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Abstract

The roles of astrocytes in the CNS have been expanding beyond the long held view of providing
passive, supportive functions. Recent evidence has identified roles in neuronal development,
extracellular matrix maintenance, and response to inflammatory challenges. Therefore, insights into
astrocyte secretion are critically important for understanding physiological responses and
pathological mechanisms in CNS diseases. Primary astrocyte cultures were treated with
inflammatory cytokines for either a short (1 day) or sustained (7 days) exposure. Increased
interleukin-6 secretion, nitric oxide production, cyclooxygenase-2 activation, and nerve growth
factor (NGF) secretion confirmed the astrocytic response to cytokine treatment. MS/MS analysis,
computational prediction algorithms, and functional classification were used to compare the astrocyte
protein secretome from control and cytokine-exposed cultures. In total, 169 secreted proteins were
identified, including both classically and nonconventionally secreted proteins that comprised
components of the extracellular matrix and enzymes involved in processing of glycoproteins and
glycosaminoglycans. Twelve proteins were detected exclusively in the secretome from cytokine-
treated astrocytes, including matrix metalloproteinase-3 (MMP-3) and members of the chemokine
ligand family. This compilation of secreted proteins provides a framework for identifying factors
that influence the biochemical environment of the nervous system, regulate development, construct
extracellular matrices, and coordinate the nervous system response to inflammation.
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1 Introduction

Appreciation for the function of astrocytes in the CNS has been growing with the identification
of integral roles in neurogenesis and synaptogenesis [1,2]. Specifically, astrocytic secretion of
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glutamate, ATP, and D-serine serve as paracrine and autocrine factors regulating synaptic
plasticity and the coordination of synaptic networks [3,4]. Astrocytes are also important
components of the blood brain barrier, providing dynamic regulation of the microvasculature
through the release of nitric oxide and lipid metabolites [5,6], as well as modulating brain
energy metabolism through the coordination of glutamate homeostasis between neurons and
astrocytes [7,8].

In contrast, the release of proteins by astrocytes under nondisease states has not been
extensively explored. Proteins released by astrocytes include thrombospondin-1 and
apolipoprotein E, which were found to mediate synaptogenesis and processing of amyloid-
peptides, respectively [9,10]. The advent of MS-based proteomics has allowed for the global
interrogation of astrocyte proteomes, including intra-cellularly expressed proteins as well as
secreted proteins [11-14]. However, only a limited number of proteins have been detected in
the astrocyte secretome. Therefore, an expanded proteome of astrocyte-secreted proteins
employing recent advances in proteomic methodology, instrumentation, and computational
analyses is warranted. A more comprehensive astrocyte secretome would provide new insights
into astrocyte function and uncover novel mediators that can influence the extracellular
biochemical environment in the CNS.

Astrocytes play a critical role in regulating the type and extent of CNS immune response by
responding to inflammatory mediators such as interferon (IFN)-y and TNF-a and by producing
additional cytokines and chemokines [15]. While an inflammatory response is necessary
following tissue and cellular injury, it is also seen as a central process in the development and
progression of disease states. Under certain pathological conditions, recent studies provide
evidence that astrocytes secrete factors that are toxic to other cells in the CNS. For example,
in patients with multiple sclerosis, astrocytes expressing syncytin released factors that are toxic
to oligodendrocytes [16]. Recently, soluble factors released from astrocytes that expressed
familial amyotrophic lateral sclerosis (ALS)-causing mutant forms of superoxide dismutase 1-
induced motor neuron death [17-20]. Collectively, these data emphasize that astrocytes under
pathological conditions are capable of unleashing toxic, but in many cases unidentified factors.
Insights into the factors secreted by astrocytes after treatment with inflammatory mediators
may identify disease mediators and reveal targets for the therapy.

