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Secretome-based proteomics reveals sulindac-

modulated proteins released from colon cancer cells

Hong Ji, David W. Greening, Eugene A. Kapp, Robert L. Moritz and Richard J. Simpson

Joint Proteomics Laboratory, Ludwig Institute for Cancer Research and the Walter
and Eliza Hall Institute of Medical Research, Parkville, Victoria, Australia

Although experiments in rodents and human population-based studies have demonstrated the
efficacy of nonsteroidal anti-inflammatory drugs (NSAIDs) such as sulindac in colorectal cancer
(CRC) prevention, a detailed knowledge of the underlying mechanism of action of this drug is
limited. To better understand the chemopreventitive effects of sulindac, especially early sulindac-
induced apoptotic events, we used the CRC cell line LIM1215 as an experimental model, focusing
on proteins secreted into the LIM1215 culture medium – i.e., the secretome. This subproteome
comprises both soluble-secreted proteins and exosomes (30–100 nm diameter membrane vesi-
cles released by several cell types). Selected secretome proteins whose expression levels were
dysregulated by 1 mM sulindac treatment over 16 h were analyzed using 2-D DIGE, cytokine
array, Western blotting, and MS. Overall, 150 secreted proteins were identified, many of which
are implicated in molecular and cellular functions such as cell proliferation, differentiation,
adhesion, invasion, angiogenesis, metastasis, and apoptosis. Our secretome-based proteomic
studies have identified several secreted modulators of sulindac-induced apoptosis action (e.g.,
Mac-2 binding protein, Alix, 14-3-3 isoforms, profilin-1, calumenin/Cab45 precursors, and the
angiogenic/tumor growth factors interleukin 8 (IL-8) and growth related oncogene (GRO-a)) that
are likely to improve our understanding of the chemopreventitive action of this NSAID in CRC.
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1 Introduction

Colorectal cancer (CRC) is the third commonest malignancy
in western populations [1], responsible for approximately
150 000 new patients and approximately 50 000 deaths per
year in the United States alone (SEER Cancer Statistics

Review 1975–2004, National Cancer Institute 2007: http://
seer.cancer.gov/csr/1975_2004/results_single/sect_01_table.
01.pdf). Despite these statistics, CRC is treatable when
the disease is localized and detected at an early stage. Most
CRCs develop from precursor adenomas, which can be
identified by colonoscopic and/or sigmoidoscopic screening
and removed by polypectomy [2]. While these treatments
significantly reduce mortality from CRC, there is now
mounting evidence from randomized, controlled trials that
they can be augmented by the use of chemopreventitive
agents such as nonsteroidal anti-inflammatory drugs
(NSAIDs) [3]. NSAIDs have a demonstrated efficacy in re-
ducing recurrent adenomas and malignant transformation
of precursor adenomas in patients with the unusual heredi-
tary condition familial adenomatous polyposis (FAP) [4].
Modest chemopreventitive effects of NSAIDs have also been
reported for sporadic colorectal adenomas using population-
based randomized trials for aspirin [5, 6] and celecoxib [7].
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The NSAID sulindac and selective cycloxygenase (COX)-2
inhibitors all prevent tumor formation in a variety of rodent
models [8–13]. (Physiologically, sulindac is metabolized in
the colon to sulindac sulfide and sulindac sulfone; the sulfide
derivative inhibits colon carcinogenesis by inhibiting COX-1
and COX-2 enzyme activity [14].) Polymorphisms in genes
encoding NSAID-metabolizing enzymes [15] (for a review,
see [16]) as well as ornithine carboxylase [17] modulate this
chemopreventitive effect. Interindividual genetic differences
in the absorption, metabolism, and excretion of NSAIDs
may, in part, explain the pharmacokinetic variability in the
response to NSAIDs, including sulindac, as well as specific
COX-2 inhibitors [16, 18]. (Because of potential cardiovas-
cular events, the COX-2-specific inhibitors celecoxib [7] and
rofecoxib [19] cannot be routinely recommended for this
indication.)

While evidence supporting the ability of NSAIDs such as
sulindac and celocoxib to not only prevent colorectal neopla-
sia but also to reverse the process of carcinogenesis is strong
[20, 21], the biochemical mechanisms underlying sulindac
action are not clear. Our current view of the chemopreventi-
tive action of sulindac is the selective proapoptotic effect and
inhibition of angiogenesis; two cellular processes which are
effective in suppressing tumor proliferation and malignant
transformation [4, 22]. NSAIDs reduce prostaglandin (PG)
synthesis by inhibiting the activity of COX, a rate-limiting
enzyme for synthesis of eicosanoids (PGs, prostacyclin, and
thromboxane A2) from arachidonic acid through the
unstable intermediates PGG2 and PGH2. Two isoforms of
COX (COX-1 and COX-2) have been identified. Whereas
COX-1 is constitutively expressed in most tissues, COX-2 is
induced by cytokines, growth factors, and tumor promoters
in a variety of situations such as inflammation, ovulation,
and cancer. COX-2 appears to play an important role in CRC,
being up-regulated in colorectal adenomas and adenocarci-
nomas when compared with adjacent normal mucosa [23];
interestingly, no change in COX-1 gene expression was
observed. These findings have instigated numerous studies
aimed at inhibiting COX-2 as a means of CRC prevention. In
these studies, signaling pathways involving induction of
apoptosis, inhibition of tumor angiogenesis, and inhibition
of proliferation have been targeted. An alternative COX-in-
dependent mechanism of action of sulindac and its metabo-
lites involves its direct binding to peroxisome proliferator-
activated receptors (PPARs), especially the d- and g-isoforms.
(PPAR is a ligand-activated transcription factor of the nuclear
hormone receptor superfamily – i.e., nuclear eicosanoid
receptor – with three isoforms, a, g, and d, present in
humans.) While PPARg can act as a potential tumor sup-
pressor [24–26], PPARd is a reported oncogene [27, 28] in
CRC. For a recent review of the role of NSAIDs in colon
cancer progression and underlying mechanisms of action,
see Antonakopoulos and Karamanolis [29]. While most pro-
teomics-based studies on NSAID action in CRC have focused
on cellular proteins, no systematic analyses on secreted pro-
teins has been performed to date.

Proteins secreted from cells (the secretome) comprise
both soluble-secreted proteins as well as proteins associated
with secreted membrane vesicles (e.g., exosomes) – for a
recent review see [30]. In the context of the tumor micro-
environment, the secretomes of tumor cells and stromal cells
(comprising cytokines, chemokines, growth factors, pro-
teases, protease inhibitors, etc.) play a seminal role in multi-
dimensional protein–protein interactions that influence the
growth rate and metastasis of tumor cells [31–35]. Identify-
ing and characterizing colon tumor cell secretome proteins
whose expression levels are modulated by sulindac will
improve our understanding of the mechanisms underlying
the chemopreventitive action of this NSAID on CRC.

As a first step toward understanding NSAID-mediated
anticancer activity in the context of the tumor microenviron-
ment, we have used the human colon carcinoma cell line
LIM1215 to monitor the effect of sulindac on secretome
protein expression levels. In this study, we have system-
atically explored and optimized sample processing (e.g.,
secretome preparation) and analysis methods (e.g., DIGE) to
define conditions that enable us to examine the possible role
of sulindac in the tumor environment. Such a study provides
the foundation for a better understanding of the chemopre-
ventitive effects of sulindac on colon cancer.

