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Abstract
Growing appreciation for astrocytes as active participants in nervous system development,
neurovascular metabolic coupling, and neurological disease progression has stimulated recent
investigation into specific astrocyte-secreted proteins that may mediate these functions. The current
work utilized SILAC-generated isotope reference proteomes to quantify relative protein abundances
between the astrocyte proteome and secretome. Multidimensional GeLC-MS/MS analysis of
astrocyte conditioned media and cell lysates resulted in the relative quantification of 516 proteins,
92 of which were greater than 1.5-fold enriched in astrocyte-conditioned media (ACM). Eighty of
the ACM-enriched proteins had N-terminal signal peptides, comprising well known classically
secreted proteins, such as apolipoprotein E and SPARC, and several cathepsins that localize to
endosomal/lysosomal compartments. The remaining twelve ACM-enriched proteins, such as
vimentin, ferritins, and histones, lacked N-terminal signal peptides. Also, 47 proteins contained
predicted N-terminal signal peptides but were not enriched in ACM (< 1.5-fold), 25 of which were
localized to ER, Golgi, or mitochondria membrane-bound compartments. Overall, by combining
quantitative proteomics with subcellular localization prediction, an informative description of protein
distribution can be obtained, providing insights into protein secretion.
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Introduction
For intact tissues and whole organisms, cells rarely operate autonomously, but rather in concert
with and in response to the cellular physiology of their neighbors. While these responses can
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be generated by direct cell-cell coupling, such as the propagation of calcium waves through
gap junctions in astrocytic cellular networks1, other responses are elicited as a result of secreted
biomolecules. Stimulus-coupled neurotransmitter release is the prototypic intercellular signal
in the brain, responsible for initiating activity-dependent synapse formation during
development2 as well as synaptic remodeling after learning3. In addition, there is growing
appreciation for the roles that secreted proteins play in nervous system function, particularly
in distinct developmental stages or disease states4–10. However, understanding of the
molecular pathways underlying protein secretion and subsequent initiation of intercellular
signaling events is incomplete.

Recent studies suggest that astrocyte protein secretion may subserve a host of critical functions
within the nervous system, including synapse formation and trophic support during
development4, adult neurogenesis11, and immune response12, 13. In particular, in vitro and in
vivo synapse formation was promoted by thrombospondins secreted by immature, but not
mature astrocytes4. While astrocytes provide trophic, pro-survival support to neurons14, under
certain cellular or physiological states such as those associated with disease, astrocytes can
shift to a highly “reactive” phenotype15. Under these conditions, astrocytes secret pro-
inflammatory mediators, such as cytokines and chemokines12, 13 resulting in increased levels
of extracellular excitatory amino acids, such as glutamate, which may significantly impair
neuronal survival16, 17. Despite the current knowledge of astrocyte-secreted proteins,
prediction of classically secreted proteins has estimated that the mouse secretome may
consistent of over one thousand proteins18, suggesting that most cellular secretomes are largely
uncharacterized.

Towards a greater understanding of astrocyte protein secretion, several recent studies have
investigated the astrocyte secretome using conditioned cell culture medium. These studies have
identified several hundred proteins, including classically secreted and nonconventionally
secreted proteins as well as cytosolic proteins19–21. Although the identification of classically
secreted proteins can be supported by signal peptide prediction algorithms, the identification
of novel, nonconventionally secreted proteins is more challenging, due in part to their poorly
understood secretion mechanisms and lack of extensive training datasets for prediction
algorithms22. A proteome-wide quantitative mass spectrometry-based approach to assess
extracellular protein enrichment would not only facilitate the identification of proteins secreted
by these alternative mechanisms, but also enable differentiation between secreted proteins and
cytosolic contaminants.

This concept was recently demonstrated for the astrocyte secretome using proteomic
approaches based on label-free, spectral counting analyses21, 23. In these studies, an enrichment
index was defined for each protein, normalizing the extracellular abundance to intracellular
steady-state expression level. Since label-free techniques based on protein spectral counts often
have a limited dynamic range, metabolic/isotope labeling techniques can also be used as a
viable alternative in some model systems. These strategies provide more accurate
quantification at low signal-to-noise and reduce errors introduced during sample preparation
prior to mass spectrometry analysis24, 25. For example, a quantitative proteomics approach
was employed to study astrocyte protein secretion by differential amidination of lysine residues
using isotope-coded S-methyl thioimidate reagents26. Yet, metabolic stable isotope labeling
strategies such as SILAC have not been demonstrated in primary astrocytes. SILAC is now
routinely used in transformed cell lines to assess relative changes in protein expression as a
function of temporal and stimulus-dependent variables27. More recently, SILAC has been
demonstrated in non-transformed cells, such as embryonic stem cells28 and primary
neurons29. In the current work, we performed SILAC in primary astrocyte cultures, achieving
at least 98 % incorporation of heavy isotope labeling in the astrocyte proteome and secretome.
Generation of isotope-labeled reference proteomes permitted the evaluation of astrocyte
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protein secretory pathways by quantitative analysis of protein abundance within and between
the astrocyte secretome and intracellular proteome (see Fig. 1).