2 Materials and methods

2.1 Astrocyte culture and cytokine treatment

All mouse studies were reviewed and approved by the Institutional Animal Care and Use
Committee of the Stokes Research Institute, Children’s Hospital of Philadelphia. Cortical
astrocyte cultures were prepared from neonatal CD-1 mice (Charles River, Wilmington, MA)
on DOL 1-2. Briefly, the animals were anesthetized, the brain was removed and cortex was
dissected free. Cortices were washed twice with Earle’s Balanced Salt Solution (EBSS;
Invitrogen, Carlsbad, CA) and trypsinized (0.05%) for 12 min at 37°C. Cortices were then
titruated in Minimal Essential Media (Invitrogen, Carlsbad, CA) supplemented with 10% FBS
(Hyclone), sodium pyruvate (1 mM), L-glutamine (2 mM), D-glucose (42 mM), sodium
bicarbonate (14 mM), penicillin (100 U/mL), streptomycin (100 pg/mL), fungizone (2.5 pg/
mL) and plated at one cortex per T-25 vent-cap flask (Corning, Corning, NY). Mixed cortical
cultures were raised for 14 days in 37°C and 5% CO, with media change every 3-4 days.
Cultures were then washed with cold EBSS and separated from neurons and microglia by
shaking overnight at 37°C. Adherent cells were trypsinized (0.25%) and seeded in 200 mm
Petri dishes (Corning) at 5x10° cells/plate (6 mL). Forty-eight hours after plating, cells were
washed with EBSS, and serum-free media was added containing IL-1f (0.2 ng/mL), IFN-y (1
ng/mL), and TNF-a (10 ng/mL) (Roche Pharmaceuticals, Switzerland). Control astrocytes
were cultured in serum-free media alone. Astrocyte-conditioned media (ACM) was either
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collected after 24 h (1D ACM) or were either left untreated or treated with the cytokine cocktail
(see above) every 48 h for an additional 6 days (three total exposures) with no media change.
ACM was again collected (7 days ACM). For each collection, ACM was combined from two
plates and centrifuged at 200xg for 5 min to remove cell debris. The protein fraction (>3 kDa)
was obtained by ultra-filtration of ACM using CentriPrep Ultracel YM-3 filters (Millipore,
Billerica, MA). The protein retentate (final vol. = 0.8-1.0 mL) was aliquoted and stored at —80°
C for future use. Filtrates were reserved for lipid analyses. To assess cell viability, astrocytes
were trypsinized and combined with cell pellets obtained from the low speed centrifugation of
ACM. Cell death was quantified either by flow cytometry using Vybrant Apoptosis Assay Kit
#3 according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA) or by trypan blue
exclusion. For flow cytometry, a minimum of 20 000 events was required for each analysis
performed in quadruplicate.

2.2 Gel/LC-MS/MS analysis of conditioned media

The protein fraction obtained from ACM was analyzed by Gel/LC-MS/MS as described
previously [21]. For each treatment condition described above, the concentrated protein
fraction was mixed with 6X Laemmli sample buffer and equal volumes (30 pL) were loaded
on NuPAGE 10% Bis-Tris gels (Invitrogen, Carlsbad, CA) and electrophoresed in MOPS
running buffer for approximately 2 cm. For experiments that assessed reproducibility, ACM
was collected and proteins were separated by electrophoresis from independent astrocyte
cultures (biological duplicates) treated for 7 days with and without cytokines. Proteins were
visualized by Colloidal Blue (Invitrogen, Carlsbad, CA) and each lane was cut into uniform
slices using a MEF-1.5 Gel Cutter (The Gel Company, San Francisco, CA). Gel slices were
digested in-gel with trypsin as previously described [22]. Tryptic digests were analyzed on an
LTQ linear IT mass spectrometer (Thermo Electron, San Jose, CA) coupled with a NanoLC
pump (Eksigent Technologies, Livermore, CA) and auto-sampler. Tryptic peptides were
separated by RP-HPLC on a hanocapillary column, 75 um id x 20 cm PicoFrit (New Objective,
Woburn, MA, USA), packed with MAGIC Cg resin, 5 um particle size (Michrom
BioResources, Auburn, CA). Solvent A was 0.58% acetic acid in Milli-Q water, and solvent
B was 0.58% acetic acid in ACN. Peptides were eluted into the mass spectrometer at 200 nL/
min using an ACN gradient. Each RP-LC run consisted of a 10 min sample load at 1% B; a 75
min total gradient consisting of 1-28% B over 50 min, 28-50% B over 14 min, 50-80% B over
5 min, 80% B for 5 min before returning to 1% B in 1 min. To minimize carryover, a 36 min
blank cycle was run between each sample. Hence, the total sample-to-sample cycle time was
121 min. The mass spectrometer was set to repetitively scan m/z from 375 to 1600 followed
by data-dependent MS/MS scans on the ten most abundant ions with dynamic exclusion
enabled.

2.3 Protein identification and validation

DTA files were generated from MS/MS spectra extracted from the RAW data file (intensity
threshold of 5 000; minimum ion count of 30) and processed by the ZSA, Correctlon, and
lonQuest algorithms of the SEQUEST Browser program. Database searching was performed
by TurboSE-QUEST v.27 (rev. 14) against the NCBI nonredundant protein database (4 379
558 proteins; 1/2007), which had been indexed with the following parameters: average mass
range of 500-3500, length of 6-100, tryptic cleavages with one internal missed cleavage sites,
static modification of Cys by carboxyamidomethylation (+57 amu), and variable modification
of methionine (+16 amu). The DTA files were searched with a 2.5 amu peptide mass tolerance
and 1.0 amu fragment ion mass tolerance. Potential sequence-to-spectrum peptide assignments
generated by SEQUEST were loaded into Scaffold (version Scaffold-01_06_17, Proteome
Software, Portland, OR) to validate MS/MS peptide and protein identifications as well as to
compare protein identifications across experimental conditions. Peptide and protein
probabilities were calculated by the Peptide and Protein Prophet algorithms [23,24],
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respectively. A protein was identified if it received >99.0% protein confidence with >3 unique
peptides at >95% confidence. A protein that received >99.0% protein confidence with two
peptides at >50% probability was considered identified only if the same protein had been
identified by the above criteria in another treatment group. If either of these criteria were not
satisfied, the protein was considered to be low confidence and was scored as not detected.
Proteins identifications not assigned to the Mus musculus taxonomy were manually inspected.
These proteins were either contaminants and were removed in the final analysis, or contained
identified peptides identical to the mouse sequence and therefore, based on rules of parsimony,
were considered to be of mouse origin.