2 Materials and methods

2.1 Cell culture and reagents

The human colon carcinoma cell line LIM1215 [36] was rou-
tinely cultured on 150-mm diameter cell culture dishes
(26106 cells/dish) in RPMI 1640 medium (Invitrogen,
Carlsbad, CA) supplemented with 5% FCS (CSL, Mel-
bourne), 100 U penicillin and 100 mg/mL streptomycin
(Sigma, St. Louis, MO), at 10% CO2 atmosphere and 377C
until subconfluent (80–90%). Media, supplemented with
sulindac (0.2–1 mM), were prepared by adding appropriate
aliquots of a 1 M stock solution of freshly prepared sulindac
(Sigma) in 1.5 M Tris-HCl, pH 8.5 to RPMI 1640; for control
studies (i.e., no sulindac) an identical volume of 1.5 M Tris-
HCl, pH 8.5 buffer solution was added to RPMI 1640 media.

2.2 Cell proliferation and viability assays

Cell proliferation was monitored by reduction of 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
absorbance at 595 nm, which corresponds with living cell
number and metabolic activity [37]. For cell viability studies,
culture media were harvested and centrifuged at 4806g to
collect nonadherent cells. Adherent cells were trypsinized
and harvested by centrifugation at 4806g. Both adherent
and nonadherent cells were combined and viability assessed
in triplicate by phase-contrast microscopy using Trypan Blue
dye exclusion (100 mL of 0.4 w/v % Trypan Blue in PBS
mixed with 100 mL cell suspension). Cell morphology was
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examined using a Nikon TE 2000E microscope equipped
with a DP-70 camera.

2.3 Isolation of soluble-secreted proteins and

exosomes from LIM1215 culture medium

For the preparation of soluble-secreted proteins and exo-
somes, subconfluent LIM1215 cells were washed four times
in RPMI medium and cultured in serum-free RPMI 1640
medium, in the presence and absence of 1 mM sulindac, for
specified time intervals (4, 8, and 16 h treatment). Following
sulindac-induced treatment, the conditioned media (CM)
from both the sulindac-induced and control cell cultures were
harvested by centrifugation at 4806g for 5 min to sediment
nonadherent cells, and the supernatant centrifuged further at
20006g for 10 min to remove cellular debris. Complete
EDTA-free Protease inhibitor cocktail tablets (Roche) were
dissolved in the resultant supernatant. The supernatant was
concentrated to ,1 mL using 5000-Mr cut-off Amicon Ultra-
15 centrifugal filter devices (Millipore, Billerica, MA). Exo-
somes were pelleted from each retentate by centrifugation at
100 0006g for 1 h at 47C, the pellet washed twice in PBS and
then solubilized in 2-DE sample buffer (7 M urea, 2 M thiou-
rea, 4% CHAPS, and 20 mM Tris-HCl buffer, pH 8.5). The
supernatants (soluble-secreted proteins) from both sulindac
treated and untreated samples were stored at 2807C. The
concentration of each fraction (exosomes and soluble-secre-
ted) was estimated by densitometry using BenchMark Protein
Ladder (Invitrogen) as the standard.

2.4 Protein CyDye™ labeling and multiplexing

Both soluble-secreted and exosomal fractions were mini-
mally labeled with fluorescent cyanine dyes (CyDye) accord-
ing to the manufacturer’s instructions (GE Healthcare, Pis-
cataway, NJ). Briefly, 25 mg of each sample was labeled with
200 pmol of either Cy5 (sulindac-treated) or Cy3 (untreated),
while the internal standard (25 mg) was labeled with
200 pmol of Cy2, which was generated by pooling 12.5 mg
from both sulindac-treated and untreated samples. To elim-
inate preferential labeling bias, samples were also reverse
labeled with CyDye. Labeling was performed for 30 min on
ice in the dark and the labeling reactions were quenched by
addition of 10 mM lysine (1 mL for each 200 pmol dye) to
each reaction tube for 20 min on ice in the dark. The
quenched Cy3, Cy5, and Cy2-labeled samples were com-
bined, after which an equal volume of 26sample buffer
containing 7 M urea, 2 M thiourea, 20 mM DTT, and 1% IPG
buffer, pH 3–10 was added to each combined Cy3/Cy5/Cy2
mixture.

2.5 First dimension IPG-phase IEF

2-DE was performed as described previously [38]. Briefly, 24-
cm IPG strips (GE Healthcare), with pH values ranging from

3 to 10, were rehydrated with 450 mL of Destreak™ solution
(GE Healthcare) for 16 h at 207C. Rehydrated IPGs were
placed on a Manifold plate and labeled samples applied
using the cup-loading method. IEF was performed using a
Multiphor apparatus (GE Healthcare) at 300 V (3 h), gradient
at 1000 V (6 h), gradient at 8000 V (3 h), and step and hold at
8000 V (6 h). IPG strips were equilibrated for 15 min at 237C
in equilibration buffer (6 M urea, 2% SDS w/v, 30% v/v
glycerol, 50 mM Tris-HCl (pH 8.8), 1% w/v DTT, and Bro-
mophenol blue) and subsequently for 15 min in equilibra-
tion buffer containing 2.5% w/v iodoacetamide, instead of
DTT at room temperature.

2.6 Second dimension SDS-PAGE

Equilibrated IPG strips were transferred onto 8–18% gra-
dient polyacrylamide gels cast in low-fluorescence glass
plates using an Ettan-DALT caster (GE Healthcare). Gels
were run in an Ettan-DALT II electrophoresis unit (GE
Healthcare) at 5 W/gel for 30 min and then at a constant 90 V
at 237C until the dye-front reached the bottom of the gel
(16 h). The DIGE gels were scanned using a Typhoon 9410
Imager (GE Healthcare) for excitation and emission (488/
520, 532/580, and 633/670 nm for Cy2, Cy3, and Cy5,
respectively).

2.7 Preparative 2-DE for MS identification

A preparative 2-DE gel containing 400 mg protein from which
spots were excised for protein identification via MS, was
prepared identically, and subjected to the same IEF and SDS-
PAGE conditions as the DIGE analytical gels. The pooled
sample mixture comprised of (i) sulindac-induced Cy5-
labeled soluble secreted protein mixture (25 mg) and Cy3-
labeled exosome (25 mg) samples, (ii) untreated Cy5-labeled
soluble secreted protein mixture (25 mg) and Cy3-labeled
exosome (25 mg) samples, (iii) and a mixture of unlabeled
soluble secreted proteins and exosomes from both sulindac-
induced and untreated LIM1215 cells (300 mg). Following
2-DE, the gel was fixed in 40% methanol and 7% acetic acid
for 30 min, and stained with SYPRO Ruby protein gel stain
(Molecular Probes). For Cy3, Cy5, and SYPRO Ruby images,
proteins were scanned using a Typhoon 9410 Imager (GE
Healthcare). The gel was incubated with a Coomassie R-250
dye-based reagent, Imperial Protein Stain (Pierce Bio-
technology) and subsequently scanned using a Personal
densitometer (GE Healthcare). Individual gel spots, which
were correlated in both analytical and the preparative sam-
ples were excised for MS-based protein identification.

2.8 DIGE imaging and DeCyder™ analysis

For each of the DIGE gels, relative quantification of spot
intensities and statistical evaluation were analyzed using
DeCyder v5.2 software (GE Healthcare). Gels were run in
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duplicate for the 4 and 8-h experiments and in triplicate for
the 16-h experiments; reproducibility was also confirmed by
reversal of Cy3 and Cy5 dyes. DeCyder analysis was per-
formed using Differential In-gel Analysis (DIA) module
software for pair-wise comparisons to the pooled internal
standard followed by Biological Variation Analysis (BVA) to
determine relative expression ratios (i.e., fold-change) be-
tween samples using the internal standard to normalize be-
tween gels. DIA quantifies protein volume from fluorescence
intensity for Cy2, Cy3, and Cy5 and calculates the ratios Cy3/
Cy2 (control subjects/internal standard) and Cy5/Cy2 (sulin-
dac-induced treatment/internal standard). Values were then
normalized based on the assumption that the amount of
protein per image is the same. The log ratios of protein vol-
ume were calculated and normalized assuming a Gaussian
distribution with the assumption that most proteins should
remain unchanged and should center at zero (i.e., ratio of
1.0). This approach takes into account gel-to-gel variability
over the entire dataset. For this direct analysis, significance
levels were determined based on two SDs of the mean vol-
ume ratios (95th percentile confidence). One and a half (1.5)-
fold increases/decreases of protein expression were classified
as significant.