Experimental Methods
Chemicals and Reagents

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise stated.
Custom Minimal Essential Media (MEM) lacking natural abundance L-leucine and L-lysine
was purchased from AthenaES (Baltimore, MD). [13C6-15N2]-lysine and [13C6-15N1]-leucine
were purchased from Cambridge Isotope Laboratories (Boston, MA). Primary antibodies used
were: rabbit anti-apolipoprotein E (1:2000; Meridian Life Science, Inc, Saco, ME), goat anti-
clusterin (1:2000; R&D Systems, Inc., Minneapolis, MN), rabbit anti-cyclophilin B (1:300;
Abcam, Cambridge, MA), rabbit anti-GAPDH (1:10,000; Abcam, Cambridge, MA), goat anti-
MIF (1:2000; Abcam, Cambridge, MA), SPARC (1:2000; Abcam, Cambridge, MA), and goat
anti-alpha-tubulin (1:100; Santa Cruz Biotechnology, Inc., Santa Cruz, CA).

Astrocyte culture and media conditioning
Cortical astrocyte cultures were prepared from neonatal CD-1 mice (Charles River,
Wilmington, MA) on postnatal day 1 as previously described19 but with minor modifications.
Neonatal cortices were triturated in Minimal Essential Media (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum (Hyclone), sodium pyruvate (1 mM), L-glutamine
(2 mM), D-glucose (42 mM), sodium bicarbonate (14 mM), penicillin (100 U/ml),
streptomycin (100μg/ml), fungizone (2.5 μg/ml) and plated at 3 cortices per T-75 vent-cap
flask (Corning, Corning, NY). Mixed cortical cultures were raised for 10 days in 37°C and 5%
CO2 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 100 mm Petri dishes (Corning) at 5 × 106 cells/plate (5 ml).
Forty-two hours after plating, cells were washed three times with EBSS and then with serum-
free media for 6 hours. Washing media was replaced with fresh serum-free media containing
1 μg/ml of brefeldin A or DMSO vehicle. Cell viability was quantified by trypan blue exclusion.
For brefeldin A treatments, astrocyte-conditioned media (ACM) was collected after 24 hours,
while all other experiments were conducted for 7 days. ACM was pooled between three culture
dishes (15 mL) and centrifuged at 500 × g for 5 min to remove cell debris. The protein fraction
(> 3 kDa) was obtained by 30-fold concentration by ultrafiltration of ACM at 4°C using
CentriPrep Ultracel YM-3 filters (Millipore, Billerica, MA). Filtrates were then adjusted with
protease inhibitors, 2μg/ml aprotinin, 3.3 μg/ml bestatin, 3.3 μg/ml E-64, and aliquoted and
stored at −80 °C. Cell pellets were lysed by homogenization in 50 mM HEPES-NaOH, pH 7.2,
containing 50 mM NaCl, 1 mM EDTA, 1% Triton-X100, and protease inhibitors (as above),
incubated on ice for 20 min, and centrifuged at 20,000 × g for 20 min at 4 °C. Protein
concentration of conditioned media and soluble lysates was determined by the Bradford
method.

Astrocyte Stable Isotope Labeling by Amino Acids in Cell Culture (SILAC)
SILAC labeling of primary astrocytes was used to generate isotope reference proteomes for
both intracellular and extracellular proteomes. Astrocytes were cultured by the protocol
described above, except for the modification of culture medium and culture flasks. Minimal
essential media devoid of natural abundance lysine and leucine was supplemented as above
and also repleted with the respective isotope-labeled amino acid analogs. In preparation for
media conditioning, enriched astrocytes were seeded in T-175 flasks at 12.7 × 106 cells/plate
(20 mL) in serum-containing heavy isotope medium. Forty-eight hours later, serum was
withdrawn as described above, and media conditioning was performed for 7 days. Collection
and processing of media and cells were performed as described above, except ACM was
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concentrated about 300-fold. From this protocol, one can expect about 1.5 mg of heavy labeled
ACM and 25 mg of heavy labeled cell lysates. IRPs were spiked into non-labeled (light)
samples at a nominal protein ratio of 1:1 or 2:3 (light:heavy). Given a single GeLC-MS/MS
analysis was performed with between 50 and 100 μg of total protein, 1.5 mg of heavy labeled
ACM is sufficient for about 25 to 50 experiments.

GeLC-MS/MS analysis
The protein fraction obtained from ACM was analyzed by GeLC-MS/MS as described
previously30 with modification. Concentrated ACM or cell lysates were spiked with
appropriate isotope reference proteomes (total of 20 – 50 μg), mixed with 6X LDS sample
buffer, and resolved on NuPAGE 10% Bis-Tris gels (Invitrogen, Carlsbad, CA) by
electrophoresis in MOPS running buffer until the dye front reached either 1.6 or 3.2 cm.
Proteins were visualized by Colloidal blue (Invitrogen, Carlsbad, CA) and each lane was cut
into uniform (2 mm) slices using a MEF-1.5 Gel Cutter (The Gel Company, San Francisco,
CA). Individual gel slices were cut into 1 × 1 mm cubes and digested in-gel with trypsin as
previously described31. Tryptic digests were analyzed on either an LTQ or hybrid LTQ-
Orbitrap mass spectrometer (Thermofisher Scientific, San Jose, CA) coupled with a NanoLC
pump (Eksigent Technologies, Livermore, CA) and autosampler. Tryptic peptides were
separated by reverse phase (RP)-HPLC on a nanocapillary column, 75 μm id × 20 cm ProteoPep
(New Objective, Woburn, MA, USA). Mobile phase A consisted of 1% methanol/0.1% formic
acid and mobile phase B of 1% methanol/0.1% formic acid/79% acetonitrile. Peptides were
eluted into the mass spectrometer at 300 nL/min with each RP-LC run comprising a 15 min
sample load at 3 % B and a 90 min linear gradient from 5 to 45 % B. The mass spectrometer
was set to repetitively scan m/z from 300 to 1700 (R = 60,000 for LTQ-Orbitrap) followed by
data-dependent MS/MS scans on the five most abundant ions, with a minimum signal of 1000,
isolation width of 2.0, normalized collision energy of 28, and waveform injection and dynamic
exclusion enabled. FTMS full scan AGC target value was 1e6, while MSn AGC was 5e3,
respectively. FTMS full scan maximum fill time was 500 ms, while ion trap MSn fill time was
50 ms; microscans were set at one. A hybrid LTQ-Orbitrap was utilized for all SILAC
experiments with additional instrument parameters as follows: a reject mass list containing 272
fully tryptic peptide m/z values from bovine serum albumin; a 5 ppm reject mass width; FT
preview mode; charge state screening, and monoisotopic precursor selection were all enabled
with rejection of unassigned and 1+ charge states.

