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ABSTRACT

The definition of the secretome signature of a cancer cell line can be considered a potential tool to investigate tumor aggressiveness and a
preclinical exploratory study required to optimize the search of cancer biomarkers. Dealing with a cell-specific secretome limits the
contamination by the major components of the human serum and reduces the range of dynamic concentrations among the secreted proteins,
thus favouring under-represented tissue-specific species. The aim of the present study is to characterize the secretome of two human colon
carcinoma cell lines, CaCo-2 and HCT-GEQO, in order to evaluate differences and similarities of two colorectal cancer model systems. In this study,
we identified more than 170 protein species, 64 more expressed in the secretome of CaCo-2 cells and 54 more expressed in the secretome of
HCT-GEO cells; 58 proteins were shared by the two systems. Among them, more than 50% were deemed to be secretory according to their
Gene Ontology annotation and/or to their SignalP or SecretomeP scores. Such a characterization allowed corroborating the potential of a cell
culture-based model in order to describe the cell-specific invasive properties and to provide a list of putative cancer biomarkers. J. Cell. Biochem.
114: 2577-2587, 2013. © 2013 Wiley Periodicals, Inc.
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In the biomedical research field many efforts are directed towards
the discovery of reliable biomarkers for early detection, tumor
aggressiveness and surveillance of cancer. In the recent years, the
focus has moved from intracellular components to secreted factors. In
fact, all currently known biomarkers are secreted or shed proteins
[Kulasingam and Diamandis, 2008]. These latter contribute to tumor
growth, angiogenesis, and metastasis through autocrine, paracrine,
juxtacrine, and/or intracrine pathways [Normanno et al., 1996]. The
protein set secreted in the conditioned media (CM) of a serum-free
cellular culture (termed secretome) represents the signature of a
specific cell line and is also peculiar of the organ/tissue of origin. The
definition of a cell-specific secretome can be considered a potential
tool to investigate tumor invasion properties and a preclinical

Abbreviations: CM, conditioned media; CRC, colorectal cancer.
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exploratory study required to optimize the search of cancer
biomarkers. This cell-specific secretome approach is more advanta-
geous compared to the direct analysis of the serum because: i) the
major components of the human serum, such as albumins and
immunoglobulins, are less abundant, if not absent, thus simplifying
the search for tissue-specific biomarkers; and ii) the range of dynamic
concentrations among the secreted proteins is reduced favoring
under-represented  tissue-specific  species [Kulasingam and
Diamandis, 2008]. Despite some criticisms have been raised against
this procedure due to its reductionist nature, several recent reports are
based on: a) secretome analysis to study cancer aggressiveness and b)
cell culture models of cancer to identify novel candidate markers in
different kind of carcinomas [Makridakis and Vlahou, 2010]. As for
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colorectal cancer (CRC), one of leading cause of death worldwide
[Jemal et al.,, 2008], few studies have been published based on
characterization of cell-specific secretome using different methodo-
logical approaches, most of them investigating the primary colon
cancer cell line SW480 and its lymph node metastatic counterpart,
SW620 cell line [Xue et al., 2010; Wu et al., 2008, 2010]. Another
study, based on an immunoscreening procedure, involved five colon
cancer cell lines, including CaCo-2 and HT-29 [Klein-Scory
et al., 2010].

The aim of the present study is to characterize the secretome of two
human colon carcinoma cell lines, CaCo-2 and HCT-GEO, by
proteomic procedures in order to evaluate differences and similarities
of two CRC model systems. CaCo-2 consists of human colonocyte-
derived adenocarcinoma cells that express spontaneously the
differentiation characteristic of mature enterocytes [Chantret
etal., 1988]. HCT-GEO is a colon cancer cell line whose differentiation
can be modulate [Chantret et al., 1988].

In this study, we identified more than 170 protein species, 64 more
expressed in the secretome of CaCo-2 cells and 54 more expressed in
the secretome of HCT-GEO cells; 58 proteins were shared by the two
systems. Protein data were analyzed by means of different
bioinformatic tools to define functional clusters and recognize
secreted species according to both the classical and the non-classical
secreted pathways. The characterization of the secretome signature of
CaCo-2 and HCT-GEO cells allowed speculating that HCT-GEO
secretome contains several pro-invasion species, whereas different
adhesion proteins are identified in CaCo-2 CM. As for biomarker
search, we find putative candidates both in a cell specific secretome
and in the subset of secreted species shared by two cell lines. In
particular, we confirm already known putative CRC biomarkers, but
also we indicate new secreted proteins that could be tested on the sera
from CRC patients.

CELL CULTURES AND SERUM FREE MEDIA COLLECTION

CaCo-2 and HCT-GEO human colon cancer cell lines were obtained
from the CEINGE-Biotecnologie Avanzate (Naples, Italy) Cell Culture
Facility. Three independent replicates of CaCo-2 cells were seeded at
20,000-40,000 cells/cm? in a T-75 culture flask (Falcon, Becton
Dickinson, San Jose, CA) incubated at 37°C and 5% CO, in EMEM
(Sigma-Aldrich, St Louis, MO) supplemented with 10% of fetal bovine
serum (FBS) (Lonza, Basel, Switzerland), 1% non-essential amino
acids (Sigma-Aldrich) and 1% Ultraglutamine (Lonza). Three
independent replicates of HCT-GEO cells were seeded at 40,000
cells/cm?® in a T-75 culture flask in DMEM high glucose (Sigma-
Aldrich) supplemented with 10% FBS and 2% Ultraglutamine.
Cellular viability was assessed by trypan blue (Sigma-Aldrich)
exclusion and cell count was performed using a Burker chamber. Cells
were incubated at 37°C in a humidified atmosphere of 5% CO, until
they reached about 60-70% confluence. The culture media were then
aspirated and cells were washed three times with 1X Dulbecco’s
Phosphate Buffered Saline (DPBS; Sigma-Aldrich) w/o calcium and
magnesium and once with serum-free culture media. Cells were then
grown in 10 ml of complete culture medium without serum for 24 h.