2.9 Spot excision and in-gel trypsinization

Selected Coomassie-stained protein spots were excised
using a scalpel from preparative 2-DE gels, extensively
washed in deionized water and subjected to automated in-
gel trypsinization using a robotic liquid handling work-
station (MassPREP™ Station, Waters-Micromass). Briefly,
gel plugs were destained, reduced, alkylated, washed, and
then dehydrated in 100% ACN. This was followed by incu-
bation with 6 ng/mL trypsin in 50 mM ammonium bicarbo-
nate (25 mL) for 5 h at 377C. Peptides were extracted once
with 1% formic acid/2% ACN, then twice with 50% ACN.
Peptide digests were concentrated by centrifugal lyophiliza-
tion (Savant, USA) to a volume of ,10 mL for direct injec-
tion to nano-LC (nLC) ESI-IT MS/MS (LCQ-Deca, Thermo-
Fisher, San Jose, USA).

2.10 nLC-MS/MS analysis

Protein digests (1% aqueous formic acid) were transferred
into 100 mL glass autosampler vials for injection. Samples
were loaded onto an ESI-IT MS (LCQ-Deca, Thermo-Fisher)
which was coupled on-line with an RP-nLC (Model 1100
capillary HPLC, Agilent) using a butyl-silica (C4)
15060.15 mm2 id. RP-capillary column (ProteCol™-C4,
3 mm dp, 300 Å, SGE). The column was developed with a
linear 60-min gradient from 0 to 100% B with a flow rate of
0.8 mL/min. Solvent A was 0.1% v/v aqueous formic acid and
Solvent B was 0.1% aqueous formic acid/60% v/v ACN. The
ESI tune parameters were optimized for the maximum sen-
sitivity to detect peptides using angiotensin-I as the peptide

analyte with the following settings: spray voltage, 1.9 kV,
capillary temperature, 1757C; and electron multiplier,
1100 V. The mass spectrometer was operated in data-de-
pendent mode (triple-play) to automatically switch between
MS (selecting the most intense precursor ion), Zoom (high-
resolution MS of the selected precursor ion mass 65 amu for
automated charge state recognition), and MS/MS acquisition
for fragmentation using CID. Where four consecutive pre-
cursor ions of the same mass were observed, dynamic exclu-
sion was invoked for a period of 240 s.

2.11 Database Searching and analysis

The program extract-msn (Thermo-Fisher) was used to
generate peak lists from the LCQ-Deca raw data. Parame-
ters used were as follows: minimum mass 700; maximum
mass 5000; grouping tolerance 1.4 Da; intermediate scans
1; minimum group count 1; 10 peaks minimum and TIC
of 100 000. Peak lists for each LC-MS/MS run were merged
into a single MGF file for MASCOT™ searches (v2.2.01,
Matrix Science, UK) [39]. The embedded (MGF file) charge
state parameter was set as 11, 21, 31, and 41 instructing
the MASCOT search algorithm to consider these potential
charge states (MASCOT retains the highest-scoring charge
state spectrum and discards the others). A subset of the
Ludwig nonredundant protein sequence database (created
January 2008; URL: ftp://ftp.ch.embnet.org/pub/databases/
nr_prot/) was used for all searches (comprising 459 145
entries of human, mouse, rat, bovine, and other closely
related organisms sourced from UniProt, PIR, and
Ensembl) [40–42]. Database search parameters were as fol-
lows: carbamidomethylation of cysteine as a fixed mod-
ification (157 Da) as well as variable modifications con-
sisting of NH2-terminal acetylation (142 Da) and oxidation
of methionine (116 Da), and the allowance for up to two
missed tryptic cleavages. The peptide mass tolerance
was 63 Da and fragment ion mass tolerance was 60.8 Da.
ESI_Ion-trap was used as the instrument setting for ion-
series reporting.

2.12 Data analysis interpretation and protein

inference

An in-house software program (MSPro) (Kapp et al.,
manuscript in preparation) was used for parsing and
summarizing the output files from the MASCOT search
results. Peptide identifications were deemed significant if
the IS (ions score) was �HS (the homology score) or the
identity score if there was no HS. Protein scores were cal-
culated, using the MASCOT MudPIT protein scoring
scheme, and false-discovery rate calculations were per-
formed as previously described [42]. Briefly, all inferred
proteins with a MASCOT MudPIT protein score ,55, or
inferred on the basis of 2 or less significant peptides, were
manually validated in accordance with established rules for
peptide fragmentation [43].
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2.13 Western blot analysis

Western blotting was performed to analyze total cellular
proteins, soluble-secreted proteins, and exosomal proteins
from sulindac-induced and noninduced LIM1215 cells. Total
cellular proteins were obtained by directly lysing cells with
lysis solution (9 M urea, 4% CHAPS). Cellular lysates were
subsequently centrifuged at 200 0006g for 20 min to remove
insoluble cellular debris. Total cellular lysate, soluble secre-
ted protein and exosome fractions were mixed at 1:1 volume
ratio with 26SDS-PAGE sample buffer (30% glycerol, 2%
SDS, 100 mM DTT, 125 mM Tris-HCl, pH 6.8). Total cellular
(20 mg), soluble secreted (10 mg), and exosomal (10 mg) pro-
teins were electrophoresed on precast 4–12% SDS Bis-Tris
NuPAGE gels (Invitrogen) using MES running buffer (Invi-
trogen), electro-transferred to NC membranes (Millipore),
and blocked in 5% milk in TPBS buffer (0.05% Tween-20 in
PBS) for 1 h. Membranes were probed with rabbit antic-
leaved caspase-3 antibody (Cell Signaling Technology, Bos-
ton, MA) (1:1000), mouse anti-Cab45 antibody (BD Bio-
sciences, Franklin Lakes, NJ) (1:1000), and mouse anti-Mac-2
binding protein antibody (Laboratory Diagnostics, NSW,
Australia) (1:250) for 2 h, followed by secondary antibody
(HRP conjugated antirabbit or antimouse antibodies
(1:5000) from BioRad) for 40 min. Antigen–antibody com-
plexes were detected by ECL (GE Healthcare).

2.14 Protein microarrays

Antibody microarray (Cytokine Human 5.1 kit, RayBiotech,
Norcross, GA) experiments were performed on LIM1215
cell secretome, as recommended by the manufacturer.
Briefly, cell culture medium (,10 mL) from 16107 cells
were concentrated to ,1 mL using a 5000-Mr cut-off Ami-
con Ultra-15 centrifugal filter device (Millipore). Array
membranes were blocked for 1 h and incubated for 16 h at
47C with 1 mL of concentrated LIM1215 soluble secreted
proteins. The array membranes were treated with biotin-
conjugated anticytokine antibodies for 2 h. Cytokine detec-
tion was achieved with HRP-conjugated streptavidin fol-
lowed by chemiluminescence and capture of the signals on
X-ray films.

