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ABBREVIATIONS 

CM, culture medium 

COX, cyclooxygenase 

CRC, colorectal cancer 

ECM, extracellular matrix 

FA, focal adhesion 

FAK, focal adhesion kinase 

HNPCC, Hereditary nonpolyposis colorectal cancer 

MSI, microsatellite instable 

MMP, Matrix metalloproteinase 

MSS, microsatellite stable 

MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NMWC, nominal molecular weight cut-off 

NSC, normalized spectral count 

NSAID, nonsteroidal anti-inflammatory drug 

PI, propidium iodide 

PS, phosphatidylserine 

RIP, regulated intramembrane proteolysis 

RSC, spectral count fold change ratio 

SFM, serum-free media 
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SUMMARY 

Colorectal cancer (CRC) is a major cause of mortality in Western populations.  Growing evidence 

from human and rodent studies indicate that nonsteroidal anti-inflammatory drugs (NSAIDs) cause 

regression of existing colon tumors and act as effective chemopreventive agents in sporadic colon 

tumor formation.  Although much is known about the action of the NSAID sulindac, especially its role 

in inducing apoptosis, mechanisms underlying these effects is poorly understood. In previous 

secretome-based proteomic studies using 2D-DIGE/MS and cytokine arrays we identified over 150 

proteins released from the CRC cell line LIM1215 whose expression levels were dysregulated by 

treatment with 1 mM sulindac over 16 h; many of these proteins are implicated in molecular and 

cellular functions such as cell proliferation, differentiation, adhesion, angiogenesis and apoptosis (Ji et 

al., Proteomics Clin. Appl. 2009, 3, 433-451). We have extended these studies and describe here an 

improved protein/peptide separation strategy that facilitated the identification of 987 proteins and 

peptides released from LIM1215 cells following 1 mM sulindac treatment for 8 h preceding the onset 

of apoptosis.  This peptidome separation strategy involved fractional centrifugal ultrafiltration of 

concentrated cell culture media (CM) using nominal molecular weight membrane filters (NMWL 30K, 

3K and 1K).  Proteins isolated in the >30K and 3-30K fractions were electrophoretically separated by 

SDS-PAGE and endogenous peptides in the 1-3K membrane filter were fractioned by RP-HPLC; 

isolated proteins and peptides were identified by nanoLC-MS-MS. Collectively, our data show that 

LIM1215 cells treated with 1 mM sulindac for 8 h secrete decreased levels of proteins associated with 

extracellular matrix remodeling (e.g., collagens, perlecan, syndecans, filamins, dyneins, 

metalloproteinases and endopeptidases),  cell adhesion (e.g., cadherins, integrins, laminins) and 

mucosal maintenance (e.g., glycoprotein 340 and mucins 5AC, 6, and 13).   A salient finding of this 

study was the increased proteolysis of cell surface proteins following treatment with sulindac for 8 h 

(40% higher than from untreated LIM1215 cells); several of these endogenous peptides contained C-

terminal amino acids from transmembrane domains indicative of regulated intramembrane proteolysis 
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(RIP). Taken together these results indicate that during the early-stage onset of sulindac-induced 

apoptosis (evidenced by increased annexin V binding, dephosphorylation of focal adhesion kinase 

(FAK), and cleavage of caspase-3) 1 mM sulindac treatment of  LIM1215 cells results in decreased 

expression of secreted proteins implicated in ECM remodeling, mucosal maintenance and cell-cell-

adhesion.  
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INTRODUCTION 

 

Colorectal cancer (CRC) is the second leading cause of cancer death in Western populations, with 

more than a million new cases and half a million deaths worldwide annually [1].  One of the most 

widely studied and promising chemopreventive agents for sporadic CRC [2] and therapeutic agent  for 

the treatment of adenomas in patients with familial adenomatous polyposis (FAP) [3] is the non-

steroidal anti-inflammatory drug (NSAID) sulindac; for a review see [4, 5]. While epidemiological 

evidence indicates that continued use of NSAIDs such as aspirin is associated with reduced risk of 

CRC in the general population [6], animal (rodent) data for aspirin is less conclusive [7].  However, 

the potential harms associated with the chronic use of NSAIDs such as gastrointestinal and 

cardiovascular complications are well documented [8-10] and warrant careful consideration before 

adoption for general clinical use.  Investigation of mechanisms associated with antineoplastic effects 

of NSAIDs may provide insight that could lead to new drug candidates that are potentially safer and 

more efficacious for CRC chemoprevention. 

 

The chemopreventive effects of NSAIDs occur primarily through inhibition of the cyclooxygenase-

(COX)-1 and COX-2 enzymes [11, 12], which are involved in the synthesis of prostaglandins leading 

to a decreased activation of the inflammatory response [13],  inhibition of crypt cell proliferation [14], 

angiogenesis [15] and increased apoptosis [16].  At the molecular level NSAIDs are also reported to 

target a number of COX-independent cellular processes, including peroxisome proliferator-activated 

receptor (PPAR) subtypes γ and δ, nuclear factor-κB (NF-κB) pathway, and the multidrug-resistance 

protein 4 (MRP4) [17].  The mechanism(s) by which sulindac prevents CRC are complex and poorly 

understood, especially in the early-onset stage of apoptosis; for a review of the role of NSAIDs in 

CRC progression and underlying mechanisms of action, see Antonakopoulos and Karamanolis  [18].   
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Although our understanding of cancer cell biology has advanced considerably [19], there is, however, 

a growing awareness that targeting the cancer cell in isolation is not sufficient because of the intricate 

reciprocal interplay between cancer cells and the tumor microenvironment [20, 21]. In addition to 

epithelial tumor cells, the microenvironment consists of several non-malignant, albeit genetically 

altered, heterotypic cell types (e.g., fibroblasts, endothelial cells and leukocytes) which crosstalk either 

physically or via secretion (collectively referred to as the secretome) of paracrine signaling molecules 

[22]. As well as cytokines, chemokines, growth factors, proteases and protease inhibitors, the 

secretome also contains extracellular vesicles [23].  It is now recognized that pathophysiology of the 

tumor microenvironment is critical for neoplastic induction and progression and is now a primary 

target for cancer chemoprevention [24, 25].  While most proteomics-based studies on NSAID action 

have focused on cellular proteins, systematic analyses of proteins released from CRC cells into the 

tumor microenvironment  - in response to NSAID treatment are limited [26]. 

 

As a first step towards understanding the molecular events associated with the chemopreventive action 

of the NSAID sulindac in the context of the tumour environment, we have employed the human colon 

carcinoma cell line LIM1215 to assess the early effects of sulindac (i.e., prior to onset of apoptosis) on 

secretome protein expression levels.  This study focuses on identifying secreted modulators involved 

in sulindac-mediated apoptosis in CRC adenomas. Specifically, we have employed two different 

proteomic analyses; a bottom-up approach (focused on characterising secreted proteins) and a top-

down approach (focused on characterising low-Mr secreted polypeptides).  It is anticipated that this 

approach will improve our understanding of the extracellular contribution to the chemopreventive 

effects of sulindac on CRC and provide the foundation for improved chemopreventive target design. 
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EXPERIMENTAL PROCEDURES 

Cell culture and reagents - The human colon carcinoma cell line LIM1215 [27] was routinely cultured 

on 150-mm diameter cell culture dishes (2  106 cells/dish) in RPMI-1640 medium (Invitrogen, 

Carlsbad, CA) supplemented with 5% FCS (CSL, Melbourne), 100 U penicillin and 100 mg/mL 

streptomycin (Sigma-Aldrich), and incubated at 37 C in a humidified atmosphere containing 10% 

CO2 until sub-confluent (80-90%).  RPMI-1640 medium containing with sulindac (0.2-1 mM), was 

prepared fresh by adding appropriate aliquots of a 1 M stock solution of sulindac (Sigma-Aldrich) 

reconstituted in 1.5 M Tris-HCl, pH 8.5.  For control studies an identical volume of 1.5 M Tris-HCl, 

pH 8.5 buffer was combined with RPMI-1640 media.  Cell proliferation and viability assays were 

performed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) absorbance at 

595 nm and Trypan Blue dye exclusion assays, respectively. 