Thereafter, for each independent experiment, the conditioned media
from 15 T-75 flasks were collected for each cellular model system,
supplemented with Complete Mini protease inhibitor cocktail (Roche,
Indianapolis, IN) and centrifuged at 400g for 15 min at 4°C. Following
collection of the conditioned media, adherent cells were detached by
Trypsin-EDTA (Sigma-Aldrich) and counted using a Burker chamber.
We estimated that more than 98% cells were viable.

CELL LYSIS AND PROTEIN EXTRACTION

Cells were resuspended with lysis buffer containing 50 mM Tris—
HCl, pH 7.5, 150 mM NaCl, 1% (v/v) Triton X-100, 10% (v/v) glycerol,
0.5 mM PMSF and Complete Mini protease inhibitor cocktail. After
30min incubation on ice, the insoluble material was removed by
centrifugation at 16,000g at 4°C for 30 min. Protein concentrations
were determined using Bradford’s reagent (Biorad).

PROTEIN PRECIPITATION FROM CONDITIONED MEDIUM AND SDS-
PAGE

Proteins were precipitated from the pooled conditioned media of each
independent experiment using 15% TCA. Following 2 h incubation on
ice, the samples were centrifuged at 15,0009 at 4°C for 15min and
washed twice with ice-cold acetone. The precipitated proteins were
then dissolved in de-ionized water and their concentrations were
determined using Bradford’s reagent.

The secreted proteins from each independent experiment were
fractionated by 10% SDS-PAGE. Molecular masses of protein bands
were estimated by using Precision Plus All Blue protein standards
(Bio-Rad). Protein electrophoretic patterns were then visualized using
GelCode Blue Stain Reagent (Pierce). The resulting gel image was
scanned by PDquest 7.1 software (Biorad).

IN GEL DIGESTION

The whole gel lanes were cut to create 2-mm gel slices. Each slice was
crushed and washed first with acetonitrile (ACN) and then with
50 mM ammonium bicarbonate (AMBIC). Enzymatic digestions were
carried out by slightly modifying a previously described protocol
[Orru et al, 2002]. Briefly, protein samples were reduced by
incubation in 10mM DTT for 45 min at 56°C and alkylated with
55mM iodoacetamide in 50mM AMBIC for 30min at room
temperature in the dark. The gel particles were then washed with
50 mM AMBIC and ACN. Enzymatic digestions were carried out with
modified trypsin (Sigma) (10 ng/pl) in 50 mM AMBIC, pH 8.5, at 4°C
for 45 min. The enzymatic solution was then removed. A new aliquot
of the buffer solution was added to the gel particles and incubated at
37°C for 18 h. A minimum reaction volume sufficient for complete
rehydration of the gel was used. Peptides were extracted by washing
the gel particles in ACN at 37°C for 15 min, and then vacuum-dried.
Before mass spectrometry analysis, peptides were resuspended in
10 .l 0.5% TFA.

wLC-MS/MS ANALYSIS

Mass spectrometry analyses were performed by using the LC/MSD
Trap XCT Ultra (Agilent Technologies, Palo Alto, CA) equipped with
an 1100 HPLC system and a chip cube (Agilent Technologies), as
reported previously [Imperlini et al., 2010]. Briefly, after an
enrichment step, each peptide sample was fractionated on a C18
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reverse-phase capillary column (75 pm x 43 mm) at a flow rate of
200 nl/min with a linear gradient of eluent B (0.1% FA in acetonitrile)
in A (0.1% FA) from 5 to 60% in 50 min. Elution was monitored on the
mass spectrometers without any splitting device. Peptide analysis was
performed using data-dependent acquisition mode on the three most
abundant ions in each MS scan. Dynamic exclusion was used to
acquire a more complete survey of the peptides. A permanent
exclusion list of the most frequent peptide contaminants was
included as previously reported [Corbo et al., 2012]. Each analysis was
conducted in duplicate.

PROTEIN IDENTIFICATION AND QUANTITATION

Mascot format text files were analyzed by Proteome Discoverer
platform (version 1.3; Thermo Scientific, Bremen, Germany),
interfaced with an in-house Mascot server (version 2.3, Matrix
Science, London, UK) for protein identifications. All peak lists were
processed against the UniProtKB/Swiss-Prot database (release
2012_05) with the following search parameters: Homo Sapiens as
taxonomy, Precursor Mass Tolerance 300ppm, Fragment Mass
Tolerance 0.6 Da, charge state +2, and +3, cysteine carbamidome-
thylation as static modification, N-terminal glutamine conversion to
pyro-glutammic acid and methionine oxidation as Dynamic
modifications, enzyme trypsin, allowing up to one missed cleavage.
For label-free quantification, all peptides with FDR <0.01 and a
peptide rank of 1 were included. Spectral count (SpC) values were
used as a quantitative parameter for estimating protein abundance
and comparing the expression of the same protein between the two
cell lines. SpC log ratio and Normalized Spectral Abundance Factor
(NSAF) were calculated according to Old et al. [2005] and Zybailov
et al. [2006], respectively, considering for each identified protein the
average SpC value among three biological replicates.

DATA ANALYSIS

The secretome datasets identified were analyzed according to Gene
Ontology annotations using the Gene Ontology Enrichment Analysis
Software Toolkit (GOEAST, http://omicslab.genetics.ac.cn/GOEAST/)
[Zheng and Wang, 2008]. Among the different annotation categories,
the analysis was focused onto the cellular compartment annotation
term.

The secretion features of identified proteins were analyzed by
using Signal Peptide Predictor (SignalP, http://www.cbs.dtu.dk/
services/SignalP4.0) and SecretomeP (http://www.cbs.dtu.dk/ser-
vices/SecretomeP2.0) softwares. SignalP uses amino acid sequences
and numerous artificial neural networks to predict the existence and
location of signal peptide cleavage sites. A protein is considered
classically secreted if it receives a signal peptide probability above a
specified threshold (D-cutoff score >0.45) [Petersen et al., 2011].
SecretomeP software uses a neural network that combines six protein
characteristics (number of atoms, number of positively charged
residues, presence of transmembrane helices, presence of low-
complexity regions, presence of pro-peptides, and subcellular
localization) to determine if a protein is non-classically secreted. A
protein is considered non-classically secreted if it receives a neural
network score (NN-score) >0.5 [Bendtsen et al., 2004].