3 Results

3.1 Effect of sulindac on cell proliferation and viability

LIM1215 cells were grown in both serum-free media (SFM)
and under serum-containing conditions (i.e., 5% FCS) to
ensure that the conditioned media (CM) contained minimal
exogenous proteins. Seeding density, incubation time in
media conditions, volume of media used, type of tissue cul-
ture flasks, the effect of differing concentrations of sulindac
(0.2–1.0 mM) were all variables that were explored thor-

oughly to select optimal conditions for the rate of prolifera-
tion; refer to Section 2 for optimal cell culture conditions
selected in this study. Figure 1A demonstrates that sulindac
inhibits LIM1215 cell proliferation in the MTT assay in a
dose-dependent manner over a concentration range of 0.2–
1 mM. Under SFM conditions 50% inhibition of prolifera-
tion by 1 mM sulindac treatment was observed. Accordingly,
1 mM sulindac was used in all experiments performed in
this study. A comparison of SFM and serum-containing cul-
ture conditions over 0.2–1 mM of sulindac demonstrated
only a marginal difference in the rate of proliferation
(Fig. 1A). To minimize cell death and maximize secretome
protein concentration, cell viability levels were also measured
over a period of 48 h using Trypan Blue dye exclusion assay

Figure 1. Effect of sulindac on LIM1215 cell proliferation and
viability. LIM1215 cells were cultured under the serum-containing
(m) and the serum-free (s) conditions. Cells were treated with
different concentrations of sulindac for 24 h and proliferation
rates were estimated using the MTT assay. Values are means of
three samples from one of the three individual experiments.
Bars, 6SD (N = 3) (A). LIM1215 cells were cultured in 1 mM
sulindac for various times and cell viability was determined by
Trypan Blue dye exclusion assay. Values are means of triplicate
tests. Bars, 6SD (N = 3) (B).
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(Fig. 1B). Approximately 95% of cells were viable in 5% FCS
for 16 h using 1 mM sulindac, compared to ,85% when
cultured in SFM; cell viability was reduced to ,55% after
48 h incubation.

To investigate whether the secretome protein profiles
were influenced by the nature of the CM conditions,
LIM1215 cells were metabolically labeled with 35S-Met and
35S-Cys [44] and treated with 1 mM sulindac under both SFM
and serum-containing culture conditions. CMs were con-
centrated and subjected to 2-DE analysis. Radioautographs of
metabolically labeled proteins secreted in SFM and serum-
containing CM were indistinguishable (Supporting Infor-
mation, Fig. S1), validating the experimental approach. For
these reasons, all experiments reported in this study were
performed at 4, 8, or 16 h using 1 mM sulindac (concentra-
tion at which 50% inhibition was observed) in SFM.

3.2 Sulindac-induced morphological changes and

apoptosis onset

LIM1215 cells exhibit an epithelial-like morphology in cul-
ture [36, 47]; growing as small pleomorphic cells in an
adherent monolayer. Upon addition of 1 mM sulindac, the
morphology of LIM1215 cells cultured in either SFM or FCS
changed progressively over a 24 h period (Fig. 2A). At 8 h
incubation, the level of cell–cell contact decreases regardless
of SFM/serum-containing media conditions and by 16 h
cells assume an elongated (spindle-like) morphology and are
less adherent, becoming even more pronounced after 24 h.
We next examined the time of onset of apoptosis, as judged

by the appearance of cleaved-and-activated caspase 3
(Fig. 2B). Cleaved caspase-3 was first detected by Western
blot analysis after 16 h sulindac treatment, becoming more
prominent after 24 h under both SFM and serum-containing
conditions (Fig. 2B). The levels of cleaved caspase-3, esti-
mated by densitometry, were approximately six times higher
in cells cultured under SFM conditions when compared to
cells cultured under serum-containing conditions. These
data are consistent with the cell-viability assay data (Fig. 1B),
and indicate that after 4 and 8-h treatment of LIM1215 cells
with 1 mM sulindac that the CM was minimally con-
taminated with intracellular proteins derived from apoptoti-
cally lysed cells. For this reason we confined our proteomic
studies to 1 mM sulindac treatment to preapoptotic condi-
tions (i.e., comparison of protein profiles after 4 and 8 h
sulindac with 16 h sulindac treatments).

3.3 Isolation and characterization of soluble-secreted

proteins and exosomes

Figure 3A outlines our purification strategy for the isolation
of both soluble-secreted proteins and exosomes from
LIM1215 CM. This strategy combines differential cen-
trifugation of the CM to remove cell debris followed by con-
centration of the CM by centrifugal passage through a 5K
NMW cut-off membrane. Exosomes were harvested from the
retentate by centrifugation (100 0006g, 1 h) and washed
twice with PBS prior to further study; typically, protein yields
for recovered exosomal proteins and soluble-secreted pro-
teins were approximately 20–50 mg and 0.5 mg per ,36108

Figure 2. Effect of sulindac on
LIM1215 cell morphology and
onset of apoptosis. LIM1215
cells were cultured in 1 mM
sulindac under serum-free
(SFM) and serum-containing
(FCS) conditions for various
time periods (8–24 h). Cells were
digitally photographed using a
TE 2000E microscope equipped
with a DP-70 camera (A). Total
cellular proteins were prepared
as described in Section 2, sepa-
rated by SDS-PAGE and trans-
ferred onto an NC membrane.
Cleaved and activated caspase-3
was detected by Western blot-
ting using an anticleaved cas-
pase-3 antibody (B). Loading
control images were obtained
by subsequent staining (deep
purple dye) of membranes after
Western blotting.
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Figure 3. Isolation and characterization of LIM1215 cell secretome. Schema of isolation strategy for soluble-secreted proteins and exo-
somes from the CM of LIM1215 cells (A). Electron micrographs of purified exosomes (B and C) negatively stained with uranyl acetate and
examined at 60 kV. After 8 h sulindac treatment, exosomes are homogeneous, round-shaped membrane vesicles (30–100 nm diameter).
After 16 h sulindac treatment EM images also reveal the presence of ellipsoid (cigar-shaped) vesicles (indicated by arrows in the enlarged
insert).

cells (106150-mm2 dishes) per 8–16 h, respectively. Treat-
ment in the presence and absence of 1 mM sulindac, par-
ticularly up to 8 h treatment, did not significantly affect
protein yields. To confirm that membranous vesicles recov-
ered were indeed enriched for exosomes, they were exam-
ined by electron microscopy (EM) (Figs. 3B and C). The
EMs of the exosomes from sulindac-treated and untreated
LIM1215 cells after 8 h incubation revealed round-shaped
homogenous membrane vesicular structures with a size of
approximately 30–100 nm, similar to previously described
[46–48]. Western blot analysis revealed the presence of CD9,
A33, Tsg101, and hsp70, consistent with previous reports
for the molecular composition of exosomes [30] (data not
shown). Intriguingly, the EMs from LIM1215 cells treated
with sulindac for 16 h incubation revealed the presence of
ellipsoid (cigar shaped) membranous vesicles of hetero-
geneous size (Fig. 3C).

3.4 Comparative proteomic analysis of secretome

proteins dysregulated by sulindac treatment

2-D DIGE [49], as previously described [38], in combination
with LC-MS/MS, was used to electrophoretically separate
and identify soluble-secreted and exosomal proteins whose

expression levels were dysregulated as a consequence of
sulindac treatment. DIGE involves preseparation fluorescent
protein labeling with three separate dyes to reduce gel-to-gel
variability, to increase sensitivity and dynamic range of pro-
tein detection, and to enhance quantification [50]. For the 4
and 8-h incubation time periods, both exosomes and soluble-
secreted proteins were independently extracted from
LIM1215 cell CM, in either the presence or absence of 1 mM
sulindac by performing two independent sample prepara-
tions; in the case of the 16-h time period, samples were pre-
pared in triplicate (Fig. 4). Sulindac-treated and untreated
samples were randomly paired for comparison. To minimize
false positive results due to preferential labeling of proteins
with one or other dye, samples were reverse labeled. The
intensity of spots in Cy5 and Cy3 2-D images were normal-
ized to the corresponding Cy2 images. Protein spots shaded
red, green, and yellow were indicative of their expression
levels being increased, decreased, or remaining the same,
respectively, upon treatment with 1 mM sulindac.