 

Annexin V binding assay - Apoptosis was evaluated using TACS™ (Trevigen Apoptotic Cell System) 

Annexin V kit (Trevigen, Gaithersburg, MD).  Cells were treated with either vehicle alone (1.5 mM 

Tris-HCl, pH 8.5) or 1 mM sulindac for time periods of 2, 4, 6 and 8 h and washed with ice-cold PBS, 

followed by incubation with Annexin V-FITC Incubation Reagent for 15 min.  Following incubation 

cells were washed twice with excess 1  Binding Buffer and viewed using an Olympus FV1000 

confocal system attached to an Olympus IX81 microscope (Olympus, Tokyo, Japan). 

 

Live cell imaging - LIM1215 cells were cultured in RPMI-1640 medium containing 5% FCS in an 8-

well Ibidi µ-Slide (Ibidi, Munich, Germany) for 24 h until cell density reached ~80% confluency.  

Cells were washed 4  with phenol red free RPMI-1640 medium and treated with 1 mM sulindac in 

RPMI medium containing propidium iodide (PI).  Immediately following treatment, live cell imaging 
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was performed, with cells maintained in 5% CO2 at 37 °C by a custom-built incubator and controller 

(Clear State Solutions, Australia).  Cells were imaged every 20 min for 24 h on an Olympus FV1000 

confocal system attached to an Olympus IX81 microscope, using a UPlanSApo 0.9 numerical aperture 

(NA)/40 objective.  Excitation was supplied via a 635 nm laser and captured by the transmitted light 

detector of the system.  The resulting time series was analyses and movies created using MetaMoprh 

v7.6.3 (Molecular Devices, USA). 

 

Immunofluorescence staining and microscopy - For immunofluorescence staining, LIM1215 cells 

were cultured in serum containing RPMI medium in an 8-well Ibidi µ-Slide (Ibidi) until cell density 

reached ~80% confluency.  Cells were washed 4  with RPMI-1640 medium and treated with 1 mM 

sulindac in RPMI medium for defined time periods at 37 °C.  Following each treatment, cells were 

washed twice with ice-cold PBS, fixed for 10 min in 3.7% formaldehyde, washed twice with PBS, 

permeabilized in 0.2% TX-100 in PBS for 5min, washed twice with PBS and blocked for 30 min 

(0.5% BSA, 5% normal goat serum and 0.1% gold fish skin gelatin in PBS).  Fluorescent-labeled 

primary mouse anti-laminin-γ1 (Abcam) (1:200) or mouse anti-E-cadherin (BD Biosciences, Franklin 

Lakes, NJ) (1:500) antibodies were used, followed by secondary Alexa 568-conjugated goat anti-

mouse antibody labeling (Invitrogen).  Nuclei were counterstained using DAPI (Invitrogen) at 300 

nM.  Cells were imaged using a Nikon ECLIPSE TE2000-E confocal microscope equipped with a 

Nikon plan APO VC 60x/1.20 WI water-immersion lens. 

 

Whole cell lysate (WCL) preparation – One plate of 80% confluent cells was washed twice with ice-

cold PBS (10 mL) and lysed with 2 mL of 2  SDS sample buffer (4% (w/v) SDS, 20% (v/v) glycerol 

and 0.01% (v/v) bromophenol blue, 0.125 M Tris-HCl, pH 6.8) for 10 min on ice, followed by 
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centrifugation (400,000  g, 30 min) (TLA-100.2 rotor, Beckman) to remove insoluble material. 

Supernatants were collected, and stored at -80 C for subsequent use. 

 

Secretome preparation - For preparation of the soluble-secretome (i.e., no membrane vesicles), sub-

confluent LIM1215 adherent cells were washed 4  in RPMI-1640 media and cultured in serum-free 

RPMI-1640 media, in presence and absence of 1 mM sulindac, for 8 h.  Following treatment, culture 

media (CM) from both sulindac-treated and control cell cultures were harvested by centrifugation at 

480  g for 5 min to sediment non-adherent cells, and the supernatant further centrifuged at 2000  g 

for 10 min at 4 C to remove cellular debris.  Complete EDTA-free Protease inhibitor cocktail tablets 

(Roche) were immediately dissolved in the resultant supernatants.  Each supernatant (~150 mL) was 

filtered through separate VacuCap® 60 filter units (Pall Life Sciences) with 0.1 µm Supor® to remove 

suspended cells and membrane vesicles and placed on ice.  Ultracentrifugation was performed at 

100,000  g at 4 C for 2 h (Beckman Coulter Optima MAX Ultracentrifuge) to obtain CM 

supernatants. 

 

Differential centrifugal ultrafiltration - CM supernatants from each cell line were fractionated through 

a series of Amicon® Ultra-15 (Millipore) and Macrosep® Omega (Pall Life Sciences) centrifugal filter 

devices as described (Greening, manuscript submitted). Membranes were pre-rinsed with deionized 

water (A10-Synthesis™ water polishing system, Millipore), and subsequently RPMI-1640 medium.  

CM supernatants were filtered initially through Amicon® Ultra-15 30,000 nominal molecular weight 

limit (NMWL) centrifugal filter devices (3,000  g, 4 °C), with each filtrate (flow-through, <30K) 

subsequently filtered through an Amicon® Ultra-15 3,000 NMWL filter (3,000  g, 4 °C).  Filtrates 

(flow-through, <3kDa) were concentrated to ~2 mL using a 1,000 NMWL Macrosep® Omega 
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centrifugal device (2,500  g, 4 °C), to obtain the secretopeptidome (1-3K fractions) [28].  Therefore, 

from each CM supernatant fractions (i) >30K, (ii) 3-30K, and (iii) 1-3K were obtained.  Centrifugation 

conditions were optimized as previously described [28-30] to ensure 95% (v/v/) filtrate recovery.  

 

Protein quantitation - The protein content of secretome fractions and WCL preparations was estimated 

by 1D-SDS-PAGE / SYPRO® Ruby protein staining / densitometry [31].  Briefly, 5 µL sample 

aliquots were solubilized in SDS sample buffer (2% (w/v) sodium dodecyl sulfate, 125 mM Tris-HCl, 

pH 6.8, 12.5% (v/v) glycerol, 0.02% (w/v) bromophenol blue) and loaded into 1 mm, 10-well 

NuPAGE™ 4-12% (w/v) Bis-Tris Precast gels (Invitrogen). Electrophoresis was performed at 150 V 

for 1 h in NuPAGE™ 1  MES running buffer (Invitrogen) using an Xcell Surelock™ gel tank 

(Invitrogen). After electrophoresis, gels were removed from the tank and fixed in 50 mL fixing 

solution (40% (v/v) methanol, 10% (v/v) acetic acid in water) for 30 min on an orbital shaker and 

stained with 30 mL SYPRO® Ruby (Life Technologies, NY, USA) for 30 min, followed by destaining 

twice in 50 mL of 10% (v/v) methanol with 6% (v/v) acetic acid in water for 1 h.  Gels were imaged 

on a Typhoon 9410 variable mode imager (Molecular Dynamics), using a green (532 nm) excitation 

laser and a 610BP30 emission filter at 100 µm resolution.  Densitometry quantitation was performed 

using ImageQuant software (Molecular Dynamics) to determine protein concentration relative to a 

BenchMark™ Protein Ladder standard of known protein concentration (Invitrogen).  Protein 

concentrations of 1-3K fractions were determined by absorbance at A280 nm using ND-2000 

spectrophotometer (NanoDrop, USA). 

 

Analytical RP-HPLC fractionation - Analytical RP-HPLC of 1-3K fractions were performed using an 

1100 HPLC system (Agilent Technologies), with column eluent monitored using a diode-array 

detector fitted with a standard 13-μL flow-cell (Agilent Model G1315B) and a multi-wavelength 
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fluorescent detector fitted with a standard 8-μL flow-cell (Agilent Model G1321A) coupled in-line. 