The identified proteins were also classified according to the
Database for Annotation, Visualization and Integrated Discovery

(DAVID) v6.7 (http://david.abce.nciferf.gov/). This tool adopts the
Fisher’ exact test to measure the protein enrichment in annotation
terms. If the P-value were equal to or smaller than 0.05, a protein
would be considered strongly enriched in the annotation categories.

WESTERN BLOT

Western blot analyses were performed on additional and freshly
protein samples prepared from conditioned serum-free media (CM,
15 ug) of three independent CaCo-2 and HCT-GEO cultures. The
protein samples were resolved on 4-15% gradient SDS-PAGE gels
and then transferred onto nitrocellulose membrane (GE Healthcare).
As protein loading controls, the CM was stained with PonceauS
(Sigma). The membranes were blocked as previously described
[Caterino et al., 2013] and incubated for 1.5 h with 1% non-fat milk in
PBS pH 7.6 and 0.05% Tween-20 (PBS-T), containing specific
commercial primary antibodies (Santa Cruz Biotechnology Inc., Santa
Cruz, CA): mouse anti-Fn1 (fibronectin, 1:200), mouse anti-SerpinE2
(serpin peptidase inhibitor, clade E, member 2, 1:200) and mouse anti-
B tubulin (1:1,000). After a washing step in PBS-T, the membranes
were incubated with a horseradish peroxidase (HRP)-conjugated
secondary anti-mouse antibody (1:5,000) (GE Healthcare). Immuno-
blots were detected using the ECL-Advance Western Blotting
Detection kit (GE Healthcare) by chemiluminescence. The resulting
Western blot images were scanned by PDquest 7.1 software. Each
experiment was repeated at least three times.
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Fig. 1. SDS-PAGE analysis of secreted proteins. A: Coomassie-stained 10%
SDS-PAGE analysis of the proteins secreted in the conditioned media by CaCo-2
(CaCo-2 CM) and HCT-GEO (HCT-GEO CM) cell cultures. B: Secreted proteins in
the conditioned media by CaCo-2 (CaCo-2 CM) and HCT-GEO (HCT-GEO CM)
cell cultures and cell extracts from both cell lines (CaCo-2 CE and HCT-GEO CE,
respectively) were analyzed by Western blot with anti-f tubulin antibody.
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IDENTIFICATION OF SECRETED PROTEINS

We analyzed proteins secreted from two human colon cancer cell
lines, CaCo-2 and HCT-GEO, in order to evaluate cancer cell
secretome as suitable source for evaluating cell-specific properties
and searching diagnostic biomarkers. Both cell lines, at the proper
confluence, were grown in serum-free medium for 24h, and the
resulting conditioned media (CM) were harvested. After precipitation,
proteins were resolved by SDS-PAGE (Fig. 1A). To investigate the
occurrence of intracellular protein species within the secretome of
CaCo-2 and HCT-GEO cells, we compared the distribution of
tubulin, an abundant cytosolic protein, in the total cell extracts and in
the CM of the two cell lines by western blot analysis (Fig. 1B). B-
tubulin signal was only detected in the total cell extracts of CaCo-2
and HCT-GEO, whereas its signal was absent in the lanes of the
proteins secreted by the two systems. Such a finding implies that the
putative contamination of CM by intracellular species is a very
limited phenomenon [Wu et al., 2008].

To define the protein secreted by CaCo-2 and HCT-GEO cells, their
corresponding gel lanes (Fig. 1A) were entirely cut in very thin slices.
The protein bands were excised individually, in-gel digested with
trypsin, and analyzed by wLC-MS/MS analysis. Tandem mass
spectrometry outputs were analyzed by the Protein Discoverer
platform and submitted to label-free quantitation analysis, allowing

IDENTIFIED PROTEINS
A cacezem HCT-GEO CM
64 58 54
B SECRETED PROTEINS
CaCo-2CM HCT-GEO CM
45 26 34

to compare the expression profile of the secreted proteins between the
two cell systems. We identified 122 proteins in the CM of CaCo-2 cell
line and 112 species in the CM of HCT-GEO cell line. As shown in
Figure 2A, 64 proteins were more expressed in the CM of CaCo-2, 54
species were more expressed in the CM of HCT-GEO, whereas 58
proteins were shared between the two cellular model systems. A total
of 176 different species were identified in the analysis and are listed in
the Table I which includes the protein names, the corresponding gene
names, the gene IDs, and the cancer cell lines where the identified
proteins were more expressed. Supplemental material contains the
details of label-free quantitation method based on spectral counting
for protein abundance estimation.

DATA ANALYSIS
The two secretome datasets were submitted to the Gene Ontology
analysis using the GOEAST software. As for CaCo-2, the most
represented cellular compartment term was extracellular region (GO:
0005576; p-value: 9.13 x 10~ '°) containing 30 species; accordingly,
in the HCT-GEO protein set, the most significant cellular compart-
ment term was extracellular region part (GO: 0044421; P-value:
3.4 x 10~*) characterized by 18 elements. The species classified as
extracellular in the Gene Ontology database are pointed out in Table L.
To evaluate the occurrence of specific structural determinants
indicating, or suggesting, the possibility to be secreted through
classical or non-classical pathways, each protein was analyzed by

37%
55%

CaCo-2 CM

H Secreted

Non-secreted

Fig. 2. Output data of the secretome signature of CaCo-2 and HCT-GEO cells. A: Overlaps of non-redundant proteins identified in the serum-free conditioned media of CaCo-2
(CaCo-2 CM) and HCT-GEO (HCT-GEO CM) cell lines. A total of 176 proteins were identified: 64 proteins were more expressed in CaCo-2 CM, 54 more expressed in HCT-GEO CM
and 58 proteins in the conditioned media from both cell lines (CaCo-2/HCT-GEO). B: Overlaps of secreted proteins identified in CaCo-2 CM and HCT-GEO CM. A total of 105
secreted proteins were identified: 45 proteins were more expressed in CaCo-2 CM, 34 more expressed in HCT-GEO CM and 26 proteins in the conditioned media from both cell lines