2.4 Computational and functional gene ontology analysis

3 Results

NCBI database protein identifiers (gi) were matched to equivalent entries (accession) in the
Uniprot database (www.uniprot.org), and if known, were reported as unprocessed precursors.
Protein Prowler (http://pprowler.imb.uq.edu.au/) was used to identify proteins that possess a
secretory pathway (SP) signal peptide (SP score>mTP/Other). Cytoscape/BiNGO was used to
perform gene ontology (GO) assignments and determine significantly under-and over-
represented functional GO categories. Cytoscape network visualization platform (ver 2.5;
7/23/2007; http://www.cytoscape.org/) implementing the latest release of the BiNGO plugin
(ver 2.0; 1/17/2007;http://www.psh.ugent.be/cbd/papers/BiNGO/) [25] was used to identify
proteins that were annotated to the extracellular space (GO: 5 576) and cell surface (GO: 9
986). Analyses were performed using the default BINGO mouse annotation containing 19 224
members (1/12/2007; ftp://ftp.nchi.nIm.nih.gov/gene/DATA/) and either the GOSIlim_GOA
or GO_Full ontology (12/18/2006; http://www.geneontology.org). Statistical significance was
determined by hypergeomtric analysis followed by Benjamini and Hochberg false discovery
rate (FDR) correction (p<0.001). SecretomeP 2.0
(http://www.cbs.dtu.dk/services/SecretomeP/) was used to evaluate proteins that may be
nonclassically secreted (p>0.5) in conjunction with prior experimental evidence. The proteins
designated as secretory/extracellular were assigned to broad functional categories relevant to
extracellular functions. SledgeHMMER [26] was used to perform batch searching of the Pfam
database, followed by conversion of Pfam entries to their equivalent InterPro domain (release
14.1; http://www.ebi.ac.uk/inter-pro/).

3.1 Cytokine-induced responses of murine astrocytes

Enriched neonatal cortical astrocyte cultures were prepared as described in the Materials and
Methods and were treated under serum-free conditions with either vehicle (control) or TNF-a
(10 ng/mL), interleukin (IL)-1B (0.2 ng/mL), and IFN-y (1 ng/mL) for either an acute (1 day)
or sustained (7 days) exposure interval. Cell viability evaluated by flow cytometry after 1 day
or 7 days did not significantly differ between control and cytokine-exposed cells (Fig. 1B of
Supporting Information). Astrocyte activation by inflammatory mediators induced
stereotypical morphological changes such as process formation and elongation (Fig. 1A of
Supporting Information). These changes were quantified by counting the number of cells with
processes, which revealed that 1 day and 7 days cytokine treatment significantly increased the
percent of cells with processes compared to untreated cultures (Fig. 1A). In addition, the percent
of cells with processes was also significantly increased from 1 day to 7 days of cytokine
treatment (Fig. 1A).

Astrocytic responses to cytokine treatment were further characterized for each exposure

interval by quantifying well-characterized markers of inflammation, namely IL-6, nitric oxide,
and prostaglandin Eo (PGEy) in ACM (See Materials and Methods of Supporting Information).
After 1 day and 7 days treatment with inflammatory mediators, robust production of IL-6 was
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detected in ACM compared to the control conditions (Fig. 1B). The concentration of nitric
oxide metabolites measured by reductive chemistries coupled to chemiluminescence detection
was significantly increased in ACM compared to controls following 1 day and 7 days
inflammatory mediator treatment (Fig. 1C). Astrocytic responses to inflammatory mediators
are also characterized by increased production of prostaglandins, such as prostaglandin E»
(PGEy), which is the most abundant prostanoid in the CNS. A lipidomic profile of 24 lipids
was carried out on ACM using LC-electron capture atmospheric pressure chemical ionization/
multiple reaction monitoring (APCI/MRM) MS analysis. Absolute quantification was
performed against standard curves constructed using authentic lipids and normalized to
deuterated lipid internal standards (Fig. 1D). These analyses revealed a selective increase of
PGE, (retention time (rt) = 31.0 min) after 7 days cytokine treatment (0.49 % 0.03 pmol/10°
cells to 1.50 + 0.12 pmol/10° cells; Fig. 1D). In contrast, there was no difference in the levels
of PGFy,, (rt = 33.0 min) detected in ACM from control (0.12 + 0.01 pmol/10° cells) and
cytokine-treated (0.13 + 0.01 pmol/108 cells) astrocytes (Fig. 1D).