Protein identification and validation
Srf files were generated from MS/MS spectra extracted from the RAW data file by Extract_msn
(Bioworks 3.3.1; intensity threshold of 1000; minimum ion count 30). Srf files generated from
LC-MS/MS runs belonging to the same biological samples were submitted to Sorcerer-
SEQUEST (ver. 4.0.3, rev 11; SagenResearch, San Jose, CA). Database searching was
performed against a UniProt database (Release 14.6) containing Mus musculus sequences from
SwissProt and TrEMBL plus common contaminants, which were then reversed and appended
to the forward sequences (121,248 total sequences). The database was indexed with the
following parameters: mass range of 600 – 4200 Da, semi-tryptic cleavages with a maximum
of 2 missed cleavage sites and static modification of cysteine by S-carbamidomethylation (+57
amu). Database searching was performed with the following parameters: precursor tolerance,
30 ppm; fragment tolerance, 1.0 amu; variable modification of methionine (+16 amu), and for
SILAC experiments, variable modification of leucine (+7.017 amu) and lysine (+8.014 amu).
The maximum number of variable modifications per instance and per peptide was 3 and 4,
respectively. 13C isotope mass check was enabled. SEQUEST sequence-to-spectrum
assignments were analyzed by Scaffold (Proteome Software, Portland, OR), the
TransProteomic Pipeline (TPP ver. 4.0.2), or DTASelect (ver. 2.0). For all analyses, reverse
database hits were used to control error rate at the peptide and protein level to less than 1 %.
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The following command-line parameters were used for modeling and filtering of sequence-to-
spectrum assignments by DTASelect: -s 100 -d 0.1 -Smn 7 -e CON_ --iso --sp --mass --ionstat
--trypstat. Peptides were assembled into protein groups to satisfy rules of parsimony requiring
at least two unique peptides.

Census quantitative isotope labeling analysis
The isotope labeling feature of Census (ver. 1.44) was used for automated computation and
filtering of extracted ion chromatograms and peptide ratios, respectively32. Individual isotope
extraction of SILAC pairs was performed with a mass tolerance of 30 ppm and atom percent
excess of 0.98. Default values for filtering of peptide ratios were used, except an outlier p-
value of 0.2 was selected. Proteins with 2 or more unique, quantified spectra were retained.
Protein ratio calculation was repeated for additional sample sets and normalized ratios were
obtained by dividing the two experimental conditions to obtain relative fold differences in
protein abundance. These normalized protein ratios were utilized for downstream functional
and statistical analyses.

LC-MRM-MS/MS analysis of SILAC pairs
This approach was used to determine the degree of isotope incorporation into the astrocyte
proteome and to validate SILAC ratios obtained by proteome-wide SILAC quantification.
Data-independent analysis of light and heavy isotope-labeled peptides was conducted using a
“pseudo-MRM” approach on an LTQ XL mass spectrometer (Thermofisher Scientific, San
Jose, CA). The RP-LC gradient was identical to the method described above. The mass
spectrometer was set to repetitively perform data-independent MS2 acquisition on specific light
and heavy-labeled SILAC precursor masses selected empirically based on MS/MS spectra
acquired in data-dependent experiments, which allowed the selection of optimal precursor-
product ion transitions (e.g. prominent y-ions at an m/z greater than the precursor, which often
represented N-terminal to Pro or C-terminal to Asp/Glu fragment). Between 4 and 8 precursor
masses (2 – 4 SILAC pairs) were monitored in a single segment, with an isolation width of
3.0, normalized collision energy of 28, 2 microscans, and accumulation time and target value
of 100 ms and 5e3, respectively. Xcalibur was used to reconstruct precursor-product ion
chromatograms. SILAC peptide pair ratios were computed by area under the curve (AUC)
measurements. MRM protein ratios were calculated as the average of four SILAC peptide ratios
(two precursors per protein × two product ions per precursor).