(CaCo-2/HCT-GEO). C: Percentage of differentially secreted and non-secreted proteins identified in the secretome of each cell lines or shared by the two cellular model systems.
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TABLE L. Proteins Identified in the Conditioned Media of CaCo-2 and HCT-GEO Colon Cancer Cell Lines by LC-MS/MS Analysis

Gene ID GOEAST cellular ~ SignalP  SecretomeP
Protein Gene (NCBI) CaCo-2 HCT-GEO  component  probability® probability”
Fibronectin 1 FN1 119590943 * Extra-cell 0.598 /
Laminin subunit beta-1 LAMB1 126366 * Extra-cell 0.846 /
Laminin B2 chain LAMB2 186964 * Extra-cell 0.712 /
NrCAM protein NRCAM 2511666 * 0.547 /
Desmoglein 2 DSG2 416178 * 0.868 /
Glucosidase 1I GANAB 2274968 * 0.564 /
E-cadherin CDH1 31075 * 0.818 /
Dystroglycan DAG1 398026 * Extra-cell 0.824 /
LI-cadherin CDH17 854175 * 0.812 /
HSP105 beta HSPH1 3970829 * Extra-cell / /
Fibulin-1 isoform D precursor FBLN1 13661193 * Extra-cell 0.869 /
Calnexin CANX 179832 * 0.863 /
Heterogeneous nuclear HNRNPL 11527777 * / /
Ribonucleoprotein L
Chaperonin (HSP60) HSPD1 306890 * Extra-cell / /
Ras GTPase-activating protein-Binding protein 1 G3BP1 5031703 * / /
Calpastatin CAST 951315 * / /
Clusterin (apolipoprotein J precursor) CLU 178855 * Extra-cell 0.842 /
Calreticulin precursor CALR 4757900 * Extra-cell 0.904 /
Alpha-1-antitrypsin SERPINA1 177827 * Extra-cell 0916 /
Aaspartate aminotransferase, GOT1 4504067 * / /
cytoplasmic
Cyr61 protein CYR61 2606094 * Extra-cell 0.902 /
CKB CKB 49457530 * / /
Actin-like protein 8 ACTL8 227498241 * / 0.515
Farnesyl pyrophosphate FDPS 182399 * 0.498 /
synthetase (EC 2.5.1.1)
Agmatine ureohydrolase AGMAT 13477245 * / 0.876
CHORD containing protein-1 CHORDC1 6581056 * / 0.521
Vitronectin VIN 13477169 * Extra-cell 0.936 /
Albumin, isoform CRA_t ALB 119626083 * Extra-cell 0.848 /
60S acidic ribosomal protein PO RPLPO 4506667 * / /
cyclophilin PPIB 181250 * / 0.853
Cathepsin L2 CTSL2 3087790 * 0.834 /
Carboxyl terminal LIM domain protein PDLIM1 1905874 * / /
Apolipoprotein E APOE 178849 * Extra-cell 0.919 /
Guanine nucleotide-binding GNB2L1 4503607 * / /
protein subunit beta-2-like 1
Electron transfer flavoprotein subunit alpha, ETFA 2781202 * / 0.599
mitochondrial isoform a
Cathepsin X precursor CTSZ 3650498 * Extra-cell 0.845 /
Stanniocalcin-2 precursor STC2 4507267 * Extra-cell 0.724 /
Beta-subunit (AA 1-312) ATP5B 28931 * / 0.591
hnRNP JKTBP HNRPDL 2780748 * / /
Inorganic pyrophosphatase PPA1 11056044 * / /
F-actin-capping protein subunit alpha-1 CAPZA1 5453597 * Extra-cell / /
Nucleophosmin isoform 1 NPM1 10835063 * / 0.811
Thioredoxin-like protein 1 TXNL1 4759274 * / /
Voltage-dependent anion channel 1 VDAC1 4507879 * / /
Dickkopf-related protein 1 precursor DKK1 7110719 * Extra-cell 0.584 /
Proapolipoprotein APOA1 178775 * Extra-cell 0.847 /
Hepatoma-derived growth HDGF 4758516 * Extra-cell / /
factor isoform a
Nascent polypeptide-associated NACA2 40548328 * / /
complex subunit alpha-2
Peroxiredoxin-6 PRDX6 4758638 * / /
Ribosomal protein L10a RPL10A 531171 * / 0.637
Isopentenyl-diphosphate delta-isomerase IDI1 539623 * / /
(EC 5.3.3.2) homolog-human
Ubquitin carboxy-terminal hydrolase L1 UCHL1 4185720 * / 0.530
Transgelin variant TAGLN 62897565 * / 0.560
Thioredoxin-dependent peroxide PRDX3 5802974 * / 0.756
reductase, mitochondrial
isoform a precursor
Translin TSN 4759270 * / /
Ribosomal protein S9 RPS9 550023 * / /
Ribosomal protein S5 RPS5 550021 * / 0.780
Tissue inhibitor of metalloproteinases-2 TIMP2 1517893 * Extra-cell 0.938 /
Ferritin light subunit FTL 182516 * / /
Gamma-glutamylcyclotransferase GGCT 13129018 * / 0.503
Heterogeneous nuclear ribonucleoprotein HNRNPAB 55956919 * / /
A/B isoform a
Small nuclear ribonucleoprotein polypeptide C SNRPC 306875 * / /
Histone H1b HIST1H1B 356168 * / /
Endoplasmic reticulum resident protein ERP29 5803013 * 0.826
29 isoform 1 precursor
(Continued)
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TABLE I. (Continued)