While controlled inflammation is critical for innate immune defense as well as cellular
remodeling and tissue repair, unregulated inflammation would clearly be detrimental.
Therefore, glia, one of the primary immune cells in the CNS, possesses compensatory, anti-
inflammatory mechanisms to limit the scope of inflammation. In particular, trophic factors
such as nerve growth factor (NGF) have been identified as initiators of signaling cascades that
promote anti-inflammatory processes following proinflammatory events [27]. Consistent with
this mechanism, we detected significantly elevated levels of NGF only after 7 days cytokine
treatment compared to 7 days control (203.2 + 158.4 pg/mL vs. 964.2 + 433.7 pg/mL; P =
0.0025). Collectively, morphological evaluation, flow cytometry analysis, and quantification
of IL-6, nitric oxide, and lipid markers of inflammatory responses established the secretory
capacity, viability, and stereotypical responses to inflammatory mediators.

3.2 Proteomic evaluation of the astrocyte secretome

Extracellular and secretory proteins play a fundamental role in transforming the extracellular
space and facilitating cell-cell contacts, such as during development or after synaptic
remodeling following brain injury [28]. While neuron—neuron communication has been an area
of intense study during synaptogenesis, the capacity of astrocytes to influence this process,
specifically through secreted proteins, is not completely understood. Toward this goal, we
employed a proteomic approach to identify soluble proteins secreted by murine astrocytes
under control and cytokine-treated conditions. The protein fraction of ACM from control or
cytokine-treated cultures was obtained by ultrafiltration and was subjected to Gel/LC-MS/MS
analysis. Briefly, proteins were separated by 1-D PAGE for approximately 2 cm and visualized
by Colloidal blue (Fig. 2A of Supporting Information). Each lane was cut into 12 equal slices
and digested in-gel with trypsin [22]. Tryptic digests were then analyzed by nanocapillary RP-
LC interfaced directly with a linear IT mass spectrometer (Thermo LTQ) operated in data
dependent mode [21]. MS/MS sequence-to-spectrum assignments were generated using the
SEQUEST algorithm searching against the NCBI nr database. SEQUEST search results from
the 12 LC-MS/MS runs that comprised a complete proteome, i.e, a complete gel lane, were
combined into a single biological sample within Scaffold (Proteome Software, Portland, OR).
Scaffold served as a validation tool, employing the PeptideProphet and ProteinProphet
algorithms, which provide statistical evaluation of the SEQUEST results by expressing
potential sequence-to-spectrum assignments as confidence scores [23,24]. A protein was
identified if it received >99.0% protein confidence with >3 unique peptides at >95%
confidence. A protein that received >99.0% protein confidence with two peptides at >50%
probability was considered identified only if the same protein had been identified by the criteria
listed above in another treatment group. If either of these criteria were not satisfied, the protein
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was considered to be low confidence and was scored as not detected. In total, 290 proteins
were identified across all treatment groups (Table 1, and Table 1 of Supporting Information).

The ability to compare and contrast protein identifications across several conditions is highly
dependent upon the reproducibility of the treatment conditions and the proteomic approach.
Gel/LC-MS/MS analysis of 7 days ACM biological duplicates from control and cytokine-
treated conditions showed 96% protein identity. As an additional measure of technical
reproducibility, frequency versus fold difference in spectral counts (redundant peptides)
between biological duplicates for each confirmed protein was calculated (Fig. 2B of Supporting
Information). Both 7 days control and cytokine-treated conditions showed similar
reproducibility, with >85% of the confirmed proteins varying by <2.5 fold between biological
duplicates. Importantly, slicing and analyzing the entire gel lane enabled identification of
substantially more proteins than single protein band excision while not compromising depth
of analysis or reproducibility as 90% of the proteins identified by a single band excision were
confirmed by the Gel/LC-MS/MS method (data not shown). The high reproducibility of the
experimental design and proteomic method paired with rigorous selection criteria permitted
us to compare and contrast proteins identified between control and cytokine-treated conditions.

3.3 Computational and functional classification of secretory proteins

Previous studies have investigated mouse astrocyte intracellular proteomes [13,14], but only
two studies have explored the secreteome, identifying a total of 40 unique proteins by 2-D
SDS-PAGE and MALDI-TOF-MS [11,12]. The current study found 38 of these proteins while
identifying an additional 252. Since previous studies identified primarily the most abundant
proteins contained within the secreteome, a rigorous analysis to distinguish between secreted/
extra-cellular proteins and other nonsecreted/intracellular proteins, which may be present due
to cell death, was not necessary. In the current study, cell death was unchanged (~15%) and
cytokine-independent across all treatment conditions as quantified by flow cytometry (Fig. 1
of Supporting Information) and trypan blue exclusion (data not shown). Yet, given the
increased sensitivity of the current approach it was critical that the potential contribution of
differences in depth of analysis be considered.