Approximately 2000 protein spot-features were visual-
ized in each 2-DE gel (there was considerable overlap in pro-
teins from the soluble-secreted protein and exosome protein
fractions; data not shown); the most extensive number of
protein spot-features being observed in samples from the
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Figure 4. 2-D DIGE experimental design and dye/sample allocation for each gel performed for 16 h sulindac treatment.

16-h time point intervals. The gel with the highest number
of spot features was used as the master gel for matching
the remaining two gels (in the case of 16-h sulindac treat-
ment); the spot features from sulindac-treated and
untreated samples were compared using both DIA and
BVA modules of the DeCyder software. While using 2SD
as threshold the expression levels for ca. 93% of the pro-
tein spot features were similar, ca. 3.1 and 2.3% were sig-
nificantly down-regulated in the soluble-secreted and exo-
some fractions, respectively; ca. 4.7 and 4.1% protein spot
features were up-regulated in these fractions, respectively.
Selected protein spot-features (from soluble-secreted pro-
tein and exosome fractions, 150 in total), including those
whose expression levels were dysregulated by .1.5 fold (19
soluble-secreted proteins and 22 exosomal proteins; 41 in
total) by sulindac treatment were excised from the pre-
parative gel (Supporting Information, Fig. S1) and subse-
quently identified by LC-MS/MS (Supporting Information,
Table S1), as described in Section 2.

3.5 Identification of secretome proteins dysregulated

by sulindac treatment

LIM1215 proteins whose expression levels were significantly
dysregulated upon 1 mM sulindac treatment over 4, 8, and
16-h time periods, their standardized protein spot ratios,
experimental and theoretical pI values, and apparent molec-
ular masses (Mr) are listed in Tables 1 (exosomal proteins)

and 2 (soluble-secreted proteins). A comprehensive list of
peptide identifications and inferred proteins is given in Sup-
porting Information, Table S1.

3.5.1 Exosomal proteins

The expression levels of at least 22 exosomal proteins
(including isoforms) were altered by .1.5-fold after 1 mM
sulindac treatment of LIM1215 cells for 16 h, six of which
exhibited a two-fold change after 4 and/or 8 h treatment
(Table 1 and Supporting Information, Table S1). For exam-
ple, the Mac-2 binding protein (Mac-2 BP), which was
observed in two forms at Mr-97K (pI 3.8–4.4) and Mr-76K
(pI 3.6–4.2) (protein spots 11 and 50, respectively, in Figs. 5
and 6) was clearly down-regulated after 4-h (1.2–1.4-fold),
and 8-h sulindac treatment (,2.0-fold, ,1.6-fold, respec-
tively); this down-regulation was even more pronounced
(,5.8-fold) after 16 h treatment. Confirmation of this find-
ing was provided by Western blot analysis (Fig. 6A), and by
reverse labeling of the Cy dyes (Fig. 5). A similar finding
was observed for the programmed cell death 6-interacting
protein (Mr ,110K, pI ,6.2), also known as Alix, (Fig. 5).
Interestingly, one of the profilin isoforms (Mr ,16K,
pI ,9.0) (protein spot 148) and several 14-3-3 isoforms,
especially e (Mr ,25K/pI ,4.1, protein spot 91) and the z/
d/e and b/a isoform mixtures (Mr ,25/pI ,4.2, protein
spot 92) (Fig. 5 and Table 1), were significantly up-regulated
or down-regulated (e isoform, Mr ,29/pI 3.9, protein
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Table 1. Differentially regulated LIM1215 exosomal proteins upon 1 mM sulindac treatment

Gel spot
numbera)

Protein name Acc.
numberb)

Standardized protein spot
volume ratiosc)

t-Test
p-valued)

16 h –S/1S

Experimentale) Calculatedf)

4 h 8 h 16 h MW (K) pI MW (kDa) pI

4 Elongation factor 2 P13639 1.6 1.3 1.7 0.003680 110 6.9 101 6.9
6 PDCD6IP (ALIX) Q8WUM4 21.9 22.3 24.0 0.000626 110 6.2 96 6.1
8 Endoplasmin P14625 1.1 21.2 4.9 0.001136 110 5.1 93 4.8

10 Endoplasmin P14625 1.3 1.6 1.6 0.001562 120 4.2 107 5.7
11 MAC-2 binding protein Q08380 21.4 22.0 25.9 0.000098 97 4.5 65 5.1
14 78 kDa glucose-regulated

protein
P11021 1.4 1.3 1.9 0.003096 87 4.6 72 5.1

29 Adenylyl cyclase-associated
protein 1

Q01518 1.3 21.1 2.1 0.022070 62 9.0 52 8.1

39 Inosine-50-monophosphate
dehydrogenase 2

P12268 1.5 1.4 1.5 0.001187 62 6.7 56 6.4

43 Protein disulfide isomerase A3 P30101 1.2 1.5 1.6 0.000104 57 5.6 57 6
45 Keratin, type II cytoskeletal 8 P05787 21.3 1.0 22.0 0.000291 60 5.3 54 5.5
48 Protein disulfide isomerase P07237 1.2 1.5 1.8 0.012450 66 4.2 57 4.8
50 MAC-2 binding protein Q08380 21.2 21.6 25.8 0.000271 76 4.0 65 5.1
52 Keratin, type I cytoskeletal 18 P05783 21.4 21.2 21.7 0.000330 50 5.2 48 5.2
52 IL enhancer-binding factor 2 Q12905 21.4 21.2 21.7 0.000330 50 5.2 48 5.3
55 Elongation factor 1-alpha 1 P68104 1.6 1.5 2.0 0.005344 52 9.7 50 9.1
82 60S acidic ribosomal protein P05388 21.1 1.1 1.5 0.000046 37 5.9 34 5.7
85 Tropomyosin alpha 3 chain

isoform 2
P06753-2 2.2 2.0 2.4 0.002656 31 4.0 33 4.7

86 Tropomyosin alpha 4 chain P67936 1.8 1.8 1.9 0.007059 31 3.9 28 4.7
87 14-3-3 protein epsilon P62258 21.9 21.7 23.0 0.046370 29 3.9 29 4.6
91 14-3-3 protein epsilon P62258 3.6 2.4 1.7 0.000363 26 4.1 29 4.6
92 14-3-3 protein beta/alpha P31946 4.9 2.3 3.1 0.000001 26 4.2 28 4.6
92 14-3-3 protein epsilon P62258 4.9 2.3 3.1 0.000001 26 4.2 29 4.5
92 14-3-3 protein zeta/delta P63104 4.9 2.3 3.1 0.000001 26 4.2 28 4.5

123 GST-P P09211 1.2 1.1 1.6 0.006891 25 5.0 23 5.9
148 Profilin I P07737 2.4 3.3 4.7 0.000106 16 9.0 15 8.5

a) Protein gel spot numbers (refer Supporting Information, Fig. S2 and Table S1).
b) Protein accession numbers were from the Uniprot database, http://www.ebi.uniprot.org/index.shtm.
c) The protein content ratio between sulindac-treated and untreated for each specific protein spot. Ratios were generated using DeCyder

software, as detailed in Section 2. The higher ratios (.1) indicate exosomal proteins whose expression levels were up-regulated upon
1 mM sulindac treatment, while lower ratios (,–1) indicate exosomal proteins were down-regulated upon 1 mM sulindac treatment.

d) t-Test probability values were generated by analyzing experiments in triplicate using DeCyder software. These values are representative
of sulindac treatment (6S) for the 16 h incubation period.

e) The experimental molecular mass (K) and pI value for each protein.
f) The calculated molecular mass (kDa) and pI value for each protein.

spot 87) upon sulindac treatment in a time-dependent man-
ner. Confirmation of these findings was provided in a sepa-
rate experiment by reverse labeling of the Cy dyes (Fig. 5).