Gene ID GOEAST cellular SignalP  SecretomeP
Protein Gene (NCBI) CaCo-2 HCT-GEO  component  probability® probability”
Myosin-9 MYH9 12667788 0.837 /
Clathrin heavy chain 1 CLTC 4758012 0.707 /
Tenascin C TNC 553348 Extra-cell / 0.530
ATP-citrate (pro-S-)-lyase ACLY 28935 0.864 /
Ubiquitin activating enzyme E1 UBA1 35830 / /
Calsyntenin 1 CLSTN1 21706696 0.830 /
IQGAP1 IQ motif containing GTPase IQGAP1 40674640 / /
activating protein 1
Transportin 1 TNPO1 5107636 0.830 /
Brain glycogen phosphorylase PYGB 307200 / 0.540
Importin subunit beta-1 KPNB1 19923142 / /
Sushi repeat-containing protein SRPX isoform 2 SRPX 1699163 0.864 /
Phosphofructokinase-P PFKM 2344769 / /
Transitional endoplasmic reticulum ATPase VCP 6005942 0.785 /
hnRNP U protein HNRNPU 32358 0.916 /
Elongation factor 2 EEF2 4503483 / /
Transketolase TKT 37267 / /
Protein disulfide isomerase-related protein 5 PDIA5S 1710248 0.877 /
T-complex protein 1 subunit beta CCT2 5453603 / /
Splicing factor, proline- and glutamine-rich SFPQ 4826998 / /
Galectin-3-binding protein LGALS3BP 119609949 Extra-cell 0.827 /
CD44E CD44 29801 / 0.588
Procollagen-lysine,2-oxoglutarate 5-dioxygenase PLOD3 4505891 / /
3 precursor
Lamin A/C, isoform CRA_a LMNA 119573381 / /
Polyadenylate-binding protein 4 isoform 2 PABPC4 4504715 / /
Heat shock 70kDa protein 9 HSPA9 292059 / /
T-complex protein 1 subunit eta isoform a CCT7 5453607 / /
Vimentin VIM 340219 / /
T-complex polypeptide 1 CCT3 36796 / 0.512
Lysosomal pepstatin insensitive protease TPP1 2408232 / /
RecName: full = beta-hexosaminidase subunit alpha HEXA 123079 0.723 /
adenylyl cyclase-associated protein 1 CAP1 5453595 0.916 /
UDP-N-acetylglucosamine pyrophosphorylase UAP1 3273316 / /
ATPase, H+ transporting, lysosomal ATP6V1H 4680661 / 0.526
50/57 kDa, V1 subunit H
Protein phosphatase 1F PPM1F 47940633 / /
U2 small nuclear RNA auxiliary factor 2 U2AF2 228543 / 0.507
Septin 7 SEPT7 560623 / /
Serpin peptidase inhibitor, clade E, member 2 SERPINE2 24307907 Extra-cell 0.707 /
Osteonectin SPARC 338325 Extra-cell 0.939 /
Gelsolin-like capping protein isoform 9 CAPG 55597035 / /
Eukaryotic initiation factor 4AIl EIF4A2 485388 / /
HLA-A protein HLA-A 17512578 0.813 /
Pirin PIR 4505823 / /
Cathepsin D preproprotein CTSD 4503143 Extra-cell 0.781 /
Heat shock protein 27 HSPB1 4504517 / 0.740
Annexin A1l ANXA1 4502101 Extra-cell / 0.511
Scaffold protein Pbp1 SDCBP 1916850 / /
Insulin-like growth factor-binding Protein 2 precursor IGFBP2 55925576 Extra-cell 0.648 /
methylthioadenosine phosphorylase MTAP 847724 / /
N-acetyl-beta-glucosaminidase prepro-polypeptide HEXB 179462 / 0.712
Ras suppressor protein 1 isoform 1 RSU1 6912638 / 0.562
Protein Dj-1 DJ-1 31543380 / /
60S Ribosomal protein L12 RPL12 4506597 / 0.865
Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1 PLOD1 190074 Extra-cell 0.910 /
Chloride intracellular channel 1 CLIC1 895845 / /
Alpha-enolase ENO1 4503571 * / 0.536
Heterogeneous nuclear Ribonucleoprotein A3 HNRNPA3 34740329 * / /
Laminin-binding protein RPSA 34234 * / 0.620
Proteasome subunit alpha type-6 PSMA6 8394076 * / /
Peroxiredoxin-4 PRDX4 5453549 * Extra-cell 0.783 /
Profilin-1 PFN1 4826898 * / /
14-3-3 protein epsilon YWHAQ 5803225 * / /
Poly(rC) binding protein 1 PCBP1 444021 * / 0.549
Heterogeneous nuclear Ribonucleoprotein A1 isoform a HNRNPA1 4504445 * / /
Chromobox homolog 3 CBX3 7416937 * / 0.836
Alpha-actinin-1 isoform b ACTN1 4501891 * / /
moesin MSN 4505257 * / 0.530
S-adenosylhomocysteine hydrolase AHCY 178277 * / /
Purine nucleoside phosphorylase PNP 387033 * / 0.509
Proteasome subunit beta type-1 precursor PSMB1 4506193 * / /
Phospholipase C-alpha PDIA3 303618 * 0.887 /
Endoplasmin precursor HSP90B1 4507677 * 0.915 /
X-ray repair cross-complementing protein 5 XRCC5 10863945 * / /
Transgelin-2 TAGLN2 4507357 * / 0.784
(Continued)

2 582 THE SECRETOME SIGNATURE OF COLON CANCER CELL LINES

JOURNAL OF CELLULAR BIOCHEMISTRY



TABLE 1. (Continued)