We addressed these potential differences in depth of analysis by evaluating the protein
identifications using a multi-step computational workflow. For the human proteome, cellular
localization for only about 30% of all proteins has been determined experimentally [29],
making in silico localization prediction algorithms valuable computational tools for the
analysis of secreted proteomes [30]. Since the majority of soluble proteins destined for
secretion into the extracellular space contain an N-terminal signal peptide, many computational
algorithms utilize this feature for sub-cellular localization prediction. The use of trained neural
networks and support vector machines has improved the overall performance of these
algorithms. In particular, we utilized Protein Prowler [31] for its excellent specificity (0.99)
and sensitivity (0.91; Nonmembrane) [30]. Protein Prowler analysis predicted 149 proteins to
contain an N-terminal signal peptide (Table 2 of Supporting Information). Yet recent studies
have clearly documented that not all extracellular/secreted proteins adhere to the N-terminal
rule [32]. To maximize inclusion of secreted proteins that may lack an N-terminal signal, we
utilized two complementary approaches. First, GO analysis was performed using Cytoscape
network visualization software implementing the BiNGO plug-in. An additional 14 proteins
were classified that lacked an identifiable signal peptide, but had been annotated to the extra-
cellular region (GO: 5576) or the cell surface (GO: 9 986). Second, a sequence-based prediction
algorithm for non-classical secretion, SecretomeP [33], was employed in conjunction with
existing experimental evidence. An additional six proteins that likely proceed via nonclassical
secretion were included as a result of this analysis, including vimentin, an intermediate filament
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protein secreted by activated macrophages [34], as well as annexin A2 [35] and cyclophilin A
[36].

Given that the majority of secreted proteins become enriched in conditioned media between 1
day and 7 days compared to nonsecreted proteins, the average fold change in relative protein
abundance for proteins classified as secreted should be significantly greater than the changes
in relative protein abundance of nonsecreted proteins, which are largely identified due to
uniform cell death (Fig. 1 of Supporting Information). To test this hypothesis, semi-quantitative
MS based on label-free spectral counting was employed. This method has been previously used
as an effective means to estimate relative protein abundance [37-42]. While semi-quantitative
MS based on spectral counting can be used to compare the relative abundance between different
proteins, for example by normalizing spectral counts by either the protein molecular weight or
by the number of observable tryptic peptides, our goal was to compare relative changes of the
same protein across experimental conditions. Therefore, we simply compared the number of
redundant peptides, i.e., spectral counts, for each protein between experimental conditions
(Tables 3 and 4 of Supporting Information). Supporting this hypothesis, the average, absolute
fold change of spectral counts from 1 day to 7 days was significantly different (P<0.0001) for
the proteins classified in the secretome (3.9 £ 0.4, mean + SEM, N = 79) (Table 3 of Supporting
Information) than for the proteins that were assigned as “nonsecretory” (2.1 £ 0.1, mean
SEM, N = 84) (Table 4 of Supporting Information).

While post-hoc analyses cannot achieve complete sensitivity for the classification of secretory
proteins, by utilizing multiple complementary analyses, namely in silico cellular localization
prediction algorithms, functional GO classification, and published experimental evidence, we
generated a list of 169 high confidence secretory proteins, which could be assigned to seven
broad functional categories (Fig. 2A). The list included expected extracellular matrix proteins,
such as laminins and collagens, proteins involved in processing and proteolysis, such as matrix
metalloproteinase-3 (MMP-3) and cathepsins, as well as proteins that play critical roles in the
immune response, such as the complement components and chemokine ligands. A complete
list of these proteins and their corresponding numbers of unique peptides are reported in Table
1. InterPro domain analysis of these proteins was consistent with the InterPro domains of 2
033 proteins that were computationally predicted to be soluble, secreted proteins from the
mouse genome [43]. Significantly, the EGF-like domain (IPR000561) was the most common
domain in both the theoretical [43] and experimental mouse secretomes (Fig. 2B). To ascertain
specific molecular and biological processes that were represented among the proteins identified
in the astrocyte secretome (Table 1), we used GO classification to assign proteins into
molecular, biological, and cellular subcategories, followed by functional network analysis
using hypergeometric statistics paired with multiple testing correction (p<0.001) (see Materials
and Methods). As shown in Fig. 2C, proteins with molecular functions assigned to protein
binding (P = 2.6E-5) as well as enzyme regulator (P = 1.5E-7), hydrolase (P = 4.9E-7),
isomerase (P = 6.4E-7), and oxidoreductase (P = 1.8E-4) activities were over-represented. The
biological process ontology contained proteins significantly over-represented in development
(P = 4.1E-8) and response to stimulus (P = 2.6E-5). The proteins that remained unclassified
(Table 1 of Supporting Information) were significantly over-represented in catabolism (P =
1.5E-26) and macromolecule metabolism (P = 3.3E-5) (data not shown), further supporting
the computational and functional analysis workflow was largely successful in classifying
extracellular and secretory proteins.