Western blot analysis
Protein concentration of ACM and cellular lysates were measured using the Bradford reagent
(Bio-rad, Hercules, CA). Thirty micrograms of ACM or cellular lysates from two independent
biological replicates were denatured in LDS (6X) sample buffer by heating at 70 °C for 10
min, then separated by 1D SDS-PAGE. Proteins were transferred to PVDF membranes
(Millipore, Billerica, MA) at 20V overnight at 25 °C and then visualized with Ponceau S to
verify equal protein loading. Ponceau S was destained briefly with 0.01 N NaOH, rinsed with
water, and then incubated in blocking buffer (BBT; Odyssey blocking buffer mixed 1:1 with
TBS) for 1 hour at 25 °C. Membranes were then incubated with primary antibody (see
Chemicals and Reagents) in blocking buffer adjusted to contain 0.1% Tween-20 (BBT-t) for
1 hour at 25 °C. Membranes were then washed in TBS containing 0.1% Tween-20 (TBS-t) and
incubated with appropriate secondary antibodies conjugated to Alexa Fluor 680 or Alexa Fluor
800 (1:15000, Invitrogen, Carlsbad, CA) for 1 hour in BBT-t. Membranes were washed in
TBS-t and visualized using the Odyssey Infrared Imaging system (Licor Biosciences, Lincoln,
NE). Quantification was performed by densitometry using the Odyssey system software (ver.
2.1).
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Computational and functional gene ontology analysis
For computational analysis of classically secreted proteins, FASTA sequences were submitted
to SignalP33 to predict proteins containing signal peptides, followed by TargetP34, 35 to predict
the localization (Extracellular, Mitochondria, Other). For prediction of nonconventionally
secreted proteins, SecretomeP 2.022 was used. FatiGO36 provide gene ontology annotation.

Statistical analysis of normalized protein ratios
Histograms were constructed and statistical analyses were performed using GraphPad Prism
5 (GraphPad Software, Inc., San Diego, CA). For brefeldin A experiments, significantly altered
protein ratios were determined from large-scale protein profiling experiments using the
complementary error function (erfc) within Microsoft Excel (see Eq. 1), which determines the
probability that each individual protein ratio is not significantly different from the average
protein ratio37. The average ratio and other parameters (shown below) were calculated from a
Gaussian least-squares nonlinear regression of the distribution of protein ratios. Gaussian fits
were constructed using the normal distribution equation provided in GraphPad Prism with
automatic outlier detection enabled.

(Eq. 1)

where Δlog rp = 0.4343 (Δrp/rp), Δlog(r0) = 0.4343 (Δr0/r0), rp and Δrp = protein abundance
ratio and its associated error, r0 and Δr0 = average curve fit ratio and its associated error, and
σ = mean error of the background distribution.

Results and Discussion
Generation and characterization of isotope-coded reference proteomes (IRPs)

Previous work established astrocytes as a viable model for the study of protein secretion under
various culture conditions19–21, 38. To further understand and define the pathways of astrocyte
protein secretion, we employed a modified SILAC approach in primary mouse astrocyte
cultures. In this approach, isotope reference proteomes (IRPs) were generated in independent
experiments and then added to samples collected from natural abundance culture conditions.
This strategy has been previously used to uncover novel biomarkers and pharmacological
targets for leukemias with MLL translocations39. Importantly, no significant changes in
preparation of enriched astrocyte cultures were performed as compared to our previous
work19, except for the addition of heavy-labeled [13C6-15N2]-lysine and [13C6-15N1]-leucine
to medium that was devoid of their light isotope analogs. Mixed glial/neuronal cortical cultures
were established from cortices dissected from a total of 20 P1 neonatal CD-1 mice and
maintained in heavy labeled medium from in vitro day 0 until the end of the experiment at day
20. At 11 days in vitro, cells were washed, trypsinized and combined into a single cell stock
to establish enriched astrocyte cultures (> 95%). After 48 hours, astrocytes were changed to
serum-free heavy isotope-containing media and remained without media change for an
additional 7 days. No differences in rate of proliferation, gross morphology (by light
microscopy), or cell viability were observed (data not shown). Astrocyte-conditioned media
(ACM) was collected and concentrated, while adherent cells were collected and lysed. The
heavy labeled ACM IRP yielded about 1.5 mg of protein, while the astrocyte lysate IRP yielded
approximately 25 mg of protein.

Data-dependent and -independent mass spectrometric analyses were performed on each IRP
to determine the atom percent excess of stable isotope incorporation. Protein aliquots (25 μg)
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from each IRP were in-solution trypsin digested. Peptides (5 μg) were separated by reverse-
phase LC and analyzed by either data-dependent MS/MS on an LTQ-Orbitrap or by a data-
independent “pseudo-MRM” approach on an LTQ mass spectrometer. For the former
approach, 1085 and 2067 unique peptides were identified from ACM and lysate IRPs,
respectively, with less than 1 % of unique peptides containing a light leucine or lysine. Atom
percent excess was quantified by Census, a software tool that provides automated
reconstruction of light/heavy (SILAC) extracted ion chromatograms and computation of
SILAC peptide ratios (see Experimental Procedures). For greater than 98% of the leucine and/
or lysine-containing peptides, the light component was below the limit of quantification. In
contrast, vimentin was identified in ACM by 30 unique peptides and had three SILAC peptide
pairs that could be quantified. As shown in figure 2, extracted ion chromatograms from two of
the SILAC peptide pairs, EEAESTLQSFR and DNLAEDIMR, resulted in SILAC ratios of
0.02 (1:50), corresponding to an estimated atom percent excess of about 98%. The level of
isotope enrichment was also supported by data-independent mass spectrometric analysis. In
these experiments, 16 SILAC peptide pairs were selected for MS/MS analysis (2 unique
peptides from 4 ACM proteins and 4 cell lysate proteins). Precursor-product ion
chromatograms for the 2 peptide pairs from GAPDH showed greater than 98 % incorporation
(data not shown), while for the remaining 14 peptides, the light component was not detected.
Collectively, these data demonstrated that culturing primary mouse astrocytes in isotope-
containing medium for 20 days in vitro achieved at least 98 % incorporation for the majority
of the intracellular and extracellular proteome.