Peptidome fractions (1-3K, 100 μg, 0.5 mL) were manually injected (2 mL sample loop) onto a 

Brownlee Aquapore RP-300 cartridge (100 × 2.1 mm id, octylsilica 300Å pore size, 7 μm dp (Perkin-

Elmer)). Sample injections were made up with 1:1 solvent A, 0.1% (v/v/) aqueous TFA.  The column 

was developed at 100 μL/min over 75 min at room temperature using a linear 60-min gradient from 0–

100% solvent B; 0.1% aqueous TFA, 60% CH3CN. Column eluent was monitored for UV absorbance 

at 215 nm. 100 μL fractions were collected (t = 14-50 min) into 96-well low-protein binding plates 

(Agilent Technologies), after correcting for the post-column dead volume (50 μL). Fractions were 

concentrated to ~20 μL by centrifugal lyophilisation (SpeedVac AES 1010, Savant, U.S.A.) prior to 

sample injection for nanoLC-MS/MS analysis. 

 

1D SDS-PAGE, gel excision, reduction, alkylation, and trypsinisation – For secretome >30K and 3-

30K fractions, 30 μg were electrophoresed on a NuPAGE® Novex 4-12% Bis-Tris Gel (Invitrogen).  

Electrophoresis was performed at constant 150 V in NuPAGE® MES Running Buffer (Invitrogen) for 

50 min.  Proteins were visualized using Imperial Protein Stain (Pierce, Rockford, IL) according to 

manufacturer’s instructions.  23  1.5-mm gel bands were excised from each gel lane and individual 

bands subjected to automated in-gel reduction, alkylation, and tryptic digestion [32] using the 

MassPREP® Robotic Liquid Handling Station (Micromass).  Briefly, gel sections were reduced with 

10 mM DTT (Calbiochem) for 30 min, alkylated for 20 min with 25 mM iodoacetic acid (Fluka), and 

digested with 150 ng trypsin (Worthington, Lakewood, NJ) for 4.5 h at 37 °C.  Extracted peptide 

solutions for each fraction were concentrated to ~10 μL by centrifugal lyophilisation using a 

SpeedVac AES 1010 (Savant) for subsequent LC-MS/MS analysis. 
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nanoLC-MS/MS – NanoLC-MS/MS experiments were performed with a 1200 series nanoLC system 

(Agilent) equipped with a UPLC nano-Acquity® C18 150 × 0.15 mm i.d. column (Waters, Milford, 

MA).  The system was developed with a linear 60-min gradient with a flow rate of 0.8 μL/min at 45 

°C from 0-100% solvent B, where solvent A was 0.1% aqueous formic acid and solvent B was 0.1% 

aqueous formic acid/60% CH3CN. The nanoHPLC was coupled on-line to an LTQ-Orbitrap mass 

spectrometer equipped with a nanoelectrospray ion source (Thermo Fisher Scientific) for automated 

MS/MS, as described [30, 33].  All collected and lyophilised fractions for 1-3K samples, and 

trypsinised fractions for >30K and 3-30K fractions were analyzed. 

 

Database searching and bioinformatic analysis - Peak lists were extracted using the Extract-MSn 

program as part of Bioworks 3.3.1 (Thermo Fisher Scientific).  Parameters used to generate peak lists 

were as follows: minimum mass 700, maximum mass 7000, grouping tolerance 0.001 Da, minimum 

group count 1, 10 peaks minimum and total ion current of 100.  Peak lists for each LC-MS/MS run 

were merged into a single Mascot generic file (MGF) for Mascot searches.  Automatic charge state 

recognition was used because of the high-resolution survey scan (30,000).  MGF files were searched 

using the Mascot v2.3.01 search algorithm (Matrix Science) against the Q112 LudwigNR protein 

sequence database with a taxonomy filter for human comprising 137 881 entries 

(http://www.ludwig.edu.au/archive/LudwigNR/LudwigNR.pdf).  The search parameters were as 

follows: Peptidome (1-3K) unrestricted search (no-enzyme) with N-terminal protein acetylation as 

variable modification. For 3-30K and >30K, trypsin used with two missed cleavages, 

carboxymethylation of cysteine as a fixed modification (+58 Da), N-terminal acetylation (+42 Da) and 

methionine oxidation (+16 Da) simultaneously allowed as variable modifications.  A peptide mass 

tolerance of ±30 ppm, #13C defined as 1, and fragment ion mass tolerance of ±0.7 Da was used.  The 

automatic decoy (random) database sequence option was enabled to allow false-discovery rate 

http://www.ludwig.edu.au/archive/LudwigNR/LudwigNR.pdf
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estimation. The program MSPro, previously described [28, 34], was used for collating all Mascot 

search result files and extracting all peptide identifications. All peptides from target and decoy 

searches scoring ≥ 13 (Mascot Ionscore) were passed to the post-processing program Percolator (v1.2) 

[35, 36] for statistical validation, with a 1% q-value (FDR) and peptide significance threshold of 5% 

(PEP, 0.05).  All significant peptides were assigned to protein groups based on the principle of 

parsimonious analysis [37] and all peptides labeled as unique or duplicate along with their status (i.e., 

razor, unique or degenerate). 

SignalP 4.0 [38] and SecretomeP 2.0 [39] algorithms (Center for Biological Sequence 

Analysis) were used to predict classical and non-classical secretion modes, respectively.  A 

SecretomeP score >0.5 indicates a high probability of secretion via a non-classical pathway.  

Transmembrane prediction based on a Hidden Markov model was performed using TMHMM 2.0 

(www.cbs.dtu.dk/services/TMHMM/) [40].  The MEROPS peptidase database 

(http://merops.sanger.ac.uk/) was used as resources for annotating proteolytic events and determining 

substrate specificity [41]. Raw mass spectrometry data is deposited in the PeptideAtlas and can be 

accessed at http://www.peptideatlas.org/PASS/PASS00258 [42-44]. 

 

Label-free spectral counting – The relative abundance of a protein within a sample was estimated 

using semi-quantitative normalized spectral count ratios (NSC).  For each individual protein, the 

number of significant (q-value <0.01) scoring peptide spectra matches (PSMs) were summed, and 

normalized by the total number of significant scoring PSMs in the sample (Eqn.1) [33, 45]. 

 

  NSC = (n+f)/[t-(n+f)]         Eqn. 1 

 

http://www.cbs.dtu.dk/services/TMHMM/
http://merops.sanger.ac.uk/
http://www.peptideatlas.org/PASS/PASS00258
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where n is the number of significant PSMs for each protein in the sample, t is the total number of 

significant PSMs in the sample and f is the correction factor set to 1.25 (this factor allows relative 

quantitation of all proteins within both normalized datasets to be performed).   

 

To compare relative protein abundance between samples the ratio of normalized spectral counts (RSC) 

was estimated (Eqn. 2), as previously described [33, 46]. 

 

 RSC = [(nSUL+f) [tCON-(nCON+f)] / (nCON+f) [tSUL-(nSUL+f)]]               Eqn. 2  

 

where n is the number of significant PSMs, t is the total number of significant PSMs, f is a correction 

factor set to 1.25, and CON (control) and SUL (sulindac).  The number of significant assigned spectra 

for each protein was used to determine whether the protein was differentially expressed between the 

two categories (control and sulindac-treated). For each protein the Fisher’s Exact test was applied to 

significant assigned spectral values. The resulting p-values were corrected for multiple testing using 

the Benjamini-Hochberg procedure [47].  Our protein list represents those that remained significant at 

the 0.05 level after this correction, with computation analyses performed using R [48]. 

 

Label-free peptide total ion current (TIC) – In addition to label-free spectral counting, the TIC of 

identified peptides is reported. Asara et al., [49] have shown that the TIC has advantages over simple 

spectral counting including increased dynamic range and quantification for low spectral counts.  