Gene ID GOEAST cellular SignalP  SecretomeP

Protein Gene (NCBI) CaCo-2 HCT-GEO  component  probability® probability”
Alpha actinin 4 ACTN4 2804273 * * Extra-cell / /
L-lactate dehydrogenase B chain LDHB 4557032 * * / 0.569
Aldolase A ALDOA 28614 * * Extra-cell / /
Elongation factor 1-alpha 1 EEF1A2 4503471 * * / /
Nucleolin NCL 189306 * * / /
Cytovillin 2 EZR 340217 * * / 0.563
Heat shock protein HSP 90-alpha 2 HSP90AA1 61656603 * * / /
Triosephosphate isomerase isoform 1 TPI1 4507645 * * / /
Glyceraldehyde-3-phosphate dehydrogenase GAPDH 31645 * * / /
Heat shock cognate 71kDa protein isoform 1 HSPAS 5729877 * * Extra-cell / /
Phosphoglycerate kinase 1 PGK1 4505763 * * / /
L-lactate dehydrogenase A chain isoform 1 LDHA 5031857 * * / 0.549
Beta-actin ACTB 14250401 * * / /
Glutathione S-transferase-Pl1c GSTP1 2204207 * * / 0.546
GRP78 precursor HSPA5 386758 * * 0.898 /
4F2 Cell-surface antigen heavy chain SLC3A2 177207 * * / 0.644
Pyruvate kinase type M2 PKM?2 189998 * * / 0.590
Stress-induced-phosphoprotein 1 STIP1 5803181 * * / /
T-complex protein 1 subunit epsilon CCT5 24307939 * * / /
T-complex protein 1 subunit theta CCT8 48762932 * * / 0.508
Protein disulfide isomerase P4HB 860986 * * Extra-cell 0.794 /
Polypyrimidine tract-binding protein 1 isoform a PTBP1 4506243 * * / /
Colligin SERPINH 1 30130 * * Extra-cell 0.890 /
6-Phosphogluconate dehydrogenase, decarboxylating PGD 40068518 * * / /
Human rab GDI GDI1 285975 * * / /
Actin, cytoplasmic 2 ACTG1 4501887 * * / 0.505
Proteasome subunit p42 PSMCe 1526426 * * / 0.619
Heterogeneous nuclear ribonucleoprotein H HNRNPH1 5031753 * * / /
Heterogeneous nuclear ribonucleoproteins A2/B1 isoform A2 HNRNPA2B1 4504447 * * / /
Malate dehydrogenase precursor MDH1 2906146 * * / /
Human elongation factor-1-delta EEF1D 38522 * * / 0.529
F-actin-capping protein subunit beta CAPZB 4826659 * * / 0.583
Annexin A2 isoform 2 ANXA2 4757756 * * Extra-cell / 0.746
Tropomyosin alpha-3 chain isoform 2 TPM3 24119203 * * / /
Annexin A5 ANXAS5 4502107 * * Extra-cell / 0.550
14-3-3 Protein zeta/delta YWHAZ 4507953 * * / /
peroxiredoxin-1 PRDX1 4505591 * * / 0.528
GPI glucose-6-phosphate isomerase GPI 6653226 * * Extra-cell / /
Heterogeneous nuclear ribonucleoprotein K HNRNPK 55958547 * * / /

Signal peptides were predicted using SignalP 4.0 (proteins with D-cutoff score >0.45 are considered secreted).
YNon-classical secretion of proteins was evaluated by the neural network output score of SecretomeP 2.0 (proteins with NN score >0.5 are considered secreted).

using the SignalP or the SecretomeP softwares. The SignalP 4.0
software allowed defining the species that are secreted through the
classical ER/Golgi pathway. All the proteins, lacking the presence of
the classical signal peptide for the translocation to the ER, and having
a score lower than the D-cutoff, were then tested by SecretomeP 2.0
software for the putative export through one of the so-called non-
classical secretory pathways. At this regard, Table I shows the scores
assigned to secreted proteins according to one of the two prediction
softwares. The proteins that did not match the criteria of either
SignalP (D-cutoff score >0.45) or SecretomeP softwares (NN-score
>0.5) do not show any score in the Table I. As for CaCo-2 cells, the in
silico analyses showed that 63 out of 122 identified species are
secreted proteins; as for HCT-GEO, 56 out of 112 species are secreted.

By merging the information acquired by means of GO annotation
and in silico analyses we defined 71 secreted proteins (58%) in CaCo-2
CM and 60 secreted species (54%) in HCT-GEO CM. Among them, 45
proteins (70%) were more expressed in CaCo-2 cells, 34 species (63%)
in HCT-GEO cells and 26 elements (45%) were shared between the two
cellular systems. A total of 105 secreted proteins were identified.
These results are summarized in Figure 2B and C.

The two protein datasets were also analyzed in order to cluster the
secreted species into functional annotation terms. To this aim, we
performed functional classification of the identified proteins

according to the DAVID annotation system. Table II shows the
analysis of the 122 proteins identified in the CM of CaCo-2 cells. The
most significative biological process is the “glucose catabolic process”
(P-value 4.91x10'") defined by 11 species and the most

TABLE II. Biological Process and Molecular Function Categories Over
Represented in the Secretome Signature of Caco-2 Cells According to
David Software
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No. of
Categories proteins  P-value
Biological process
Glucose catabolic process 11 491x 107"
Negative regulation of apoptosis 13 469 x 10°°
Regulation of apoptosis 19 1.44x107*
RNA splicing, via transesterification reactions 9 4.74x10°°
Nicotinamide nucleotide metabolic process 5 3.58 x 10"4
Cellular carbohydrate biosynthetic process 4 20x1072
Hydrogen peroxide catabolic process 3 9.0x 10>
Cholesterol biosynthetic process 3 2.0x 102
Blood vessel morphogenesis 6 3.4x10?
Reverse cholesterol transport 3 7.95% 1072
Cholesterol metabolic process 4 436x 1072
Negative regulation of protein complex assembly 3 337 x 1072
Molecular function
Peroxiredoxin activity 4 3.77x 107°
Protein disulfide isomerase activity 3 2.73x 1073
Categories are sorted by P-value (P < 0.05).
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significative molecular function is the “peroxiredoxin activity”
(P-value 3.77 x 10~°) defined by four proteins. Similarly, the analysis
of the 112 proteins identified in the CM of HCT-GEO cells, reported in
Table III, shows that the most significative biological process is the
“glucose catabolic process” (P-value 3.46 x 107°) defied by 13
species and the most significative molecular function is the “protein
disulfide isomerase activity” (P-value 2.24 x 10>) defined by three
proteins. Tables II and III share several overlapping functional
categories due to the presence of a common protein dataset between
the two secretomes under investigation. At the same time, in CaCo-2
secretome five proteins (ApoA1, ApoE, Clu, Fdps, and Idi1), not shared
by HCT-GEO system, are responsible for the functional terms “reverse
cholesterol transport” and “cholesterol biosynthetic process”; the CM
of HCT-GEO, on the other hand, is characterized by the presence of
four proteins (Tpp1, Hexa, Hexb, and Ctsd), not shared by CaCo-2 cell
line, known to be involved in the “vacuole organization”. These
findings indicate that cell-specific functional categories are also
found, thus emphasizing the occurrence of selected biological
processes in each of the two systems.