Previous SILAC studies conducted in primary neurons demonstrated a maximum of 80 %
incorporation29. The difference in isotope incorporation between neurons and astrocytes likely
resulted from the ability of P1 astrocytes to maintain their proliferative state when cultured
under serum conditions. Primary astrocytes cultures established from 20 neonatal mouse
brains, maintained in heavy isotope-containing media and conditioned for 7 days, generated
isotope reference proteomes (IRPs) that yielded sufficient protein to conduct about 75 large-
scale relative quantitative experiments. Since the same IRP was used as an internal standard
for all samples, variability introduced due to culturing under heavy-labeled conditions is largely
eliminated in the normalized protein abundance ratio.

SILAC quantitative analysis of brefeldin A-induced changes in protein abundance
As a proof-of-concept, IRPs were used to quantify alterations in the astrocyte proteome and
secretome following treatment with brefeldin A (BFA), which blocks anterograde ER-to-Golgi
vesicular transport at least in part via inhibition of the small GTPase, Arf1p, preventing COPI
coat protein assembly on transport vesicles40, 41. BFA treatment was selected as a proof-of-
concept for several reasons: (1) the inhibitory effects of BFA on classical, ER-to-Golgi protein
secretion have been well-documented40, 41, (2) predictive capabilities of N-terminal signal
peptides for classical protein secretion are specific and sensitive33, 35, and (3) the treatment
conditions and effects of BFA on primary astrocyte cultures have been previously documented,
which showed effective inhibition of classical protein secretion in astrocytes38. Consistent
with work by Lafon-Cazal et. al., BFA exposure at 1 μg/mL for 24 hours did not significantly
impair cell viability (data not shown). ACM and soluble intracellular protein lysates isolated
from control and BFA-treated astrocytes (10 μg) were mixed with respective isotope reference
proteomes at a 1:1 ratio, separated by SDS-PAGE, and digested in-gel with trypsin. Peptides
(~2.5 μg) from each gel slice were analyzed by LC-MS/MS using an LTQ-Orbitrap XL mass
spectrometer.

SEQUEST sequence-to-spectrum assignments were generated and probabilistic validation of
peptides was performed by PeptideProphet42. Peptide assignments were filtered by probability
to achieve an error rate of less than 1 % and then analyzed by Census. In total, 231 and 535
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normalized protein ratios (RatioBFA/RatioCtl) from ACM and cellular lysates were calculated,
respectively (Fig. 3A). Previous large-scale protein expression profiling studies have used
different statistical approaches to identify proteins that exhibit differential expression or
abundance24, 37. One approach, implemented by Li and colleagues in the ASAPRatio
algorithm37, modeled a best-fit Gaussian curve to the distribution of protein ratios and then
computed the complementary error function to test the null hypothesis that each protein ratio
was not significantly different from the mean curve fit ratio (see Experimental Procedures).

Using this approach, the distribution of cellular lysate protein ratios showed a good fit to the
Gaussian curve and resulted in a mean curve fit ratio close to the expected 1:1 (1.28 ± 0.01)
(Fig. 3B). Statistical analysis identified 21 out of 535 proteins that were significantly altered
due to BFA treatment (p < 0.05) (Fig. 3C and Supplemental Table 1). Proteins such as coatomer
subunit beta and gamma as well as RAP guanine nucleotide exchange factor 2 were down-
regulated due to BFA treatment (see Supplemental Table 1). In contrast, the relative
intracellular abundance of several classically secreted proteins was found significantly
increased, including cathepsin L1 (9.4-fold), apolipoprotein E (21-fold), and
thrombospondin-1 (28-fold). Also, the ATP-binding cassette sub-family A member 1
(ABCA1) was increased five-fold, consistent with its functional relationship between
apolipoprotein E lipidation and promotion of mature lipoparticle secretion from astrocytes43
as well as macrophages44. Moreover, the glucose-regulated proteins, grp78 and grp94, were
3.4±1.5-fold (p = 0.06) and 2.32±1.05-fold (p = 0.25) increased after BFA treatment,
respectively. Though these changes did not reach statistical significance (p > 0.05),
upregulation of glucose-regulated proteins is a known consequence of ER stress and the
unfolded protein response45. The observation that BFA exposure induced only a modest
upregulation of these glucose-regulated proteins, while robustly inhibiting classical protein
secretion, provided evidence that the BFA treatment conditions were appropriate. Overall, the
proteins identified as differentially expressed in the intracellular proteome due to BFA
treatment were consistent with disruption of the classical ER-Golgi trafficking system,
including downregulation of several vesicular transport proteins as well as increased abundance
of classically secreted proteins, which likely resulted from their secretion being inhibited.