 

Western blot analysis - LIM1215 cell were treated with normal RPMI 1640 media with 1.5 M Tris-

HCl, or RPMI-1640 media with 1 mM sulindac (4, 8, 10, 12, 16, 24 h) to analyze cellular and 

secretome protein expression.  Cell lysis was obtained by washing cells twice with ice-cold PBS (10 
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mL) and lysed with 2 mL of 2  SDS sample buffer (4% (w/v) SDS, 20% (v/v) glycerol and 0.01% 

(v/v) bromophenol blue, 0.125 M Tris-HCl, pH 6.8) for 10 min on ice, followed by centrifugation 

(400,000  g, 30 min) (TLA-100.2 rotor, Beckman) to remove insoluble material.  Cell lysate (30 µg) 

and secretome samples (10 µg) were lysed in SDS sample buffer and reduced with 50 mM DTT (when 

required), heated for 5 min at 95 °C and subjected to electrophoresis using precast NuPAGE™ 4-12% 

(w/v)  Bis-Tris Precast gels (Invitrogen) in MES running buffer at a constant 150 V for 1 h.  Proteins 

were electrotransferred onto nitrocellulose membranes using the iBlot™ Dry Blotting System 

(Invitrogen) and the membranes blocked with 5% (w/v) skim milk powder in Tris-buffered saline 

(TBS; 50 mM Tris, 150 mM NaCl) with 0.05% (v/v) Tween-20 (TTBS) for 1 h.  Membranes were 

probed with primary mouse anti-E-cadherin (BD Biosciences) (1:2500), rabbit anti-laminin γ1 

(Abcam, Cambridge, UK) (1:1000), mouse anti-Cab45 antibody (BD Biosciences) (1:1000), rabbit 

anti-MMP-1 (Santa Cruz Biotechnology) (1:1000), mouse anti-FAK (BD Biosciences) (1:4000), 

mouse anti-FAK Tyr397 (BD Biosciences) (1:4000), for 1 h in TTBS, followed by secondary antibody 

incubation; HRP conjugated anti-rabbit, anti-goat or anti-mouse antibodies (1:5000) (BioRad Life 

Sciences), or goat anti-rabbit IgG IRDye 680 (1:5000) (LI-COR Biosciences).  Antigen-antibody 

complex detection was performed using an Odyssey Infrared Imaging System, v3.0 (LI-COR 

Biosciences, Nebraska USA).  Loading controls were obtained by subsequent Deep Purple™ Total 

Protein staining (GE Healthcare) of membranes following Western blotting. 

 

RESULTS and DISCUSSION 

The use of the NSAID sulindac has been attributed to inhibitory effects on tumour growth in gastric, 

breast, lung, and CRC in nude mice, resulting in a decrease in cell growth and increased apoptosis [50-

53].  Although studies have been performed on the chemopreventive actions of sulindac and its 

metabolites in these systems, the underlying mechanisms of action, especially events associated with 
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apoptotic-onset, are still poorly understood. As a first step toward understanding NSAID-mediated 

anticancer activity in the context of the tumour environment, we have used the human colon 

carcinoma cell line LIM1215 to monitor the effect of sulindac on secretome and secretopeptidome (<3 

kDa) expression levels.  

 

Sulindac metabolism - Sulindac is a pro-drug, containing a methyl sulfoxide group, which must be 

reduced to sulindac sulfide to be active as a COX inhibitor [54].  Previous results indicate that the 

reduction of (S)-sulindac to sulindac sulfide, the active NSAID, is catalyzed by methionine sulfoxide 

reductase (Msr) A [55, 56].  The Msr family of enzymes (MsrA and MsrB classes) are primarily 

responsible for the reduction of protein-bound methionine sulfoxide to methionine and play an 

important role in protecting cells against oxidative damage and aging [57]. Based on cancer tissue 

expression from the Human Protein Atlas database [58] most colon carcinoma tissues express MsrA 

and MsrB1/2 at moderate straining levels. Because MsrA is a potentially secreted protein, based on 

Swiss-Prot and Human Protein Atlas, it is possible that sulindac applied within the LIM1215 culture 

medium in this study can be metabolised by cell-secreted MsrA. In this study we cannot speculate on 

the level of sulindac metabolism (sulindac sulphide conversion) in this model without further 

experimentation. 

 

Assessment of early-onset stage of apoptosis in LIM1215 cells by sulindac  

In order to perform MS-based proteome analyses on proteins/peptides released from cancer cells 

grown in vitro it is important to develop cell culture conditions using serum-free media (SFM) 

otherwise the high concentration of albumin in FCS will compromise MS-based protein 

identifications.  Cell proliferation and viability of LIM1215 cells cultured using SFM over 24 h was 

~95-97 % based on MTT assay and trypan blue staining (data not shown), which is in accordance with 
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our previous study [26].  Under serum-free medium conditions LIM1215 cell proliferation was 

inhibited in a dose-dependent manner in response to 1 mM sulindac treatment (Fig. 1A).  Live-cell 

imaging of LIM1215 cells cultured in SFM containing propidium iodide (PI) was used to monitor 

changes in cell morphology and membrane integrity [59] (Fig. 1B, Supplemental Video 1).  It can be 

seen that following 12 h sulindac exposure cell detachment and loss of cell membrane integrity was 

apparent.  To further assess early-stage onset of apoptosis, Annexin V-FITC binding assay [60] 

revealed increased binding to phoshatidylserine following 8 h treatment with 1 mM sulindac (Fig. 

2A).  Consistent with this finding was the observed phosphorylation change in focal adhesion kinase 

(FAK).  Although there was no significant reduction in FAK expression levels following sulindac 

treatment, FAK activity (evidenced by tyrosine phosphorylation of FAK-Tyr397 [61]) diminished 

appreciably (Fig. 2B).  FAK is activated and localized at FAs upon cell adhesion to the ECM through 

integrin binding, triggering phosphorylation of FAK-Tyr397.  Hypophosphorylation of FAK-Tyr397 

results in proteolytic degradation of FAK, inhibiting kinase activity, and modulating cell migration 

and adhesion [62].  Our data agrees with previous reports of NSAIDs, including sulindac, modulating 

FA architecture through FAK and sensitivity to apoptosis through cell-detachment (i.e., anoikis) [63].  

Sulindac sulfide has been shown to modulate apoptosis by integrin-mediated signaling through 

dephosphorylation of FAK in sporadic and heritable CRC [64].   

 

To further establish the time of onset of apoptosis in response to 1 mM sulindac, cleavage and 

activation of caspase-3 was monitored by Western blotting (Fig. 2C).  Cleavage of pro-caspase-3 (32 

kDa) into active caspase-3 fragments (17–10 kDa) was observed following 16 h sulindac treatment.  

Taken together, these findings establish that 1 mM sulindac induces LIM1215 cell detachment and 

loss of cell membrane integrity from 12 h, and apoptosis following 16 h.  For these reasons conditions 

where LIM1215 cells were treated with 1 mM sulindac for 8 h were chosen to study early changes in 

secretome before the onset of apoptosis.  
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Isolation and characterization of the secretome 

The strategy to investigate the LIM1215 secretome (8 h treatment with 1 mM sulindac) is shown in 

Fig. 3.  In total 9,029 peptides were identified from 987 proteins using a stringency of two or more 

identified peptides for each protein (Supplemental Table 1);  891 proteins (6,601 peptides) and 883 

proteins (6,848 peptides) from sulindac-treated and untreated secretomes, respectively, with an 

overlap of 788 proteins (Supplemental Figure 1A). A comparison of identified proteins between the 

secretome (bottom-up proteomics methodology) and secretopeptidome (top-down, intact) analyses 

were performed. For sulindac treated, a total of 896 proteins (7607 peptides) were identified in the 

>30K fraction, 205 proteins (760 peptides) identified in the 3-30K fraction, while 149 proteins (578 

peptides) identified in 1-3K secretopeptidome fraction (Supplemental Figure 1B). A total of 41 

proteins were identified common to each of these preparations, while 23 proteins were unique to the 

secretopeptidome fraction. In comparison, for the control, a total of 869 proteins (7701 peptides) were 

identified in the >30K fraction, 145 proteins (760 peptides) identified in the 3-30K fraction, while 168 

proteins (508 peptides) identified in 1-3K secretopeptidome fraction (Supplemental Figure 3C). A 

total of 34 proteins were identified common to each of these preparations, while 27 proteins were 

unique to the secretopeptidome fraction. A comparison between the conventional bottom-up 

proteomics approach and the peptidomic top-down approach revealed distinct variations for each 

analysis approach (Supplemental Figure 1B/C, Supplemental Table 1).  