3.5.2 Soluble-secreted proteins

The expression levels of at least 19 soluble-secreted proteins
were altered by .1.5-fold after 1 mM sulindac treatment of
LIM1215 cells in a time-dependent manner (Table 2, Figs. 6B
and 7). For example, the expression levels of two Ca21-bind-
ing proteins, calumenin and Cab45, were significantly
increased, especially after 8 h treatment (protein spots 149

and 150, Fig. 7; Supporting Information, Fig. S2; Table 2,
Supporting Information, Table S1). Confirmation of this
finding was provided by reverse labeling of the Cy dyes and,
in the case of Cab45, by Western blot analysis (Fig. 6B).
Interestingly, there was no apparent change in total lysate
levels of Cab45, as revealed by Western blot analysis (Fig. 6).
In contrast to the modestly elevated levels of the exosomal
Mr ,16K, pI ,9.0 profilin isoform (Fig. 7), the Mr ,16K/
pI ,7.7 isoform (spot 145, Fig. 7) was significantly
increased after 8 h sulindac treatment. While alterations in
the overall 14-3-3 isoform expression profiles were similar in
both the soluble-secreted and exosomal fractions, signifi-
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Table 2. Differentially regulated LIM1215 soluble-secreted proteins upon 1 mM sulindac treatment

Gel spot
numbera)

Protein name Acc.
numberb)

Standardized protein spot
volume ratiosc)

t-Test
p-valued)

16 h –S/1S

Experimentale) Calculatedf)

4 h 8 h 16 h MW (K) pI MW (kDa) pI

10 Endoplasmin P14625 21.1 1.3 2.5 0.033440 120 4.2 93 4.8
11 MAC-2 binding protein Q08380 21.5 21.8 29.9 0.007866 97 4.5 96 6.1
14 78 kDa glucose-regulated

protein
P11021 1.1 1.5 5.5 0.024630 87 4.6 72 5.1

28 Pyruvate kinase, M1 isozyme P14618 1.0 1.0 2.0 0.059650 69 9.1 58 8.0
43 Protein disulfide isomerase A3 P30101 21.1 1.1 2.0 0.001339 65 5.6 57 6.0
47 Tubulin alpha-1B chain P68363 1.1 1.2 1.8 0.000377 62 4.8 50 5.0
51 Protein disulfide isomerase A6 Q15084 21.1 1.2 2.2 0.007184 54 4.8 48 5.0
58 Alpha enolase P06733 1.2 1.2 1.5 0.002726 55 7.2 47 7.0
72 Actin-like protein 2 P61160 21.1 1.1 1.7 0.020770 44 6.5 45 6.3
76 Creatine kinase, B chain P12277 1.2 1.3 1.6 0.010530 42 6.6 43 5.3
80 Annexin A2 P07355 21.2 21.4 22.4 0.294100 38 7.2 39 7.6
91 14-3-3 protein epsilon P62258 1.4 1.7 3.8 0.005326 26 4.1 29 4.6
92 14-3-3 protein beta/alpha P31946 1.7 1.6 3.1 0.025310 26 4.2 28 4.8
92 14-3-3 protein beta/alpha P31946 4.9 2.3 3.1 0.025310 26 4.2 28 4.6
92 14-3-3 protein epsilon P62258 4.9 2.3 3.1 0.025310 26 4.2 29 4.5
93 Chloride intracellular channel

protein 1
O00299 1.0 1.1 2.1 0.004989 30 4.8 27 5.1

138 Ubiquitin-conjugating enzyme
E2 N

P61088 21.3 1.1 1.5 0.020060 17 5.8 17 6.1

144 Beta-2-microglobulin P61769 1.0 21.1 22.7 0.000525 14 6.4 14 6.1
145 Profilin I P07737 1.2 4.1 2.2 0.001100 15 7.8 15 8.5
149 Calumenin. O43852 2.6 16.1 4.4 0.014000 45 3.5 37 4.5
150 45 kDa calcium-binding protein Q9BRK5 7.1 9.9 2.69 0.038000 47 4.1 42 4.8

a) Protein gel spot numbers (refer Supporting Information, Fig. S2 and Table S1).
b) Protein accession numbers were from the Uniprot database, http://www.ebi.uniprot.org/index.shtm.
c) The protein content ratio between sulindac-treated and untreated for each specific protein spot. Ratios were generated using DeCyder

software, as detailed in Section 2. The higher ratios (.1) indicate soluble-secreted proteins whose expression levels were up-regulated
upon 1 mM sulindac treatment, while lower ratios (,–1) indicate soluble-secreted proteins were down-regulated upon 1 mM sulindac
treatment.

d) t-Test probability values were generated by analyzing experiments in triplicate using DeCyder software. These values are representative
of sulindac treatment (6S) for the 16 h incubation period.

e) The experimental molecular mass (K) and pI value for each protein.
f) The calculated molecular mass (kDa) and pI value for each protein.

cantly elevated levels of protein spots 91 (e isoform) and
92 (z/d/e and b/a isoforms) were observed after 16 h treat-
ment with sulindac (Fig. 7, Table 2). Confirmation of these
findings was provided by reverse labeling of the Cy dyes and,
in the case of Cab45, by Western blotting (Fig. 6B and Fig. 7).

3.5.3 Cytokine/growth factors

Because the concentration of cytokines and growth factors
in biospecimens are typically very low (e.g., ng–pg levels)
they are not amenable to most MS-based identification
methods – unless an extensive enrichment strategy is
invoked. For this reason we employed a limited antibody
array procedure. Fifteen cytokines were reliably detected
(.40% of the intensity of the positive controls) in LIM1215
cell CM (Fig. 8); the most prominent being growth related

oncogene (GRO) and interleukin 8 (IL-8) and, to a lesser
extent, insulin-like growth factor binding protein (IGFBP-1)
and tissue inhibitor of metalloproteinases (TIMP2). In most
cases, the levels of these cytokines and growth factors
decreased in LIM1215 CM upon treatment of the cells with
1 mM sulindac.