Next, the concomitant BFA-induced protein abundance changes were assessed in ACM. In
contrast to cellular lysate protein ratios, the distribution of ACM protein ratios deviated from
normality (Fig. 3D). This result was not unexpected given that a significant proportion of
proteins identified in ACM contain an N-terminal signal peptide and would be potential targets
of BFA-mediated inhibition. Although the curve-fit values derived from the ACM distribution
exhibited a wider distribution about the mean (σ) than the cellular lysate distribution (compare
Fig. 2B vs 3D), the strong inhibitory effect of BFA on classical secretion permitted the
identification of 55 proteins that were significantly decreased in ACM after BFA treatment (p
< 0.05) (Fig. 3E and Supplemental Table 2). Significantly, 51 of these proteins possessed an
N-terminal signal peptide. On the other hand, 49 signal peptide-containing proteins were not
significantly inhibited after BFA treatment. Several possible reasons could account for this
observation. Certain signal peptide-containing proteins, such as CD45 and cystic fibrosis
transmembrane conductance regulator (CFTR)46–48, are secreted by Golgi- or COPII-
independent mechanisms and would be unaffected by BFA treatment. Alternatively, not all
luminal or integral membrane proteins (which possess signal peptides) may actively
accumulate in conditioned media under these experimental conditions. Also, deviation of the
protein ratio distribution from normality and larger distribution about the mean (σ) may have
contributed to reduced sensitivity. This highlights a challenge for differential quantitative
proteomic studies where a large proportion of the proteome is significantly altered. For these
cases, development and validation of more sophisticated statistical analyses will be useful for
improving sensitivity and accuracy while maintaining low false discovery rates. Despite these
drawbacks, the data support the use of SILAC-generated isotope reference proteomes as a tool
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for quantification of relative protein abundance within the astrocyte secretome and intracellular
proteome.

Protein enrichment profile of ACM from naïve primary astrocyte cultures
Using this SILAC-based analysis, a quantitative protein enrichment profile of astrocyte
conditioned media under basal culture conditions was constructed. The extent of protein
enrichment in ACM was calculated by comparing the relative abundance ratios between the
extracellular and intracellular compartments. For this purpose, a “whole cell” IRP was
generated by mixing isotope-coded reference proteins from both the intracellular and
extracellular proteomes. This “whole cell” IRP was then mixed with ACM and cell lysates
samples obtained from the same astrocyte culture after 7 days of conditioning in light isotope
media. Equal aliquots (100 μg) of ACM and cell lysate samples were split between two lanes,
resolved by SDS-PAGE, and digested in-gel with trypsin. Extracted peptides corresponding
to gel slices from replicate lanes were pooled and analyzed by LC-MS/MS. SEQUEST
sequence-to-spectrum assignments were processed by DTASelect49 for protein identification
(see Supplemental Data) and then by Census32 for quantitative analysis, resulting in the relative
quantification of 516 proteins. Normalized protein ratios (RatioACM/RatioLysate) represent the
fold difference in abundance between the extracellular and intracellular compartment. The
distribution of protein enrichment ratios spanned at least 4 orders of magnitude (Fig. 4A) and
included cytosolic proteins such as filamins and ribosomal subunits that were 20-fold to 50-
fold more abundant in cell lysates, as well as secreted proteins such as SPARC and alpha-2-
macroglobulin, which were 20- to 50-fold more abundant in ACM (see Supplemental Table
3). An additional 109 protein were excluded from the ACM enrichment profile as their ratios
were calculated to infinity (i.e. the calculated cellular lysate protein ratio was 0). At least a
subset of these excluded proteins could be secreted since 75% possessed a signal peptide and
all were confidently identified by isotope reference peptides in both samples. This suggests
that their low intracellular abundance may have hindered quantification or that increased
sample complexity in cellular lysates could have contributed to poor quantification, especially
at low signal-to-noise.

Next, MRM quantitative MS analysis was used to estimate the linear range of ACM enrichment
ratios calculated by SILAC analysis, as it provides improved selectivity and sensitivity
compared to non-targeted, global approaches based on precursor (MS1) ion abundance. Six
proteins were selected, GAPDH, triosphosphate isomerase, glyoxylase domain-containing
protein 4, alpha-N-acetylglucosaminidase, histone H4, and SPARC, which ranged in relative
enrichment from −6 to +6 (log2 units). Light and heavy SILAC peptide pairs were selected
empirically based on MS and MS/MS spectra from previous data-dependent experiments,
facilitating the selection of optimal precursor-product ion transitions. Light-to-heavy peptide
ratios were calculated from data-independent acquisition of MS/MS spectra and reconstruction
of precursor-product ion chromatograms by Xcalibur. MRM protein enrichment ratios were
then calculated as the average ratio from two unique peptides and two distinct precursor-
product ion transitions per peptide. As shown in figure 4B, SILAC enrichment ratios were in
good agreement with targeted MRM ratios between −4 and +4 log2 units, while for ratios
outside this range, enrichment ratios measured by SILAC were systematically greater than
those measured by MRM (Fig. 4B). Furthermore, both global and targeted mass spectrometry-
based determination of extracellular enrichment ratios were largely consistent with Western
blot analyses of two independent biological replicates for classically secreted proteins, clusterin
and cyclophilin B, as well as MIF, a nonconventional secreted protein, and two cytosolic
proteins (GAPDH and alpha-tubulin) (Fig. 4D and E). Relative enrichment measured by
Western for the classically secreted proteins, apolipoprotein E and SPARC, were less than
those calculated by SILAC (Fig. 4C, top), which was not unexpected given that these ratios
were likely outside the linear range of quantification (see Fig. 4B, log2 ratio > 4).
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Examination of subcellular localization as a function of ACM enrichment revealed a significant
clustering of enrichment ratios according to predicted localization, facilitating the
identification of protein enrichment ratios that differed from the mean ratio within each
subcellular compartment (Fig. 4C). Proteins with a 1.5-fold or greater enrichment ratio were
selected as significantly enriched in ACM (Table 1) as this represented two times the median
of the relative standard deviation of enrichment ratios (RSD = 25 %; N = 516). As expected,
the extracellular/membrane protein group had the largest proportion of significantly enriched
ratios (N = 52/62; median = 8.92-fold) (Fig. 4C). These proteins also showed the widest range
of enrichment ratios, consisting of constitutively secreted proteins with large (> 50-fold)
enrichment ratios such as extracellular superoxide dismutase and osteopontin, as well as
secreted proteins with enrichment ratios less than one, such as mesencephalic astrocyte-derived
neurotrophic factor/protein ARMET (0.32-fold) and gelsolin (0.48-fold) (see Supplemental
Table 3). Interestingly, gelsolin can exist in three different isoforms derived from alternative
mRNA splicing50, 51. One isoform lacks a signal peptide and functions predominantly in the
cytosol as an actin-binding protein. The other two isoforms are identical in sequence except
for the addition of an N-terminal signal peptide. Upon secretion, these proteins retain their
actin-binding ability and may function in actin filament clearance after tissue injury50. This
suggests that secreted proteins with enrichment ratios significantly less than one may have dual
extra/intracellular function or could function in stimulus-dependent, regulated secretory
pathways.