 

Based on UniProt annotation, of the 987 proteins identified, 144 (14.6%) proteins were classified as 

secreted, extracellular, or cell membrane-derived and 80 proteins predicted to contain at least one 

transmembrane-spanning domain based upon Kyte-Doolittle hydropathy scores [65].  Using SignalP 

4.0 [38] and SecretomeP 2.0 [39] algorithms, a total of 656 proteins (66.5%) were categorized as 
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being secreted by classical and non-classical means (Table 1): 189 proteins predicted by SignalP to be 

classically secreted, 467 proteins predicted to be non-classically secreted based on SignalP and 

SecretomeP (<0.5). 

 

To determine the relative abundance of proteins within samples, two different approaches were used 

based on analysis type: label-free spectral counting (Rsc) for combined identified peptides from all 

datasets (1-3K, 3-30K and >30K fractions) and label-free precursor ion intensity (total ion counts, 

sTIC) for endogenous peptides in the RP-HPLC separated 1-3K fractions.  For label-free spectral 

counting, the total number of significant peptide spectra identified for each protein was summed and 

normalized by the total number of significant peptide spectral counts in the sample (see Eqn. 1 in 

Experimental Procedures).  To compare relative protein abundance between samples the ratio of 

normalized spectral counts (RSC) was calculated using Eqn. 2 [33].  Thus, a higher normalized spectral 

count ratio (NSC) reflects higher protein abundance.  For all identified proteins, adjusted p-values, as 

well as confidence limits are shown in Supplemental Table 1. An annotated Volcano plot of adjusted 

p-values and normalized spectral counts ratio’s shows which proteins are significantly up- or down-

regulated (Supplemental Figure 2). Based on RSC ratios (Supplemental Table 1), the expression level 

of collagen alpha-1(XII) chain (RSC -46.9) was the most decreased protein in the sulindac-secretome, 

relative to the untreated sample (control).  While spectral count quantitation provides an accurate 

estimation for high-abundance proteins, it is limited in its ability to quantify low abundance species 

(<10 kDa) with low spectral counts [49, 66].  For these reasons we utilized label-free precursor ion 

intensity to analyze the peptidome (1-3K fractions).  

 

Sulindac attenuates expression of components involved in cell-cell adhesion 
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Proteomic profiling of the sulindac secretome revealed a diminution of expression levels of many 

components involved in cell-cell adhesion, including cadherins, desmosomes, and integrins (Table 2).  

For example, the expression level of protocadherin Fat1 was significantly attenuated (RSC -5.0) – 

protocadherin Fat1 (FAT1) is a member of integral membrane proteins that regulate cell growth, cell–

cell connectivity, gene expression, and planar cell polarity and functions as an adhesion/signaling 

receptor [67].  This is the first report of FAT1 with relevance to NSAID activity.  FAT1 has been 

suggested to act as a receptor that transduces extracellular cues [68], however the association and 

function of FAT1 with the tumor microenvironment has not yet been defined.   Diminished expression 

of Lactadherin (RSC -4.2), important in maintenance of intestinal epithelial homeostasis and promotion 

of mucosal healing [69], Cell adhesion molecule 1 (RSC -1.5), and Desmocollin 2 (RSC -2.3), which 

functions in maintenance of tissue integrity and architecture [70] were observed following sulindac 

exposure (Table 2).  Lactadherin has been shown to regulate cyclins D1/D3 expression and enhance 

the tumorigenic potential of mammary epithelial cells [71], while molecular mechanisms responsible 

for altered Desmocollin 2 expression are not known.  This study represents the first report of either 

Lactadherin or Desmocollin 2 associated with NSAID activity.  Further, Cell adhesion molecule 1 

(CADM1), a key modulator of the microenvironment to sensitize tumor cells to immune-surveillance 

[72], has not been described associated with activity of NSAIDs.  Similarly, members of the integrin 

cell surface receptor family were dysregulated following sulindac exposure for 8 h, including ITGA2 

(RSC 1.2), ITGA3 (RSC -1.6), ITGA6 (RSC 1.6), and ITGB1 (RSC 4.1).  Recent findings have attributed 

integrins to be directly modulated by chemopreventive agents, including sulindac, to modulate 

induction of apoptosis through loss of cell-detachment [64].  These findings highlight the importance 

of the secretome and associated changes to cell-cell adhesion prior to the onset of apoptosis. 

 

Sulindac modulates remodeling of extracellular matrix components  
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Expression levels of secreted proteins associated with the ECM were shown to be significantly 

attenuated in response to sulindac – these include collagens, proteoglycans, adhesive glycoproteins, 

matricellular components, and various proteases (Table 2).  Foremost amongst these were collagens 

(COL12A1, RSC -46.9; COL4A2, RSC -3.4), and the basement membrane laminin receptors (LAMA3, 

RSC -5.8; LAMA5, RSC -7.3; LAMB1, RSC -22.7; LAMB2, RSC -7.4; LAMB3, RSC -3.4; LAMC1, RSC -

8.6; LAMC2, RSC -4.2).  Confocal immuno-fluorescence and western blotting of laminin-γ1 (LAMC1) 

confirmed the diminution in response to sulindac treatment based on semi-quantitative label-free 

spectral counting (Fig. 4A/B/C).  Laminins are key epithelial-derived ECM components of the 

basement membrane that underlie intestinal epithelial cells [73]. Interestingly, in glioblastoma cells 

NSAIDs have been shown to down-regulate gene and protein expression of laminin γ1 resulting in 

attenuated tumor invasion capability [74].  Laminins form independent networks with type IV 

collagen through proteoglycans, and interact with the cell membranes through integrins and other cell 

membrane receptors, including dystroglycan.  In this study several proteoglycans were identified, 

including chondroitin sulfate proteoglycan 4 (CSPG4, RSC 2.6), glypicans -1 and -4 (GPC1, RSC -6.8; 

GPC4, RSC -2.3) and perlecan (HSPG2, RSC -8.0).  Consistent with these findings, many NSAIDs limit 

the expression and activity of proteoglycans [75, 76].  These data suggest that sulindac modulates the 

expression of key ECM components collagens, laminins, and proteoglycans prior to the onset of 

apoptosis.   

 

An interesting finding was spatio-temporal localization of E-cadherin in LIM1215 cells upon sulindac 

treatment.  While no  change in the expression levels of E-cadherin (CDH1, RSC 1.0) were observed, 

confocal immuno-fluorescence revealed that in response to sulindac, the subcellular localization of E-

cadherin was directed from the plasma membrane (<4 h) to cytosolic expression (from 8 h) (Fig. 4C). 

This finding is consistent with the observation that sulindac increases intercellular E-cadherin 

immuno-staining within 48 h in head and neck squamous cell cancer [77].  
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Proteases and protease inhibitors in the microenvironment play a seminal role in inflammation and 

cancer [78].  In this study, sulindac was shown to increase the expression levels of proteases 

associated with the ECM in the LIM1215 cell secretome – many of which are implicated in tissue 

remodeling, invasion, and metastasis [78-81].  These include matrix metalloproteinase-1 (MMP-1, RSC 

5.0) [82], calpain-1 catalytic subunit (RSC 1.6) [83], and ADAM 9 (RSC 1.5) [84] (Table 2).  Western 

immuno-blotting of MMP-1 confirmed the upregulated expression in response to sulindac following 8 

h exposure (Fig. 4A/B).  Collectively, these findings suggest that early-stage sulindac exposure 

modulates expression of components throughout the ECM, leading to altered cell-matrix interactions.   

