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In-depth Characterization of the Secretome of
Colorectal Cancer Metastatic Cells Identifies
Key Proteins in Cell Adhesion, Migration, and

Invasion*s
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Liver metastasis in colorectal cancer is the major cause of
cancer-related deaths. To identify and characterize pro-
teins associated with colon cancer metastasis, we have
compared the conditioned serum-free medium of highly
metastatic KM12SM colorectal cancer cells with the pa-
rental, poorly metastatic KM12C cells using quantitative
stable isotope labeling by amino acids in cell culture
(SILAC) analyses on a linear ion trap-Orbitrap Velos mass
spectrometer. In total, 1337 proteins were simultaneously
identified in SILAC forward and reverse experiments. For
quantification, 1098 proteins were selected in both exper-
iments, with 155 proteins showing >1.5-fold change.
About 52% of these proteins were secreted directly or
using alternative secretion pathways. GDF15, S100A8/A9,
and SERPINI1 showed capacity to discriminate cancer
serum samples from healthy controls using ELISAs. In
silico analyses of deregulated proteins in the secretome
of metastatic cells showed a major abundance of proteins
involved in cell adhesion, migration, and invasion. To
characterize the tumorigenic and metastatic properties of
some top up- and down-regulated proteins, we used
siRNA silencing and antibody blocking. Knockdown ex-
pression of NEO1, SERPINI1, and PODXL showed a sig-
nificant effect on cellular adhesion. Silencing or blocking
experiments with SOSTDC1, CTSS, EFNA3, CD137L/
TNFSF9, ZG16B, and Midkine caused a significant de-
crease in migration and invasion of highly metastatic
cells. In addition, silencing of SOSTDC1, EFNA3, and
CD137L/TNFSF9 reduced liver colonization capacity of
KM12SM cells. Finally, the panel of six proteins involved in
invasion showed association with poor prognosis and
overall survival after dataset analysis of gene alterations.
In summary, we have defined a collection of proteins that
are relevant for understanding the mechanisms underly-
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ing adhesion, migration, invasion, and metastasis in colo-
rectal cancer. Molecular & Cellular Proteomics 12:
10.1074/mcp.M112.022848, 1602-1620, 2013.

Despite the efforts for colorectal cancer (CRC)" prevention
using different strategies (1-6), 30—-40% of patients have
regionally advanced disease or suffer from metastasis when
diagnosed (7). Moreover, half of the CRC patients will develop
recurrence and liver metastasis within 5 years (8). Although
genetic changes leading to the development of sporadic colo-
rectal cancer primary tumors in intestinal cells have been
relatively well characterized (9), further efforts are necessary
to better understand the biology of CRC metastasis and to
identify associated markers that can be used as diagnostic/

" The abbreviations used are: CRC, colorectal cancer; AGR2, an-
terior gradient 2 homolog; AGR3, anterior gradient 3 homolog; ARF4,
ADP-ribosylation factor 4; ARF5, ADP-ribosylation factor 5; BMP,
bone morphogenetic proteins; BSSP-4/PRSS22, brain-specific serine
protease 4; CA125, cancer antigen 125; CD137L/TNFSF9, tumor
necrosis factor ligand superfamily member 9; CREB, cAMP-respon-
sive element-binding protein; CTSS, cathepsin S; CXCR4, chemokine
(CXC motif) receptor 4; DCC, deleted in colorectal carcinoma; EFNA3,
ephrin-A3; EphA4, ephrin type-A receptor 4; FGF2, fibroblast growth
factor 2; GDF15, growth/differentiation factor 15; IGFBP2, insulin-like
growth factor-binding protein 2; IGFBP7, insulin-like growth factor-
binding protein 7; IL-13, interleukin 13; IL13Ra2, interleukin 13 recep-
tor a2; IPA, ingenuity pathway analysis; ITGAG, integrin «-6; ITGB4,
integrin B-4; iTRAQ, isobaric tag for relative and absolute quantifica-
tion; KLK10, kallikrein-10; KLK®6, kallikrein-6; LAMAS5, laminin subunit
a-5; LAMC1, laminin subunit y-1; LUM, lumican; MDK, Midkine;
MMP1, interstitial collagenase; NEO1, neogenin; OS, overall survival;
PODXL, podocalyxin-like protein 1; S100A8/9, S100 calcium-binding
protein A8/A9; SERPINI1, neuroserpin; SH3KBP1, Src homology 3
domain-containing kinase-binding protein 1; SILAC, stable isotope
labeling by amino acids in cell culture; SOSTDCA1, sclerostin domain-
containing protein 1; THBS2, thrombospondin 2; TLR2, Toll-like re-
ceptor 2; TRAF1, TNF receptor-associated factor 1; TRAF2, TNF
receptor-associated factor 2; VGF, neurosecretory protein VGF;
ZG16B, zymogen granule protein 16 homolog B; ROC, receiver op-
erating characteristic; AUC, area under the curve; EGFR, EGF recep-
tor; PSM, peptide spectrum match.
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prognostic biomarkers or potential drug targets. Metastasis is
a complex process involving different steps from extravasa-
tion to liver colonization and requires the concerted action of
a large number of proteins to modulate different effects on
adhesion, migration, invasion, and survival at the target organ
(10).