In the endosomal/lysosomal group (median enrichment = 1.96-fold), 22 out of 31 proteins were
significantly enriched (Table 1), including cathepsin B (2.2-fold), D (5.25-fold), S (10.1-fold),
and Z (1.5-fold), and beta-mannosidase (5.0-fold). Traditionally, possession of secretory
lysosomes, which function primarily in immune defense, have been restricted to select cell
types from the haematopoietic lineage (neutrophils, basophils, and cytotoxic T lymphocytes)
52, 53. Although astrocytes are not derived from this lineage, the participation of astrocytes in
CNS immune responses has been well studied13. Also, recent work has shown that cultured
astrocytes spontaneously internalize styryl dyes into a lysosomal/endosomal vesicular pool, a
subset of which undergo calcium-dependent exocytosis54. In addition, astrocytic ATP release,
which subserves calcium wave propagation1 and modulation of synaptic transmission55 was
found to occur from a lysosomal vesicular pool56.

The median enrichment ratio for ER/Golgi/mitochondria-localized proteins was 0.39-fold (N
= 31), while the remaining 392 proteins quantified did not contain N-terminal signal peptides
and had a median enrichment ratio of 0.27-fold (Fig. 4C). When analyzed by SecretomeP, a
computational prediction algorithm for nonconventional protein secretion22, 160 proteins
were predicted to be nonconventionally secreted including known nonconventionally secreted
proteins such as galectins, macrophage migration inhibitory factor, and acyl-CoA-binding
protein57–60. A majority of these proteins (153) were less than 1.5-fold enriched in ACM,
suggesting that under the current experimental conditions, nonconventional protein secretion
did not significantly contribute to the overall abundance of astrocyte-secreted proteins
quantified in ACM. Interestingly, 7 proteins, including vimentin (26-fold), and ferritin light
(3.75-fold) and heavy (3.60-fold) chains were enriched in ACM (Table 1). MS/MS spectra and
extracted ion chromatograms from selected proteins supported their identification and
enrichment in ACM (see Supplemental Fig. 1 and 2). Vimentin has previously been
characterized as a nonconventionally secreted protein from activated macrophages61 and also
identified in astrocyte conditioned media by mass spectrometry-based proteomics19. The
secretion of ferritin chains has recently been documented in macrophages, which was shown
to provide a functional ferritin-iron source for cultured erthyroid precursor62. Although glial
cells possess abundant ferritin and are able to accumulate iron, they lack transferrin receptors,
which are thought to mediate much of brain-derived cellular import of iron63. Therefore,
additional investigation into the role of astrocytes in brain iron homeostasis may be warranted.
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Conclusions
Overall, this work demonstrated a SILAC-based quantitative mass spectrometry approach
using isotope reference proteomes to quantify relative protein abundance changes within
intracellular and extracellular astrocyte proteomes. The feasibility of SILAC quantitative MS
for primary astrocytes was demonstrated by achieving stable isotope incorporation of 98 % or
greater at 20 days in vitro and by quantification of protein abundance changes within
intracellular and extracellular proteomes after brefeldin A treatment. These IRPs were used to
assemble a quantitative protein enrichment profile of astrocyte-conditioned media collected
from naïve astrocyte cultures. In combination with computational prediction algorithms and
subcellular localization, the enrichment profile of proteins in astrocyte conditioned media
revealed a large dynamic range, comprising highly abundant classically secreted proteins,
proteins that may proceed by nonconventional secretion, proteins that function in regulated
secretion, as well as less abundant, cytosolic contaminants. Interestingly, the identification and
quantification of potential lysosomal-secreted proteins provides new molecular targets to
investigate the potential role of secretory lysosomes in astrocyte biology. While the function
of lysosomal-secreted proteins from astrocytes is unclear, one could speculate that lysosomal
enzymes may function in the extracellular space for tissue remodeling following cellular injury.
This approach can be applied to comprehensively define, at the molecular level, basal and
stimulated extracellular enrichment profiles under various experimental conditions, which will
further advance our understanding of secretory pathways encompassing both classical as well
as nonconventional secretion.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental design and computational analysis of astrocyte protein secretion. (A) Metabolic
labeling of proteins by isotope-enriched amino acids (heavy AA) was performed in primary
mouse cortical astrocytes cultures by a SILAC-based strategy. After culturing for 20 days in
vitro, astrocyte-conditioned media (ACM) and cellular lysates were collected. Protein aliquots
were digested in-solution with trypsin and analyzed by LC-MS/MS. Peptide-spectrum
matching was performed by SEQUEST/DTASelect, followed by automated reconstruction of
extracted ion chromatograms (XIC) and filtering of SILAC peptide/protein ratios by Census
quantitative analysis software. Isotope-coded reference proteomes (IRPs) had light-to-heavy
(L/H) peptide ratios of ≤ 0.02, corresponding to an enrichment of at least 98 percent. (B) In
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separate experiments, control and brefeldin A-treated astrocytes were cultured with natural