 

Sulindac increases extracellular regulated intramembrane proteolysis (RIP) 

In this study although a modest increase in proteolysis was observed in the LIM1215 secretome 

following treatment with 1 mM sulindac for 8 h, an unexpected finding was enhanced (~40%) 

regulated intramembrane proteolysis (RIP).  RIP describes the proteolytic processing of type I or type 

II transmembrane proteins, where a membrane-bound ectodomain fragment is subsequently cleaved 

by I-CliPs into an intracellular domain (ICD) and a soluble, ectodomain [85, 86]. Using a top-down 

MS analysis strategy (RP-HPLC/ nanoLC-MS/MS) for the 1-3K secretome fraction (peptidome) 33 

proteins (from 116 endogenous peptides) were identified  in sulindac-treated 1-3K fraction 

(Supplemental Table 2) compared with 27 proteins (71 peptides) in the control (untreated sample) 

(Table 3, Supplemental Table 3).  However, 21 intramembrane domain fragments (from 8 cell surface 

protein ectodomains) were identified in the control sample (untreated with sulindac) compared with 53 

intramembrane domain fragments (from 17 membrane ectodomains) from sulindac treated secretome 

samples. These include APP [87], APLP2 [88], SDC1 [89], and epithelial cadherin, CDH1 [90]  

(Table 3).  RIP controls a variety of cellular mechanisms including cellular signaling mediated by 

several intramembranous cleaving proteases such as the γ-secretases [91].  Interestingly, various 
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NSAIDs including sulindac and celecoxib have been demonstrated to modulate the activity of 

membrane-spanning enzymes, including the γ-secretase [92, 93].  These studies suggest an association 

between NSAIDS and the physical state and fluidity of the PM, activity of γ-secretase, and processing 

of intramembrane domains.  

 

As an example, extracellular proteolytic peptide fragments from CDH1, a tumor suppressor that 

facilitates cell-cell adhesion and inhibits migration and invasion [94], were only identified in the 

sulindac secretome (Fig. 5).  CDH1 ectodomain proteolysis has been demonstrated to influence 

cadherin-mediated adhesion, mediated by ADAM10 [95].  Two peptides were identified, consistent 

with both ectodomain cleavage and intramembrane proteolysis: 701VEAGLQIPAIL711 and 

698AQPVEAGLQIPAILG712 which is derived from the extracellular/transmembrane CDH1-CTF1701-882 

chain.  MMP-7 (matrilysin) and MMP-3 (stromelysin-1) have been reported to cleave the ectodomain 

of CDH1 from both MCF-7 and MDCKts.srcC12 cells, producing a soluble fragment [96].  CDH1 

proteolysis and nuclear translocation of the cytoplasmic domain has been attributed to colorectal 

tumorigenesis [97].  According to the protease and substrate database MEROPS 

(http://merops.sanger.ac.uk/) [98] ectodomain cleavage of each of the N-terminal CDH1peptides 

observed in this study are potentially cleaved by various MMPs including MMP-1/2/9/12.  Needless to 

say, further studies are required to determine the functionality of cleaved substrates and peptides, and 

to establish whether sulindac-induced proteolytic processing of cell surface proteins are associated 

with a loss in cell adhesion and cell detachment in early-onset stage of apoptosis.   

 

Down-regulated expression of components associated with epithelial mucosal maintenance 

mediated by sulindac 
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In addition to their anti-tumor effects, many NSAIDs cause GI ulceration [99].  This damage is caused 

mainly through the ability of these agents to inhibit prostaglandin synthesis, which has a negative 

impact on the mucosal maintenance and defense [10].  In this study several secretome components 

which function in mucosal defense were down-regulated in response to sulindac treatment (Table 4), 

including glycoprotein-340 (deleted in malignant brain tumors 1, RSC -21.9), mucins 6 (RSC -5.8), 5AC 

(RSC -4.2), and 13 (RSC -1.1), regenerating islet-derived protein 4 (Reg IV, RSC -3.7), and growth-

regulated protein alpha (CXCL1, RSC -5.8).  Glycoprotein-340, a secreted glycoprotein and member of 

the SRCR superfamily, is associated with mucosal defense, cellular immunity and epithelial 

differentiation [100] and significantly down-regulated during sulindac.  Glycoprotein-340 resembles 

secretory mucins, such as mucin-5AC, in that it contains highly O-glycosylated tandem repeat regions.  

In the secretome, mucins 6, 5AC, and 13 were down-regulated in expression following sulindac 

exposure.  These mucins are gel-forming glycoproteins of gastric and respiratory tract epithelia [101].  

NSAIDs disrupt the production of prostaglandin-E2 which mediates mucin secretion [10]. Similarly, 

the expression levels of Reg IV, which protects intestinal crypt cells from radiation-induced apoptosis 

in normal GI tract by modulating GI cell susceptibility [102], were attenuated in LIM1215 secretome 

by sulindac treatment.  This is the first report of these components associated with mucosal 

maintenance to be modulated by sulindac on human colon tumor cells.  The down-regulated 

expression of these components following sulindac exposure provides important clues into the events 

associated with adverse in vivo effects of several NSAIDs, including sulindac and information towards 

designing new anti-inflammatory drugs with greater margins of safety.  

 

CONCLUDING REMARKS 

In summary, we have developed a protein/peptide separation strategy using differential centrifugal 

ultrafiltration in combination with 1D-SDS-PAGE/ RP-HPLC and nanoLC-MS-MS to study for the 
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first time the profile of proteins released into the culture (secretome) of LIM1215 cells following 

treatment with 1 mM sulindac for 8 h. Collectively, our data shows that under these conditions 

LIM1215 cells secrete decreased levels of proteins associated with extracellular matrix remodeling 

(e.g., collagens, perlecan, syndecans, filamins, dyneins), cell adhesion (e.g., cadherins, integrins, 

laminins) and mucosal maintenance (e.g., glycoprotein 340 and mucins 5AC, -6, and 13), while 

increased expression of various proteases including MMPs and ADAMs.  Our results are the first to 

show enhanced regulated intramembrane proteolysis (RIP) of colon tumor cell surface membrane 

proteins (e.g., E-cadherin) upon sulindac treatment.  Whether or not our in vitro secretome findings 

mediate any of sulindac’s growth inhibitory effects in vivo is an important area for ongoing studies.  A 

key finding of this study was the diminution of components throughout the secretome associated with 

mucosal maintenance, which may provide important information towards development of safer anti-

inflammatory drugs. 
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Figure Legends & Figures 

 

Figure 1 – Diminished cell proliferation and plasma membrane integrity in LIM1215 cells in 

response to sulindac.  LIM1215 cells were cultured under SFM conditions and treated with vehicle or 

sulindac (0.2, 0.4, 0.6, 0.8 and 1 mM) for 24 h and proliferation rates determined using MTT assay 

(A), as described in Experimental Procedures.  1 mM sulindac induced >50% cell inhibition (IC50).  

Error bars indicating standard deviations are shown for each time point.  Values are means of three 

samples from one of the three independent experiments.  Bars, +SD (n=3, * P < 0.05).  LIM1215 cells 

were exposed to 1 mM sulindac containing propidium iodide (PI) for defined periods (0-18 h) and 

imaged over a 24 h period using Olympus FV1000 confocal system and UPlanSApo 0.9 numerical 

aperture (NA)/40 objective (B).  PI staining (red) and cell detachment (indicated with white arrows) 

was used to assess plasma membrane integrity, with increased PI staining observed following 12 h 

exposure to 1 mM sulindac.  For time-lapse microscopy refer Supplemental Video 1 with 20 min per 

frame over the 19 h time-course.  Results are representative of three independent experiments.  