VALIDATION OF SECRETED PROTEINS BY WESTERN BLOTTING

To confirm the results obtained from LC-MS/MS analysis, Western
blot analyses were used to verify the expression of selected secreted
proteins in the serum-free CM of CaCo-2 and HCT-GEO. In particular,
we evaluated the expression of fibronectin (Fn1), exclusively
identified in CaCo-2 dataset, and serpin peptidase inhibitor, member
2 (SerpinE2), exclusively found in HCT-GEO secretome. As shown in
Figure 3, Fnl was only detected in the CM of CaCo-2 whereas
SerpinE2 signal was only present in the CM of HCT-GEO, in
agreement with mass spectrometry data.

Adenocarcinoma with moderate to well differentiated histopathology
is the most common type of colon cancer in humans [Ji et al., 2011].
CaCo-2 and HCT-GEO are two well-known cellular model systems for
the in vitro study of this kind of tumor because they are able to well

TABLE III. Biological Process and Molecular Function Categories
Over Represented in the Secretome Signature of HCT-GEO Cells
According to DAVID Software

Categories No. of proteins P-value

Biological process
Glucose catabolic process 13 3.46 x 107°
Actin cytoskeleton organization 10 8.66 x 10°°
Nicotinamide nucleotide metabolic process 5 291x 107"
RNA splicing 10 476x 107"
Regulation of apoptosis 16 1.94x 1073
Negative regulation of apoptosis 10 2.23x107°
Monosaccharide biosynthetic process 4 3.24x 1072
Vacuole organization 4 4,05%x10°
Proteasomal protein catabolic process 5 9.26 x 10>
Intracellular protein transport 9 1.06 x 1072
Lysosome organization 3 1.71x 1072

Molecular function
Protein disulfide isomerase activity 3 2.24 %1072
Phospholipase inhibitor activity 3 4.05x 107>
Ribonucleotide binding 26 5.35x 107>

Categories are sorted by P-value (P < 0.05).

5§
> 8
& §
Fnl
- —— 250 kDa
SerpinE2
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Fig. 3. Validation of proteomic data. Western blot analysis of Fn1 and
SerpinE2 identified in the serum-free conditioned media of CaCo-2 (CaCo-2
CM) and HCT-GEO (HCT-GEO CM) cell lines. Protein samples (15 n.g/lane) were
separated in SDS-PAGE, transferred onto a nitrocellulose membrane and then
probed with specific antibodies against the indicated target proteins. As protein
loading controls, PonceauS-stained protein profiles from the CM of both cell
lines were used.

represent differentiated colonic carcinoma in terms of specific
functional features [Normanno et al., 1996; Laska et al., 2002].
Interestingly, both cell lines form glandular like tumors in nude mice,
have low cloning efficiency in soft agar, and are high secretors of
carcinoembryonic antigen (CEA) [Chantret et al., 1988; de Bruine
et al., 1993; Gemei et al., 2013]. On the other hand, CaCo-2 cells are
able to form upon confluence a polarized monolayer with tight
junctions, while HCT-GEO cells do the same only under glucose
starvation [Chantret et al., 1988; Yakovich et al., 2010]. Based on
these features we decided to use CaCo-2 and HCT-GEO as colon
adenocarcinoma in vitro model systems for novel biomarkers
discovery potentially useful for patient diagnosis and monitoring.
In colon cancer research there is a constant need to identify novel
biomarkers useful for early diagnosis and prognosis. It's well known
that secreted proteins might represent putative tumor biomarkers and
are potential tools to define the aggressiveness of the tumor. The
present study focused on the proteomic characterization of the
serum-free CM of the above quoted colon cancer cell lines. We
identified more than 170 protein species, 64 more expressed in the
secretome of CaCo-2 cells, 54 more expressed in the secretome of
HCT-GEO cells and 58 shared by the two systems, confirming that the
two cell lines are characterized by common as well as cell-specific
features. Among them, more than 50% were deemed to be secretory
according to their Gene Ontology annotation and/or their SignalP or
SecretomeP scores (58% for CaCo-2, and 54% for HCT-GEO), in
agreement with other secretome studies [Kashat et al., 2010; Ji
etal., 2011]. Interestingly, several identified species are not annotated
as secreted within the Gene Ontology database but show a good score
in one of the two used prediction softwares (Table I). On the other
hand, the in silico analysis produced some false negative data, as it
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happened for few species already classified as extracellular. Such
findings indicate that in the secretome studies more than one tool for
“data analysis” must be evaluated.

The 58 proteins identified in the common subset are characterized
by the presence of several components of the “glucose catabolic
process”; some of them, classified as “not secreted”, could be of
exosomial origin according to the Exocarta database (www.exocarta.
org). In fact, the protein export outside the cells can occur through
various types of membrane-associated vesicles [Simpson et al., 2008].
These membranous extracellular organelles include exosomes,
shedding microvesicles (SMVs) and apoptotic blebs (ABs) [Mathi-
vanan et al., 2010]. Exosomes are reported to be secreted into the
conditioned media of various mammalian cell lines and include both
a common set of molecules (such as metabolic enzymes, cytoskeletal
proteins, heat shock proteins and chaperones, and so on) [Simpson
et al., 2008] and cell-type specific components. However, the lipid
double layer membrane seems to play a key role in the exosome-cell
communication; this feature adds a further level of complexity in the
secretome analysis, which requires more investigations.