3.4 Basal and cytokine-induced alterations in the astrocyte secretome

The effects of proinflammatory cytokines on the astrocyte secretome (Table 1) were compared
after 1 day and 7 days of conditioning. Under control conditions, 80 proteins were identified
from 1 day ACM, which subsequently increased to 109 upon cytokine stimulation (Fig. 3A).
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In contrast, the total and unique numbers of proteins identified in 7 days ACM between control
and cytokine conditions were more similar (Fig. 3B). The relative decrease in unique proteins
at 7 days versus 1 day post cytokine treatment can be partially attributed to the substantial basal
protein secretion, as evidenced by the 77 proteins that were unique to 7 days control versus 1
day control (Fig. 3C) and by the related increase in total secreted protein in 7 days ACM as
visualized by SDS-PAGE (Fig. 2A of Supporting Information). Yet this did not preclude
identification of proteins which were unique to 1 day or 7 days conditions. Overall, 15 proteins
were exclusively detected in control ACM (“d” in Table 1), while 12 proteins were exclusively
detected in ACM only after cytokine treatment (“c” in Table 1). These cytokine-specific
proteins included MMP-3 and four members of the chemokine ligand family, consistent with
their central roles in immune response. Interestingly, three of the chemokine ligands,
chemokine (C—C motif) ligand 7, chemokine (C-C motif) ligand 8, and chemokine (C-X3-C
motif) ligand 1, were detected only after 7 days cytokine treatment, while chemokine, (C-X-
C motif) ligand 1 was also identified under the 1 day exposure condition.

To reveal potential functional alterations in the population of secretory proteins resulting from
7 days cytokine, changes in relative protein abundance were examined with respect to
functional category. In this analysis, a protein was considered increased relative to control if
it (i) was exclusively detected in 7 days cytokine samples or (ii) had a >2.5-fold increase in
relative protein abundance (RPA) as assessed by the number of redundant peptides (spectral
counts) (Table 3 of Supporting Information). A protein was considered significantly decreased
relative to control if it (i) was exclusively detected in 7 days control samples or (ii) had a >2.5-
fold decrease in RPA (Table 3 of Supporting Information). RPA changes were calculated for
the shared protein IDs between 7 days control and 7 days cytokine conditions (Fig. 3B, circle
overlap). Using these criteria, a total of 36 proteins (13 proteins unique to 7 days cytokine
ACM plus 23 proteins with increased RPA) identified after 7 days cytokine treatment were
considered significantly increased relative to 7 days control. Of these, 28 and 33% were
associated with immune response and extracellular matrix and adhesion, respectively (Fig.
4A). In contrast, 40 proteins (19 proteins unique to 7 days control ACM plus 21 proteins with
decreased RPA) were considered significantly decreased after 7 days cytokine stimulation.
Interestingly, compared to the group of protein with increased RPA, proteins with decreased
RPA comprised a smaller portion of immune response (8%) and extracellular matrix and
adhesion (15%), whereas those associated with metabolism (23%) were now the most
prominent (Fig. 4B). Notably, there were no significant decreases in RPA under control
conditions from 1 day to 7 days suggesting that the observed decreases in RPA of metabolic
enzymes after 7 days cytokine treatment was due to the cytokine exposure and not to a
decreased secretion over time. A similar analysis was not performed at the 1 day time point,
as there were too few proteins with significant decreases in RPA to perform functional
comparisons.

Western blot analysis was performed for several of the proteins identified in the astrocyte
secretome to (i) confirm their identification by MS and (ii) corroborate the spectral counting
analysis. Consistent with the increase in spectral counts, complement C3 and ceruloplasmin
show an increase upon cytokine treatment, while the cytokine-induced decrease in ApoE
protein levels support the observed decrease in spectral counts (Fig. 5A). Importantly,
chemokine ligand 1, which was exclusively identified by MS under cytokine-treated conditions
(Table 1), was also only detected by Western analysis under these conditions (Fig. 5B).