 

Figure 2 – Sulindac induces Annexin V binding, loss of focal adhesion and caspase-3 activation 

in response to sulindac.  LIM1215 cells were exposed to vehicle (i, iii, v, vii) or 1 mM sulindac (ii, 

iv, vi, viii) for defined periods (2, 4, 6, 8 h), and stained for cell apoptosis using Annexin V (white) 

(A).  Apoptosis was evaluated using the TACS™ cell system, as described.  Briefly, cells were treated 

with either vehicle (1.5 mM Tris-HCl, pH 8.5) or 1 mM sulindac, washed with ice-cold PBS, and 

incubated with Annexin V Incubation Reagent.  Cells were subsequently washed in Binding Buffer 

and viewed using an Olympus FV1000 confocal system and Olympus IX81 microscope.  Cells 

exposed to vehicle showed negligible levels of Annexin V binding for all exposure periods, while 

sulindac induced Annexin V staining from 8 h (early apoptotic cell formation).  Images are 
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representative of three independent experiments.  Expression of FAK and phosphorylation of FAK-

Tyr397 (activated FAK) was monitored by Western blotting (B).  LIM1215 cells were treated with 

vehicle (1.5 mM Tris-HCl, pH 8.5) or 1 mM sulindac (8 h), and total cellular proteins were prepared 

as described.  Cellular lysates (10 g) were separated by SDS-PAGE and transferred onto a NC 

membrane and monitored by Western blotting.  Diminished phosphorylation of FAK-Tyr397 was 

observed following 8 h sulindac exposure.  Loading controls were obtained by staining the membrane 

with Deep Purple.  The effect of sulindac on caspase-3 cleavage was monitored by Western blotting 

using an anti-cleaved caspase-3 antibody (17 kDa) following 16 h sulindac incubation (C).  LIM1215 

cells were treated with vehicle (1.5 mM Tris-HCl, pH 8.5) or 1 mM sulindac (4, 8, 16 h), and whole 

cell lysates prepared as described.  Cell lysates (30 g) were separated by SDS-PAGE and transferred 

onto a NC membrane and cleaved caspase-3 detected by Western blotting.  Loading controls were 

obtained by staining the membrane with Deep Purple.  Results are representative of three independent 

experiments. 

 

Figure 3 – Secretome-based proteomic profiling to monitor changes in response to sulindac 

preceding apoptosis.  LIM1215 cells were grown to ∼70% confluence (5 × 107 cells) in RPMI-1640 

containing 5% FCS and washed three times with serum-free RPMI.  Cells were then allowed to culture 

in this medium for 24 h. Cells were subsequently treated in presence (1 mM) or absence (control) of 

sulindac, with the culture medium (CM) collected at 8 h (preceding onset of apoptosis) and centrifuged 

to obtain the soluble-secretome. Differential centrifugal ultrafiltration (NMWL filters 30K, 3K and 1K) 

was used to fractionate the soluble-secretome into molecular weight fractions (>30K, 3-30K, 1-3K).  

Soluble-secreted fractions >30K and 3-30K were analyzed by bottom-up proteomics, where samples 

were electrophoretically separated using 1D SDS-PAGE and gel bands excised and subjected to 

reduction, alkylation and trypsinisation.  Soluble-secreted fractions 1-3K (peptidome) were analyzed by 
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a top-down proteomic approach, where samples were fractionated using analytical RP-HPLC and 

concentrated using lyophilisation.  Fractions from both proteomic approaches were subsequently 

analyzed by nanoLC-MS/MS (LTQ-Orbitrap), before database processing and analysis. Identified 

peptides from the 1-3K fraction were validated using Percolator [35_ENREF_35, 36] with a stringent q-

value threshold of ≤0.01 and for peptidome analyses, a PEP score ≤0.05. 

 

Figure 4 – Validation of dysregulated extracellular components in response to sulindac revealed 

during proteomic profiling. Western immuno-blotting of secretome samples (10 g) confirms 

reduced levels of laminin-γ1 (A, following 8 h treatment), and elevated Cab45 (A, following 4 h 

treatment), and MMP-1 (A, following 8 h treatment) in response to sulindac.  Deep Purple total 

protein stain was used as a loading control for all studies.  To ascertain the relative abundance of these 

proteins in the secretome of control and sulindac treated samples (at 8 h), label-free spectral counting 

was performed (B).  For each protein within a sample, the total number of significant tryptic peptide 

spectra identified for that particular protein was summed and normalized by the total number of 

significant peptide spectral counts in the sample (see Eqn. 1).  A higher normalized spectral count 

ratio (Rsc) reflects increased protein abundance in that sample.  Differentially expressed proteins 

based on adjusted p-values and normalized spectral counts ratio of laminin-γ1 (LAMC1), Cab45 

(SDF4), and MMP-1 (MMP1) are shown. LAMC1 [p-value: 1.518E-06, Rsc 0.12 (-8.58 negative 

inverse Rsc)], SDF4 [p-value: 2.88E-05, Rsc 7.57], and MMP1 [p-value: 0.273, Rsc 4.98] (for 

upper/lower confidence intervals for these proteins refer Supplemental Table 1).  In response to 

sulindac, expression of laminin-γ1 and E-cadherin was monitored using confocal immuno-

fluorescence. Laminin-γ1 expression was shown to decrease from 4 h sulindac treatment, while a 

change in E-cadherin subcellular localization was observed from the cell membrane (from 4 h) to 

intracellular compartments (C).  Results are representative of three independent experiments. 
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Figure 5 – Identified peptides from E-cadherin in the peptidome.  In response to sulindac 

increased peptides in the secretome were identified for E-cadherin in the 1-3K dataset.  A schematic of 

human E-cadherin (P12830) indicating extracellular (155-709), transmembrane (TM) (710-730), and 

cytoplasmic (731-882) sequence domains. Identified peptides derived from 

extracellular/transmembrane domains of E-cad/CTF1 chain are shown.  Grey boxes denote peptides 

derived through proteolysis of extracellular domains (ectodomain cleavage).  Ectodomain cleavage 

sequence analysis indicate E-cad/CTF1 fragments derived through MMP-3/7 proteolysis [96].  Black 

boxes represent peptides derived through cleavage of intracellular domains (intramembrane 

proteolysis).  Based on sequence analysis proteolysis of these short TM fragments may be the result of 

presenilin-1/γ-secretase activity. 
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Figure 3 
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Figure 5 
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Table 1 - Predicted protein secretion pathways identified in the control and sulindac secretome 

 

Classical 

secretion 

(SignalP)a 

Non-classical secretion 

(SignalP and SecretomeP)b 
Otherc 

Predicted 

secreted (%) 

189 467 331 66.5 

 

 

a  Proteins predicted by SignalP to be classically secreted (SignalP v5.0)       

b  Proteins predicted to be non-classically secreted using SignalP  and SecretomeP (<0.5) (v2.0)     

c  Proteins not  classified as either classically secreted, non-classically secreted, or integral membrane proteins 

Refer Supplemental Table 1 for protein information relating to these calculations 
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Table 2 - Sulindac modulates remodeling of extracellular matrix and cell-cell adhesion 

components 

    
Acc#a Gene Name Protein Description RSC

b 

Cell adhesion components 

Q14517 
Q08431 
O00592 
Q9BY67 
Q02487 
Q16625 

FAT1 
MFGE8 
PODXL 
CADM1 
DSC2 
OCLN 

Protocadherin Fat 1  
Lactadherin  
Podocalyxin 
Cell adhesion molecule 1 
Desmocollin-2  
Occludin 