The label-free quantitation method showed that several secreted
protein are differentially expressed between the two colorectal cancer
cell lines. In particular, some of them seem to exclusively characterize
the CaCo-2 or the HCT-GEO CM. As an example, both Western blot
and label-free quantitation analyses confirmed that fibronectin (Fn1),
involved in cell adhesion and motility, was uniquely secreted in
CaCo-2 cell line; whereas serpin peptidase inhibitor, clade E
(SerpinE2), implicated in impaired extracellular matrix (ECM)
degradation and, consequently, in cancer invasion [Fayard
et al., 2009], was exclusively detected in HCT-GEO CM. Interestingly,
several proteins known to be ECM components and involved in cell
adhesion were more expressed in CaCo-2 CM; moreover, several
matricellular proteins previously reported as implicated in cancer
invasion were more expressed in HCT-GEO CM. Besides the validated
Fn1, we identified in CaCo-2 the following cell adhesion proteins,
most of them already related to CRC: laminin subunit beta-1 (Lamb1)
[Fujita et al., 2005], laminin B2 chain (Lamb2) [Fujita et al., 2005],
dystroglycan (Dagl) [Sgambato et al., 2003], fibulin-1 isoform D
precursor (Fbln1) [Kanda et al., 2011], neurone glial-related cell
adhesion molecule (NrCAM) [Conacci-Sorrell et al., 2002], desmo-
glein 2 (Dsg2) [Kolegraff et al., 2011], E-cadherin (Cdh1) [Kroepil
et al., 2012], LI-Cadherin (Cdh17) [Park et al., 2011], and guanine
nucleotide-binding protein subunit beta-2-like (Gnb211) [Swamina-
than and Cartwright, 2012]. On the other hand, the set of differentially
expressed proteins secreted by HCT-GEO and involved in tumor
invasion includes, besides SerpinE2, osteonectin (Sparc) [Girotti
et al., 2011], galectin-3-binding protein (Lgals3bp) [Chen et al., 2011]
[Wu et al., 2008], vimentin (Vim) [Cho et al., 2012], tenascin C (Tnc)
[De Wever et al., 2004], myosin-9 (Myh9) [Scamuffa et al., 2011],
IQGAP1 IQ motif containing GTPase activating protein 1 (Iqgap1)
[Hayashi et al., 2010], protein phosphatase 1F (Ppm1f) [Susila
et al., 2010], annexin A1 (Anxa1) [Sato et al., 2011] and protein DJ-1
(Dj-1) [He et al., 2012].

According to the recent secretome analyses focused on the protein
markers of tumor aggressiveness, our results provide a list of
candidates potentially associated with the invasive capacities of
CaCo-2 and HCT-GEO cell lines. In fact, we can, speculate that HCT-

GEO releases pro-invasive species into the tumor microenvironment,
whereas CaCo-2 secretome has pro-adhesion features. This hypothe-
sis is consistent with the described epithelial characteristics and
tumorigenic properties of both cell lines. In particular, it's known that
CaCo-2 cells, when grown on permeable supports, form a confluent
monolayer with properties characteristic of differentiated absorptive
epithelial cells [Chantret et al., 1988]. Contrary, HCT-GEO cells are
undifferentiated when grown under standard culture conditions (i.e.,
in the presence of glucose) and differentiated in the absence of
glucose [Chantret et al., 1988]. The tumorigenic features of the two
cell lines are in agreement with our findings: in fact, HCT-GEO cell
line is currently used to generate the orthotopic model of human
colon cancer [Bhattacharya et al., 2001]; whereas CaCo-2 showed the
lowest growth and metastatic capacities in comparison to other CRC
cell lines implanted in mice [Flatmark et al., 2004].

As for the search of putative CRC biomarker, among the 176 species
listed in Table I, we could distinguish between proteins already related
to CRC detection and species proposed as markers for other types of
carcinomas. Within the first set, we identified clusterin (Clu)
[Rodriguez-Piieiro et al., 2012], Cyr61 protein (Cyr61) [Lau, 2011],
annexin A5 (AnxA5) [Xue et al., 2009], cyclophilin B (Ppib) [Kim
et al, 2011], glucose-6-phosphate isomerase (Gpi) [Tsutsumi
et al., 2009], besides Lgals3bp, SerpinE2, Sparc quoted above. By
comparing these data with secreted proteins by three other CRC cell
lines (Colo205, SW480, and SW620) [Wu et al., 2010], it is noteworthy
to observe that some secreted CRC biomarkers are shared, such as Clu,
AnxAD5, Ppib, Gpi, Lgals3bp, and SerpinE2. On the other hand, some
others (Cyr61 and Sparc) are more specific to the site/lesion of the
colon cancer cell line. In fact, Cyr61, more expressed in the CaCo-2
CM, is secreted only by SW480, whereas Sparc, more expressed in
HCT-GEO CM, is not secreted in the above quoted CRC cell lines.
Cyr61 is a multifunctional extracellular protein whose expression is
altered in cancer [Lau, 2011]; in CRC, high-levels of Cyr61 mRNA
occur at an early stage of tumor development, whereas protein
expression is reduced in more advanced stages [Lau, 2011]. Sparc is a
matricellular protein involved in tissue remodeling, cell migration
and angiogenesis, whose role in cancer seems to be tissue-specific. In
CRC, high Sparc is associated with better disease outcome in stage II
and may be prognostic indicators of cancer-specific survival [Chew
et al., 2011]. Thus, our study points out that colon cancer cell line CM
is a reservoir of two type of putative biomarkers: those shared by a
wide spectrum of CRC cell lines and others that are apparently more
associated to a cancer cell type.

Moreover, the CM of CaCo-2 and HCT-GEO were also characterized
by putative cancer biomarkers not already related to CRC, such as
vitronectin (Vtn) [Kadowaki et al., 2011], colligin (SerpinH1) [Mustafa
et al.,, 2010], annexin A2 (AnxA2) [Wu et al., 2012] and CD44
molecule (Cd44). As for Cd44, a cell-surface glycoprotein highly
expressed in primary and metastatic colon cancer [Cho et al., 2012],
Van der Berg's group found that elevated levels of Cd44 and of other
six secreted factors occurred in Hodgkin and Reed-Sternberg patient
plasma [Ma et al., 2008]. Interestingly, CD44 is also found secreted in
the Colo205 secretome [Wu et al.,, 2010] and further studies are
needed to clarify its role in the extracellular compartment.

In conclusion, this study characterizes the secretome signature of
CaCo-2 and HCT-GEO cell lines and confirms the potential of a cell
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culture-based model in order to describe the cell-specific invasive
properties and to provide a list of putative cancer biomarkers. In fact,
we speculate that HCT-GEO secretome contains several pro-invasion
species whereas different adhesion proteins are identified in CaCo-2
CM. As for biomarker search, we find putative candidates both in a
cell specific secretome and in the subset of secreted species shared by
two cell lines. In particular, we confirm already known putative CRC
biomarkers, but also we indicate new secreted proteins that could be
tested on the sera from CRC patients.
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