4 Discussion

Experiments in rodents, in vitro studies in CRC cell lines and
epidemiological studies show that NSAIDs have anti-
tumorigenic activities against CRC [52–55]. Sulindac, an
NSAID, inhibits CRC in animal studies [12, 13] and causes
regression of adenomas [20, 29, 55] in patients with familial
adenomatous polyposis (FAP) coli. Although much work has
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Figure 5. 2-D DIGE analysis of exosomal proteins from sulindac-treated LIM1215 cells. Three Cy-Dye-labeled extracts (25 mg protein each)
were combined and separated by 2-DE (see Section 2). Selected exosomal proteins whose protein levels were dysregulated upon 1 mM
sulindac treatment are annotated. Reverse-labeled images (i.e., where the Cy3 and Cy5 dyes were reversed in a separate experiment)
confirm the presence of these dysregulated proteins. Fold changes of these proteins generated by DeCyder™ software are listed in Table 1.
MS-based identifications of these proteins are listed in the Supporting Information, Table S1. A colored version of this figure is shown in
Supporting Information Fig. S3, where up-regulated proteins are colored in red, and down-regulated proteins in green.

been performed on the chemopreventitive actions of sulin-
dac and its metabolites, the underlying mechanisms of
action are still poorly understood. In this study, we describe,
for the first time, a proteomic profiling strategy for analyzing
the temporal effect of sulindac treatment over 16 h on the
secretome of the LIM1215 CRC cell line. For this study, we
devised a facile isolation strategy for fractionating the secre-
tome into its soluble-secreted- and exosomal-protein frac-
tions. This secretome-based strategy is most likely to reveal
soluble proteins released from tumor cells into the stroma
(tumor microenvironment) at sufficiently high concentra-
tions amenable to current proteome instrumentation [56]
and secreted membrane vesicles such as exosomes, which
been implicated in cancer cell invasiveness [30]. We found
several proteins in the LIM1215 cell secretome, previously
not reported, whose expression levels were significantly dys-
regulated by treatment with 1 mM sulindac prior to onset of

sulindac-induced apoptosis as judged by the appearance of
cleaved-and-activated caspase-3.

4.1 Mac-2 binding protein (Mac-2 BP)

Two forms of Mac-2 BP were secreted from LIM1215 cells,
the intact molecule (Mr , 97K, pI 3.8–4.4) and a cleaved
form of lower Mr (Mr , 75K, pI 3.6–4.2) [57]; the expression
levels of these two forms progressively decreased over 16 h
sulindac treatment (Fig. 5) – for example, the levels of Mac-2
BP in both the soluble-secreted and exosomal protein frac-
tions were progressively reduced ca. 1.4–1.5-, 1.8–2.0-, and
5.9–10-fold after 4, 8, and 16-h sulindac treatment, respec-
tively (Tables 1 and 2). Mac-2 BP, a secreted glycoprotein of
90–100K, was originally discovered as a tumor-associated
antigen 90K in breast cancer [58, 59] and as a ligand that
binds galectins (formerly Mac-2)-1, -3, and -7 [57, 60]. It is
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Figure 6. Western blot analyses of Cab45 and Mac-2 binding protein. Exosomes (10 mg) or soluble-secreted proteins (10 mg) isolated from
LIM1215 cells treated with 1 mM sulindac (time-course), and selected CRC cell lines, were resolved by SDS-PAGE, blotted onto the NC
membranes and probed with Mac-2 BP and Cab45 antibodies as described in Section 2. (A) Exosomal extract from LIM1215 cells probed
with Mac-2 BP antibodies; (B) soluble-secreted extract from LIM1215 cells probed with Cab45 antibodies; (C) soluble-secreted extract from
selected CRC cell lines probed with Cab45 antibodies. Loading control images were obtained by subsequent staining (deep purple dye) of
membranes after Western blotting.

secreted by several different cell types, including hemato-
poietic cells and glandular or mucosal epithelial cells [57,
60]. A recombinant form of Mac-2 BP has been reported to
be susceptible to proteolysis, generating a cleaved form of
lower-Mr [57]. Elevated expression levels of Mac-2 BP has
been reported to be associated with shorter survival,
increased metastasis, and resistance to chemotherapy in

patients with several different types of malignancy, includ-
ing breast cancer [58], lung cancer [61], colon cancer [62],
prostate cancer [63], non-Hodgkin’s lymphoma [64], and
ovarian cancer. Although the biological functions of Mac-2
BP are poorly defined, it has been implicated in collagen,
fibronectin, and b1-integrin binding in the extracellular
matrix (ECM) and a possible role in promotion of cell
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Figure 7. 2-D DIGE analysis of soluble-secreted proteins from sulindac-treated LIM1215 cells. Three CyDye-labeled extracts (25 mg protein
each) were combined and separated by 2-DE (see Section 2). Selected soluble-secreted proteins whose protein levels were dysregulated
upon 1 mM sulindac treatment are annotated. Reverse-labeled images (i.e., where the Cy3 and Cy5 dyes were reversed in a separate
experiment) confirm the presence of these dysregulated proteins. Fold changes of these proteins generated by DeCyder™ software are listed
in Table 2. MS-based identifications of these proteins are listed in the Supporting Information, Table S1. A colored version of this Figure
is shown in the Supporting Information (Fig. S4), where up-regulated proteins are colored in red, and down-regulated proteins in green.

adhesion and invasiveness [65]. Our finding that sulindac sig-
nificantly reduces the levels of secreted Mac-2 BP prior to the
appearance of cleaved-and-activated caspase-3, and ipso facto
decreases cell adhesion and observed “cell lifting,” is con-
sistent with the role of Mac-2 BP in detachment-induced
apoptosis, referred to as anoikis [66, 67]. Mac-2 BP is also
reported to be a potent immune stimulator [60] inducing pro-
duction of IL-1 and -6, and other cytokines. Although most of
the Mac-2 BP observed in this study was present in the exoso-
mal component of the secretome (nine-fold greater vs. soluble-
secreted fraction), it is not clear that it is a bone fida exosomal
protein since ,100 kDa Mac-2 BP monomers have been
reported to oligomerize to form ring-shaped 25–45 nm diam-
eter particles [65] that may sediment at the high gravitational
force (100 0006g) used in this study to isolate exosomes.

4.2 Programmed cell death 6-interacting protein

(PDCD6IP)

In this study, the expression levels of exosomal PDCD6IP
(also known as apoptosis-linked gene 2 (ALG-2) interacting

protein X (Alix) and AIP-1 [68]), were significantly decreased
upon treatment of LIM1215 cells with 1 mM sulindac (Fig. 5,
Table 1). Alix is a ubiquitously expressed cytoplasmic protein
that localizes to phagosomes and exosomes [30, 68–70]. Alix,
and its yeast homolog Bro1, is a class E vacuolar protein
sorting (VPS) protein highly conserved in all exosomes char-
acterized to date [30]. Alix/Bro1 interacts with two of the
three heteromeric endosomal sorting complex required for
transport (ESCRT) protein complexes and Vsp-4, and it has
been speculated that Alix may act as a linker between the
three ESCRT complexes (for a review, see [71]). In addition to
its putative role in exosome biogenesis, Alix has been impli-
cated in apoptosis [72] due to its ability to bind ALG-2, a
member of Ca21 binding penta EF-hand protein family to
promote apoptosis [68]. Paradoxically, in this study we find
that sulindac treatment of LIM1215 cells significantly
reduced the expression levels of Alix. Given that the Alix–
ALG-2 interaction is calcium-dependent [72], it is reasonable
to hypothesize that sulindac may decrease Ca21 levels in the
microenvironment by the release of increased levels of cal-
cium-binding proteins such as Cab45 and calumenin (see
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Figure 8. Effect of sulindac on
secreted cytokine/chemokine
levels from LIM1215 cells. Cyto-
kine array membranes were
incubated with the CM from
sulindac-treated LIM1215 cells,
as described in Section 2 (A and
B). Arrays were processed
according to the manufacturer’s
instructions and the intensity of
the chemiluminescent signal for
each spot was quantitated by
densitometry. Quantitative dif-
ferences between cytokine/che-
mokine secretion levels by sulin-
dac-treatment (4 h (C); 8 h (D))
were evaluated using Image-
Quant™ software. Cytokine/che-
mokine levels are normalized
with respect to positive controls
on the array membrane.

below). Intriguingly, overexpression of Alix in Hela cells has
been shown to promote detachment-induced apoptosis
[73, 74].