-5.0 
-4.2 
-3.4 
-1.5 
-2.3 
-2.6 

Integrins 

P17301 
P26006 
P23229 
P05556 

ITGA2 
ITGA3 
ITGA6 
ITGB1 

Integrin alpha-2  
Integrin alpha-3  
Integrin alpha-6  
Integrin beta-1 

1.2 
-1.6 
1.6 
4.1 

Collagens 
Q99715 
P08572 

COL12A1 
COL4A2 

Collagen alpha-1(XII) chain 
Collagen alpha-2(IV) chain 

-46.9 
-3.4 

Basement membrane 
proteoglycans 

P98160 HSPG2 Perlecan -8.1 

Proteoglycans and 
glycosaminoglycans 

O00468 
Q96S86 

AGRN 
HAPLN3 

Agrin 
Hyaluronan and proteoglycan link protein 3 

-4.7 
-2.6 

Noncollagenous ECM 
glycoproteins 

Q76E14 
Q8TDF8 
P07942 
P55268 
Q13751 
P11047 
Q13753 
P07996 

LAMA3 
LAMA5 
LAMB1 
LAMB2 
LAMB3 
LAMC1 
LAMC2 
THBS1 

Laminin alpha 3b chain 
Laminin alpha5 chain 
Laminin subunit beta-1 
Laminin subunit beta-2 
Laminin subunit beta-3 
Laminin subunit gamma-1 
Laminin subunit gamma-2 
Thrombospondin-1 

-5.8 
-7.3 

-22.7 
-7.4 
-3.4 
-8.6 
-4.2 
-6.9 

Structural Matrix O75413 LTBP4 Latent transforming growth factor beta-binding protein 4 -9.0 

Glycan binding Q08380 LGALS3BP Galectin-3-binding protein -2.7 

Associated 

Syndecans 
P18827 
P31431 

SDC1 
SDC4 

Syndecan-1 
Syndecan-4 

-1.8 
-2.5 

Cadherins 
P12830 
Q12864 

CDH1 
CDH17 

Epithelial cadherin (E-cadherin) 
Cadherin-17 

-1.0 
-1.5 

Other 

Q15582 
P07355 
P27797 
Q14118 
P13611 

TGFBI 
ANXA2 
CALR 
DAG1 
VCAN 

Transforming growth factor-beta-induced protein ig-h3 
Annexin A2 
Calreticulin (CRP55) 
Dystroglycan 
Versican core protein 

-2.8 
-1.3 
2.5 
-1.1 
-8.2 

Proteases 
P03956 
Q13443 
Q9Y5Y6 

MMP1 
ADAM9 
ST14 

Interstitial collagenase (Matrix metalloproteinase-1) 
ADAM 9 
Suppressor of tumorigenicity protein 14 

5.0 
1.5 
-1.9 

 
a  Protein accession from UniProt database, http://www.ebi.uniprot.org/index.shtm. 

 
b  Relative spectral count ratio (Rsc) for proteins identified in treated (1 mM sulindac, 8 h), compared with control (Eqn. 2) 
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Table 3 – Relative quantification of ectodomain shedding and intramembrane proteolysis in 

the secreto-peptidome by label-free total peptide ion counts (sTIC) 
 

Acc#a Gene Name Protein Description 

Control peptidome (8 h) 
Supplemental Table 2 

Sulindac peptidome (1 mM, 8 h) 
Supplemental Table 3 

Ion Inten 
(sTIC) b 

Extracellular 
domain 

peptides # 

Intramembrane 
domain 

peptides #d 

Ion Inten 
(sTIC) e 

Extracellular 
domain 

peptides # 

Intramembrane 
domain 

peptides #d 

O14672 ADAM10 
Disintegrin and metalloproteinase domain-
containing protein 10 

35434 3     

Q06481 APLP2 Amyloid-like protein 2 39173 3 1 53830 2 3 

P05067 APP Amyloid beta A4 protein 127693 4 7 97497 2 10 

Q9BY67 CADM1 Cell adhesion molecule 1 14985  3 13537  3 

P14209 CD99 CD99 antigen 108200 1 2 81391  7 

P12830 CDH1 Epithelial cadherin (E-cadherin) 17799   44460 2 4 

O95471 CLDN7 Claudin-7    3403 1  

O94985 CLSTN1 Calsyntenin-1 20347 2  40620 1 2 

Q14118 DAG1 Dystroglycan    21380  3 

P27487 DPP4 Dipeptidyl peptidase 4    49163  1 

P98172 EFNB1 Ephrin-B1 33202 1 3 30899 1 3 

P16422 EPCAM Epithelial cell surface antigen 15344  2 7002  2 

P21709 EPHA1 Ephrin type-A receptor 1    5513  1 

P29317 EPHA2 Ephrin type-A receptor 2    15254  2 

P29323 EPHB2 Ephrin type-B receptor 2    25747  3 

P54753 EPHB3 Ephrin type-B receptor 3    5099  1 

P54760 EPHB4 Ephrin type-B receptor 4    3430 1  

Q99795 GPA33 Cell surface A33 antigen 49641 4  22872 5  

O75144 ICOSLG ICOS ligand 25566 3     

Q01628 IFITM3 Interferon-induced transmembrane protein 3    17812 2  

P26006 ITGA3 Integrin alpha-3 13710 2     

O75096 LRP4 
Low-density lipoprotein receptor-related 
protein 4 

30088 1 1 4548  1 

P46531 NOTCH1 Neurogenic locus notch homolog protein 1    10275 1  

O15031 PLXNB2 Plexin-B2 42682 2  68613 2  

Q13308 PTK7 Inactive tyrosine-protein kinase 7    29604 2 1 

P10586 PTPRF Receptor-type tyrosine-protein phosphatase F    11126 2  

Q92692 PVRL2 Poliovirus receptor-related protein 2    19606 2 1 

P18827 SDC1 Syndecan-1 41275 4 2 118389 3 6 

P31431 SDC4 Syndecan-4 61510 7  36494 6 2 

Q9Y5Y6 ST14 Suppressor of tumorigenicity 14 protein 61340 1  12929 2  

O14763 TNFRSF10B 
Tumor necrosis factor receptor superfamily 
member 10B 

   6772 1  

 

 
Total 737989 38 21 857265 38 56 

 

a  Protein accession from UniProt database, http://www.ebi.uniprot.org/index.shtm. 
b  Summated total ion current (TIC) for peptides in control with Percolator PEP scores <1% (q <0.01) 
c Number of significant peptides (q <0.01) derived through ectodomain cleavage for control 1-3K 
d  Number of significant peptides (q <0.01) derived through regulated intramembrane proteolysis (within transmembrane domain sequence) for control 1-3K 
e  Summated total ion current (TIC) for peptides in treated (1 mM sulindac, 8 h) with Percolator PEP scores <1% (q <0.01) 
f  Number of significant peptides (q <0.01) derived through ectodomain cleavage for treated 1-3K (1 mM sulindac, 8 h) 
g Number of significant peptides (q <0.01) derived through regulated intramembrane proteolysis (within transmembrane domain sequence) for treated 1-3K (1 mM 

sulindac, 8 h)
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Table 4 - Relative quantification of selected mucosal maintenance & inflammation response 

proteins dysregulated during sulindac treatment by label-free spectral counting  

 

 

Acc#a Gene Name Protein Description RSC
b 

Q9UGM3 DMBT1 Deleted in malignant brain tumors 1 protein (Glycoprotein 340) -21.9 

O75882 ATRN Attractin precursor (Mahogany homolog) -11.4 

Q9Y6R7 FCGBP IgGFc-binding protein precursor (FcgammaBP) -10.6 

Q6W4X9 MUC6 Mucin-6 -5.8 

P09341 CXCL1 Growth-regulated protein alpha -5.8 

P98088 MUC5AC Mucin-5AC -4.2 

Q08431 MFGE8 Lactadherin -4.2 

Q9BYZ8 REG4 Regenerating islet-derived protein 4 precursor (Reg IV) -3.7 

Q9H3R2 MUC13 Mucin-13 -1.1 

 

a  Protein accession from UniProt database, http://www.ebi.uniprot.org/index.shtm. 

 
b  Relative spectral count ratio (Rsc) for proteins identified in treated (1 mM sulindac, 8 h), compared with control (Eqn. 2) 
 

c  Details on fold-changes, refer to Supplementary Table I. 