isotope abundance amino acids (light AA). After collection of ACM and cellular lysates,
respective IRPs were mixed in known amounts with each sample and analyzed by
multidimensional GeLC-MS/MS (SDS-PAGE/In-gel digestion/LC-MS-MS). MS and MS/MS
data were analyzed by the TransProteomic Pipeline (TPP) and Census as above to calculate L/
H protein ratios. Respective protein ratios calculated for BFA samples were normalized to
control protein ratios. (C) A complementary approach to assess the extent of protein secretion
was performed by quantifying the relative enrichment of protein in ACM versus cellular
lysates. Control ACM and cellular lysates were collected and mixed with a “whole cell” ACM
+Lysate IRP. Samples were analyzed by GeLC-MS/MS and the DTASelect/Census
quantitative analysis workflow to assemble an ACM protein enrichment profile. Quantified
proteins and their respective ratios were evaluated by SignalP/TargetP subcellular localization
prediction algorithms. Western blot and LC-MRM-MS/MS analysis (not shown) were also
used to independently validate SILAC L/H protein ratios.
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Figure 2.
Extracted ion chromatograms of vimentin peptides from ACM isotope reference proteome.
Extracted ion chromatograms (XICs) were constructed by the Census quantitation tool with
automatic thresholds for acceptance of light/heavy extracted ion chromatograms set at a
correlation coefficient of 0.7 and outlier detection value of 0.2. XICs correspond to tryptic
peptides assigned to vimentin, (A) EEAESTLQSFR and (B) DNLAEDIMR, which were
identified in the ACM isotope reference proteome. Comparing linear regression analysis of
XIC pairs show a light (gray trace) to heavy (black trace) ratio of 0.02, which approximates
98 % isotopic enrichment. The time window over which the regression analysis was performed
is indicated by the gray shaded rectangle. A small vertical line denotes the MS/MS event from
which the peptide was identified and the XIC reconstructed.
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Figure 3.
Brefeldin A-induced changes in relative protein abundance. Relative protein abundance ratios
were calculated by normalizing protein ratios calculated in the BFA-treated astrocyte sample
to the corresponding protein ratio from the control sample. Gaussian curve fit parameters; mean
ratio (r0), standard deviation of the mean ratio (SD), and the background distribution (σ) were
calculated for protein ratio distributions. (A) Individual log2 protein ratios from ACM (black;
N = 231) and cell lysates (gray; N=535) plotted in order of increasing relative abundance. (B)
Histogram of BFA-induced changes in cell lysates as a function of log2 normalized protein
ratio. Protein ratio distribution demonstrated good fit to the Gaussian curve (r0 ± SD = 1.28 ±
0.01, σ = 1.28). (C) Significantly altered cell lysate protein ratios (black) versus non-significant
protein ratios (white) calculated using the complementary error function (p < 0.05) and
Gaussian curve fit values. Scaling of the y-axis has been modified to emphasis the significantly
altered (black) data points. (D) Histogram of BFA-induced changes in relative protein
abundance of ACM proteins. Curve fit values for ACM protein ratios were r0 ± SD = 1.97 ±
0.10, σ = 1.75. (E) Significantly altered cell lysate protein ratios (black) versus non-significant
ratios (white) calculated using the complementary error function (p < 0.05) and Gaussian curve
fit values.
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Figure 4.
Quantification and validation of relative protein enrichment in ACM. (A) Histogram of 516
relative enrichment ratios, expressed as normalized log2 ratios of ACM relative to cell lysates.
Positive values represent proteins that were enriched in ACM, while negative values represent
proteins that were enriched in cell lysates. Protein ratios greater than 1.5-fold were considered
significantly enriched in ACM. (B) Comparison of enrichment ratios from global SILAC MS
analysis to abundance ratios for the same proteins calculated by targeted MRM-MS/MS
analysis. Six proteins that ranged from −6 to +6 log2-fold enriched in ACM were selected for
MRM-MS/MS analyses. A dashed linear line represents the ideal 1:1 correlation. (C) Protein
ratios from (A) were grouped by subcellular localization. A protein ratio of 1.5-fold is indicated
by the dashed horizontal line, while solid horizontal lines represent median relative enrichment
ratios. (D) Protein aliquots (30 μg) from ACM and cellular lysates (two independent biological
replicates) were analyzed by Western blot (WB) for selected proteins that spanned the ACM
enrichment profile distribution in (A). For proteins with more than one significant band
(apolipoprotein E and clusterin), individual bands within each lane were quantified and
summed before enrichment ratios were calculated. Bar graphs compare the average enrichment
ratio calculated from WB densitometry analysis (N = 2) to the enrichment ratio calculated by
SILAC. Error bars reflect ±S.D. SILAC standard deviation based on individual SILAC peptide
ratios (see values in Table 1 and Supplemental Table 3). (D) Western blot analysis for
apolipoprotein E, SPARC, and clusterin, which showed significant enrichment in ACM. (E)
Western analysis for macrophage inhibitory factor (MIF) and cyclophilin B (peptidylprolyl
isomerase B). Both have N-terminal signal peptides, but were not enriched in ACM.
Enrichment ratios determined by WB for abundant cytosolic proteins, alpha-tubulin and
GAPDH, were in agreement with SILAC analysis.
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