4 Discussion

The astrocyte secretome represents a relatively unexplored proteome but one with increasing
interest and importance as astrocytes play vital roles in CNS development and synaptic
communication. While activated astrocytes are a hallmark of many CNS pathologies, and as
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such their responses to inflammatory mediators have been studied extensively [44], a broad
characterization of astrocyte-secreted biomolecules had not been performed. Here, we report
a systematic secretome analysis from murine astrocytes under control and cytokine-treated
conditions, which mimicked both acute (1 day) and more sustained (7 days) exposure to
inflammatory mediators. Using validated proteomic approaches coupled with stringent
selection criteria and a multistep bioinformatic workflow, 169 extracellular/secreted proteins
were identified from ACM. This study confirmed a majority of known astrocyte-secreted
proteins [9-12], while identifying more than 100 proteins not previously ascribed to astrocyte
protein secretion. Proteins identified in the secretome included components of the extracellular
matrix and proteins involved in extracellular protein processing and metabolism, which are
consistent with known functions of astrocytes in the maintenance and restructuring of the
extracellular scaffolding. The secretome also included members of the insulin-like growth
factor binding proteins and cystatin C, known to provide growth support for stem cells, neurons
and astrocytes. In addition, we identified many lesser-known or studied components of the
astrocyte ECM such as nidogen-2, cathepsins, proteinase inhibitors, and glucosamine
transferases, which may not only regulate the composition of the ECM, but also serve as
signaling molecules in a paracrine or autocrine fashion. Interestingly, one of the largest
functional categories containing protein with decreased RPA was metabolism (Fig. 4B). This
included several enzymes, such as hexosaminidase B and p-glucuronidase, involved in protein
glycosylation as well as the processing of glycosaminoglycans (GAGS). Deficiencies in these
classes of proteins are associated with various lysosomal storage diseases, such as Sandhoff’s
disease and the mucopolysaccharidosis disorders, which can exhibit a diversity of CNS deficits
[45,46].

The study also found secretion of four ligands from the C-C, C—X-C, and C—X3-C chemokine
ligand families upon cytokine stimulation. These low molecular weight proteins have diverse
biological function in the CNS, including the regulation of inflammation [47,48] and the
migration of oligondendrocyte precursors [49] and neural stem cells [50]. The C—X-C ligand
1, which was the only chemokine identified 1 day after inflammatory stimulation, is expressed
in reactive astrocytes in mice models of multiple sclerosis [51] and although not toxic to
oligodendrocytes may prevent their migration into demyelinated regions. The secretion of these
chemokines may also have autocrine functions resulting in the elaboration of other
inflammatory mediators such as products of the cyclooxygenase pathway and nitric oxide
synthases. Quantitative lipidomics determined that PGE,, and PGF,, but not other lipid
mediators of arachidonic acid metabolism were selectively secreted by astrocytes, and that
only PGE; is significantly elevated upon cytokine treatment. Interestingly, elevated levels of
PGE; have been documented in the cerebrospinal fluid (CSF) of patients with neurode-
generative diseases [52].

While the majority of classically secreted proteins are produced as unprocessed precursors that
contain signal sequences, directing them through the traditional ER/Golgi secretion pathway,
a limited number of proteins have been identified that do not contain signal sequences, but yet
are still actively secreted [32]. Of the 169 proteins reported in the astrocyte secretome, 12%
did not contain an N-terminal signal sequence. Many of these proteins have been documented
as proceeding through nonclassical secretory pathways including macrophage inhibitory factor
(MIF), galectin-3, phosphatidylethanolamine-binding protein 1 (PEBP-1), vimentin, meteorin,
and acyl CoA-binding protein (ACBP) [32,34,53-55]. Interestingly, the secretion of ACBP,
also known as diazepam binding inhibitor (DBI), was originally described as a glial derived
factor [54], and recent findings suggest that its secretion may require the Golgi-associated
protein GRASP secretory pathway [56]. Another protein of potential interest, meteorin, has
been previously identified as a developmentally secreted protein that facilitates astrocyte
formation and glial cell differentiation and can support neuron axonal extension [57].
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Global proteomic analyses of conditioned cellular media resulted in the identification of
secreted and extra-cellular proteins as well as nonsecreted proteins, which in part can be
ascribed to cellular death. Given the depth of analysis afforded by current proteomic
approaches, computational means are necessary for rapid, unbiased evaluation of protein
secretomes. The current approach provides a computational workflow that can be applied in a
systematic fashion to analyze protein identifications from any biological secretome.
Importantly, the identification of secreted proteins with distinct export mechanisms highlights
the utility of this model system for elucidating the molecular mechanisms that govern the
regulation and functionality of protein secretion. Overall, this systematic proteomic analysis
provides a comprehensive profile of the astrocyte secretome that can be used as a reference for
evaluating the impact of individual or multiple components on CNS physiology.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Morphological and biochemical responses of murine astrocytes to cytokine exposure. (A)
Quantification of percent GFAP-positive cells with processes. The percent of cells with
processes were calculated from 3-6 fields/condition taken from three independent experiments.

**p<0.01, ***p<0.001 by unpaired, two-tailed t-test. (B) IL-6 production measured by ELISA

in ACM. Data are reported as the mean£SD. **p<0.01 by unpaired, two-tailed t-test (n = 3—

6). (C) Nitric oxide synthase (NOS) activity measured by nitric oxide metabolite accumulation
in ACM. Metabolites were measured by reductive chemistries coupled to chemiluminescence.
Data are reported as the mean+SD. *p<0.05, **p<0.01 by unpaired, two-tailed t-test (n = 3—

6). (D) LC-electron capture APCI/MRM/MS analysis of PGE5 (a) and PGF5,, (¢) in ACM from
7 days control-treated (left) and 7 days cytokine-treated (right) astrocytes. Concentrations of
PGE; (retention time (rt) = 31.0 min) and PGF,,(rt = 33.0 min) were calculated by interpolation
of linear regression curves constructed from authentic lipid standards. Variation due to sample
processing and MS analysis was accounted for by addition of [2H,]-PGE; (b) and [2Hg4]-

PGF,,, (d) internal standards.

