasion72,69 as well as studies showing an increase in tumor cell and
astrocyte invasiveness upon CH3L1 overexpression68,72. The mechanism by which CH3L1
may enhance the invasive properties of tumor cells has yet to be fully understood. Collagens
type I, II and III are thus far the only known binding partners for this protein and it has been
shown that bovine cartilage-derived CH3L1 inhibits the fibrillar assembly of type I collagen.
It has been proposed that the retention of collagen solubility upon CH3L1 binding may
render collagen more susceptible to proteolytic degradation, thereby enhancing the invasion
process73. Another study indicates that CH3L1 may affect tumor cell invasiveness via
multiple mechanisms including regulation of MMP2 expression and cell adhesion and by
inducing changes in the actin cytoskeleton that result in the morphological organization
necessary for cell mobility72. Although binding partners have not been identified for these
processes, cell surface proteins are likely targets given the heparin-binding properties of
CH3L174.
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Conclusions
In this study we have presented the secretome profile of four glioblastoma cell lines and
correlated their unique signatures with tumor cell invasiveness. While the complex
interactions of proteases and their inhibitors are fairly well-characterized with respect to
tumor cell invasiveness, this study highlights the need to further investigate the functions of
proteins not directly involved in extracellular degradation, cell adhesion or motility that may
also play important roles in tumor cell invasion. It will be interesting to further investigate
the mechanisms by which proteins such as CH3L1 might enhance or promote this
phenomenon. It is anticipated that new therapeutic targets may be discovered among this
overlooked protein population and that their inhibition may be successful in blocking the
invasion of tumor cells into surrounding healthy tissues.

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

Acknowledgments
This research was supported by grants from the Intellectual and Developmental Disabilities Research Center (NIH
IDDRC P30HD40677), Children's National Medical Center (FY09 RAC Award 2967), the National Cancer
Institute (Grant CA120316) and the Cosmos Club Foundation (2009 Cosmos Scholars Grant).

Abbreviations

ADAM a disintegrin and metalloproteinase domain-containing protein

Arg arginine

CH3L1 chitinase-3-like protein 1

DMEM Dulbecco's modified Eagle's medium

ECM extracellular matrix

LC liquid chromatography

Lys lysine

MMP matrix metalloproteinase

MS mass spectrometry

NRP1 neuropilin-1

Sema3A semaphorin-3A

Sema7A semaphorin-7A

SILAC stable isotope labeling by amino acids in cell culture
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Synopsis
We performed a comprehensive examination of the secretome of four glioblastoma cell
lines and correlated protein expression with invasive phenotype. We identified a number
of proteins highly or exclusively expressed by the highly invasive U87 cells as compared
to the less invasive cell lines, including ADAM9, ADAM10, cathepsin B, cathepsin L1,
osteopontin, neuropilin-1, semaphorin-7A, suprabasin and chitinase-3-like protein 1
(CH3L1). Antibody inhibition of CH3L1 reduced U87 cell invasiveness by 30%.
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Figure 1. Matrigel invasion assay of glioblastoma cell lines
A) Fluorescent images (20×) of cells that invaded through the Matrigel-coated Boyden
chamber after twelve hours of incubation. Cytosol = green/calcein AM; Nucleus = blue/
Hoescht 33342. B) Percent invasion of cells (average invasive cells per field normalized to
average number of total invasive plus noninvasive cells per field). Data are reported as mean
values (± SD) of at least three replicates for each cell line. * Student-Newman-Keuls p<0.05.
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Figure 2. Distribution of SILAC peptide ratios between glioblastoma cell lines
Peptide ratios obtained from T98 labeled samples paired with U87, U118, LN18 or T98
unlabeled control samples were obtained using the Census algorithm. Ratios were log
transformed and plotted into bins of 0.08 against frequency (number of peptides in each
bin).
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Figure 3. Manual validation of uniquely expressed proteins
Peptides that were detected in one member of a SILAC pair but not the other were manually
validated for absence of the corresponding peptide. A) Sample spectra show peaks mapping
to the QLLLSAALSAGK peptide of chitinase-3-like protein 1 in both forward and reverse
SILAC experiments, indicating the absence of the peptide in the T98 conditioned media. B)
Census quantitation of the same peptide with forward and reverse labeling.
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Figure 4. Functional annotation of proteins upregulated in the glioblastoma secretome
Proteins differentially secreted by the glioblastoma cell lines U87, U118 and LN18 relative
to T98 were classified based on their overall functional category. The total number of
overexpressed proteins per cell line is shown in parentheses. Only proteins with known
extracellular, cell membrane and lysosomal/endosomal localizations are included.
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Figure 5. Correlation of glioblastoma secretome profiles with invasive phenotype
Levels of invasiveness were correlated with spectral counts of secreted, cell membrane and
lysosomal protein expression by each cell line using Pavlidis template matching. Black
template line above heat map represents relative invasion potential of each cell line, and red
line indicates mean relative expression of all correlated proteins within each column. Red
heat map blocks reflect relative high protein expression and green represent lower
expression. Spectral counts from healthy primary astrocytes (371) were not included in the
analysis, but are shown as a reference. Select proteins positively correlating with U87
invasiveness are shown, for a complete list see Supplemental Table 4, Supplemental
Information.
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Figure 6. Invasive U87 cells express high levels of CH3L1
Conditioned media from each cell line were collected after 24-hours incubation in serum-
free medium and 30 μg analyzed by western blot against CH3L1 protein. The top panel
shows relative expression levels of CH3L1 in the tumor cell lines and healthy human
astrocytes (ACBRI 371 obtained from Applied Cell Biology Research Institute, Kirkland,
WA). Vinculin was used as a loading control (bottom panel).

Formolo et al. Page 23

J Proteome Res. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Antibody inhibition of CH3L1 during invasion
A) Fluorescent images (20×) of U87 cells that invaded through the Matrigel-coated Boyden
chamber after treatment with α-CH3L1 antibody, IgG or no antibody. Cytosol = green/
calcein AM; Nucleus = blue/Hoescht 33342. B) Percent invasion of cells. Data are reported
as mean values (± SD) of four replicates. *Wilcoxon Rank Sum p<0.05.
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