4.3 Profilin-1

DIGE analysis identified three distinct profilin-1 isoforms
with different pI values (spot 145, pI ,7.5; spot 146, pI ,9.0;
and spot 148, pI ,10.0), presumably due to varying extents of
PTM (Figs. 5 and 7, Tables 1 and 2). Intriguingly, increased
expression levels of protein spots 145 and 148 were observed
only in the soluble-secreted and exosomal fractions, respec-
tively; expression levels of spot 145 being highest after 8 h
sulindac treatment, while maximal expression of spot 148 was
observed after 16-h sulindac treatment. The expression levels
of the most basic profilin-1 isoform (spot 146), present in both
soluble-secreted and exosomal fractions, appeared constant
upon treatment of LIM1215 cells with sulindac. Profilins are a
class of low-Mr actin-binding proteins that regulate the
dynamics of actin polymerization [75, 76]. In addition to
interacting with actin, profilin also interacts with several other
proteins involved in a diverse range of functions, such as focal
adhesion, trafficking, and receptor clustering [77]. In the case
of breast cancer cells, decreased expression of profilin-1 has
been shown to correlate with tumorigenic phenotypes in
breast cancer while its overexpression is reported to suppress
tumorigenecity [77]. The nature of cellular compartmentali-
zation of the different isoforms of profilin-1 seen in this study,
and the varying PTMs of these isoforms, is not known and
must await further experimentation.

4.4 14-3-3 isoforms

In this study, we observed several 14-3-3 isoforms in the
LIM1215 secretome that were significantly up- or down-

regulated in a time-dependent manner upon 1 mM sulindac
treatment (Fig. 5). For example, in the exosome fraction the
expression levels of the e (Mr ,25K/pI ,4.1, protein spot 91)
and b/a and z/d/e isoforms (Mr , 25K/pI ,4.2, protein spot
92) were up-regulated, while the e isoform (Mr ,29K,
pI ,3.9, protein spot 87) was down-regulated. Although
alterations in the overall 14-3-3 isoform expression profiles
were similar in both the soluble-secreted and exosomal frac-
tions, significantly elevated levels of both e and b/a/z/d/e
isoforms (Mr ,26K/pI ,4.1–4.2, protein spots 91 and 92)
were observed in the exosome fraction after 16-h treatment of
the cells with sulindac (Figs. 5 and 7). The increased protein
abundances of these 14-3-3 isoforms were also detected in
the cellular proteins after sulindac-induced stimulation for
the same time periods (Ji et al., unpublished data).

There are seven human 14-3-3 genes encoding the var-
ious isoforms of the 14-3-3 protein family [78, 79]. Human
14-3-3 proteins regulate diverse cellular functions that are
important in cancer biology such as apoptosis and cell-cycle
checkpoints [78]; over 100 cellular protein–protein interac-
tions that involve 14-3-3 have been reported [78–81]. Inter-
estingly, two forms of 14-3-3e isoform were unambiguously
identified by MS as spot features 87 (Mr ,29, pI ,3.9) and
91 (Mr ,26, pI ,4.1) (Table 2); the expression levels for
spot features 87 and 91 being down-regulated and up-regu-
lated in LIM1215 cells, respectively, in a time-dependent
manner over 16-h treatment. The difference in Mr and pI
values for these two forms of 14-3-3e, presumably, may
reflect differences in PTMs or proteolytic cleavage. In the
case of the latter, Won et al. [80] report lowering (by ,2K) of
the Mr of 14-3-3e by caspase-3 cleavage at Asp238; this, in
turn, promotes Bad/Bcl-x(L) interactions thereby inducing
apoptosis. Our findings are in accord with a recent report by
Liou et al. [82], which show, by Western blot analysis, that
sulindac and other NSAIDs drastically suppress 14-3-3e and
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induce CRC apoptosis via the PPARd/14-3-3e transcriptional
pathway; taken together these data suggest that 14-3-3e is a
potential target for the prevention and therapy of CRC.
Interestingly, our findings show that the expression levels of
secreted 14-3-3s appear unchanged over 16 h sulindac treat-
ment; 14-3-3s has been directly implicated in the etiology of
many human cancers and is thought to function as a tumor
suppressor by inhibiting cell-cycle progression and by caus-
ing cells to leave the stem-cell compartment and undergo
differentiation [78].

4.5 Calcium-binding proteins

Our findings show that the expression levels of two secreted
proteins, calumenin and Cab45, were significantly elevated
upon treatment of LIM1215 cells with 1 mM sulindac. These
calcium-binding proteins (albeit low-calcium binding affinity
with dissociation constants of ,1 mM) are members of the
CREC family of proteins that contain multiple EF-hand
domains [83]; CREC is the acronym for four members of this
protein family – Cab45, reticulocalbin, ERC-45, and calum-
enin. Although most of their functions remain unknown, the
fact that the CREC family of proteins is highly conserved be-
tween species indicates their importance in normal cellular
behavior. Cab45 localizes to the Golgi complex [84], while
calumenin distributes throughout the entire secretory path-
way [85] and is a secreted protein. In our current study, DIGE
analysis did not reveal calumenin in the sulindac-untreated
LIM1215 secretome, only after 8-h sulindac treatment. Our
findings show for the first time that another CREC protein,
Cab45, is secreted from LIM1215 cells only after sulindac
treatment; western blot analysis revealed a similar phenom-
enon for several other CRC cell lines such as HCT116,
SW480, SW1222, and to a lesser extent, SW1463 (Fig. 6B). It
is well recognized that Ca21 plays an important role in cell
proliferation [86]. Because internal cellular levels of Ca21 are
finite, prolonged bouts of signaling depend on the influx of
external Ca21 via so-called store-operated Ca21 channels
(SOCs) in the plasma membrane. Weiss et al. [87] report that
the inhibition of SOC entry contributes to the anti-
proliferative effect of NSAIDs in human CRC cells. It is
interesting to speculate that the increased secretion of the
Ca21-binding proteins – Cab45 and calumenin – that we
observed may be involved in SOC entry in human CRC cells
upon NSAID treatment.

4.6 Growth factors

Protein antibody array was performed to study the effects of
sulindac on low abundance cytokine and growth factor secre-
tions. Fifteen cytokines were reliably detected; the most pro-
minent being the tumor growth factors GRO (growth-regu-
lated alpha protein) and IL-8, both members of the CXC sub-
family of chemokines [88]. Elevated levels of angiogenic IL-8
have been detected in a variety of cancers [88], including colon
carcinoma [89]. GRO-a, originally called “melanoma growths

stimulatory activity”, has been shown to function as an auto-
crine growth factor for melanoma [90], as well as lung and
stomach adenocarcinoma cell lines [91]. Both GRO-a and IL-8
exhibit pleiotropism – not only are they autocrine growth fac-
tors, but they also display angiogenic activities [88]. The levels
of those cytokines/chemokines revealed in our study
decreased significantly upon sulindac treatment, which is in
agreement with NSAID inhibition of cytokine expression in
human monocytes [92] and gastric cancer cells [93].

Establishing the mechanism underlying apoptotic
induction by sulindac is an important first step in under-
standing the potent chemoregressive action of this NSAID in
colon adenomas. The results shown in this paper implicate a
number of secreted proteins in sulindac action, notably, Mac-
2BP, Alix, profilin, 14-3-3-e and b/a, the CXC chemokines IL-
8 and GRO and, especially, the calcium-binding proteins
Cab45 and calumenin. The secretome-based proteomics
strategy described here, focusing on proteins secreted from
tumor cells, provides a tool for identifying potential markers
for monitoring the efficacy of chemopreventitive drugs such
as sulindac.
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