Proteomics. Author manuscript; available in PMC 2009 April 12.




1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Keene et al. Page 15

A B
c Cell Grawth & Maintenance Interpro # Description Protein Function
.g IPRO06209 EGF-like 14 ECM & Adhesion
8 Immune Response IPRO08160 Collagen triple helix repeat a ECM & Adhesion
= Binding & Transport IPRO12680 Laminin G, subdomain 2 9  ECM & Adhesion
g IPRO13151 Immunoglobulin 9 Immune
o Extracellular Matrix & Adhesion IPRO13091 EGF calcium-binding 8 ECM & Adhesion
— Metabolism IPRO12679 Lamin_in G, su_bgomain 3 7 ECM & Adhesion
g IPRO02049 EGF-like, laminin 6 ECM & Adhesion
Ex Protein Processing & Proteolysis IPRO13162 CD8&0-like, immunoglobulin C2-set 6 Immune
s Other IPROD3961 Fibronectin, type Ill 6 ECM & Adhesion
™ IPRO02035 von Willebrand factor, type A 5 ECM & Adhesion
0 10 20 30 40
Number of Proteins
C
oxidoreductase activity cell surface cytoplasm
mmerg_e oy Molecular Function Gene Qntology Cellular Component [ l
£ o) A AT Pty
ok () . { —()
" A Y N\ "‘-._ -
‘ catalytic activvly;,-‘-'/ e b4 Egi[/ intracellular
hydrolase aclivity P e
- N

i ) extracellularregion

enzyme regulator activit ,.«"'_"‘ﬁ-'} o —
¥ g ;_,}" binding

Biological|Process celular process
o g — o extracellular space

\ -
o~ | | f \ ~
P | S
\ /
:::_,Jk ‘;I b R .

protein binding davelnpn1en?i{{____‘__.-— / I Y
response to stimulus . extracellular matrix
1.00E-3 <1.00E-8 physiological process cellular physiological process
Figure 2.

Functional GO analysis of the astrocyte protein secretome. (A) Astrocyte protein secretome
containing 169 proteins classified into broad functional categories. (B) InterPro domains (Top
10) represented by the astrocyte protein secretome. (C) Over-represented GO terms of the
astrocyte protein secretome. Network visualization and statistical analysis was performed using
BiNGO 2.0 implemented in the Cytoscape platform. Over-representation was determined for
each GO term individually by comparing the proportion of genes assigned to each term from
the astrocyte secretome to the proportion of genes assigned to that same term from the annotated
mouse genome. Statistically significant over-representation was calculated by hypergeometric
analysis and Benjamini & Hochberg false discovery rate (FDR) correction (p<0.001). Key
represents range of p-values for significantly over-represented GO terms. To maintain
hierarchical accuracy, parental GO terms that were not significantly over-represented are
illustrated (white shapes). Relative sizes of shapes correspond to the number of members within
that term.
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Figure 3.

Basal and cytokine-induced protein identifications in the astrocyte protein secretome. (A)
Comparison of 1 day ACM between control and cytokine-treated astrocytes. (B) Comparison
of 7 days ACM bhetween control and cytokine-treated astrocytes. (C) Evaluation of control
ACM between 1 day and 7 days cultured astrocytes.
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Figure 4.

Functional comparison of proteins with RPA changes after 7 days cytokine treatment. (A)
Functional classification of proteins with increased RPA. Thirty-six proteins were classified,
composed of 23 proteins with >2.5-fold increase in redundant peptides and 13 proteins that
were unique to 7 days cytokine ACM. (B) Functional classification of proteins with decreased
RPA. A total of 40 proteins were classified, composed of 21 proteins with >2.5-fold decrease
in redundant peptides and 19 proteins that were unique to 7 days control ACM.

Proteomics. Author manuscript; available in PMC 2009 April 12.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Keene et al.

Page 18

A

1DCt 1DCyto 7DCti 7D Cyto

= complement C3

—  — — — — Gerulop|asmir‘l

ApoE

Figure 5.

Western blot validation of Gel/LC-MS/MS analysis. (A) Western blots for proteins predicted
to have increased (complement C3, ceruloplasmin) or decreased (ApoE) RPA based on spectral
count analysis. For each treatment condition, equal volumes of biological duplicates were
loaded, corresponding to the identical conditions under which the MS analysis was performed.
(B) Western blot for chemokine ligand 1 (CXCL1) showed detection only after cytokine
stimulation. Equal protein (25 pg) was loaded per lane.
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