Cancer cells secrete proteins or protein fragments to body
fluids, such as blood, that can be used as biomarkers (11, 12)
and/or potential therapeutic targets (13). In the case of CRC,
there are only three proteins currently used as biomarkers: the
carcinoembryonic antigen (CEA) for recurrence and metasta-
sis (1), deleted in colorectal carcinoma (DCC), and vascular
endothelial growth factor (VEGF). The secretome constitutes a
rich source of information not only for the identification of
biomarkers but for the characterization of altered molecules
like growth factors, cytokines, proteases, etc., which are vital
for cancer progression and metastasis.

We are using the well known human KM12 cell system (14)
to study the biology of CRC metastasis. KM12SM cells, which
possess high metastatic capacity to liver, were isolated from
liver metastases in nude mice after five cycles of intrasplenic
injection of the poorly metastatic cell line KM12C (14, 15).
Multiple studies support a good correlation between the find-
ings observed in the KM12 cell model and patient samples,
indicating that KM12 isogenic cell lines recapitulate quite
effectively some of the critical issues in CRC metastasis (16—
21). In a previous study, we carried out a characterization of
plasma membrane proteins of metastatic KM12 cells using a
SILAC assay but with a low accuracy and resolution linear ion
trap (17). About 60 proteins that showed =1.5-fold-change
between both types of cells were identified. Recent studies
applied iTRAQ or label-free quantification to other pairs of
isogenic, nonmetastatic-metastatic colorectal cancer cell
lines, SW480 and SW620, for the characterization of protein
differences in the whole cell proteome (22) and secretome
(23), respectively. The SW620 cell line was isolated from a
metastatic lymph node of the same patient as SW480 (24). In
contrast, KM12SM cells were chosen based on their capacity
for liver metastasis, which makes them most appropriate for
the study of liver homing and late stages of metastasis.

We are analyzing different fractions of KM12 cells, including
the secretome, for a deeper analysis of functionally relevant
proteins in metastasis. In a previous report, we analyzed the
cytokine/chemokine profiles released in the conditioned me-
dia by colorectal metastatic cancer KM12SM cells compared
with KM12C using antibody microarrays (20). We found an
important role for T,,2 cytokine IL-13 and its receptor IL13Ra2
in cell adhesion, migration, invasion, and liver colonization.
Here, we continued this in-depth characterization of the se-
cretome compartment using SILAC analysis with a high ac-
curacy and resolution mass spectrometer, the linear ion trap
Orbitrap Velos. The proteomic characterization resulted in the
identification and quantification of 1337 and 1098 proteins,
respectively, in the conditioned medium. In silico studies

demonstrated a predominant association of deregulated pro-
teins in metastatic cells to adhesion, migration, and invasion
processes. Three candidates (GDF15, S100A8/A9, and
SERPINI1) showed promise as CRC diagnostic markers in
serum samples from CRC patients using ELISA. Functional
studies using siRNA silencing and antibody blocking experi-
ments demonstrated important tumorigenic and invasive
properties in some previously uncharacterized proteins in
CRC. In addition, three proteins, EFNA3, CD137L/TNFSF9,
and SOSTDC1, demonstrated a critical role in liver homing for
metastasis. Finally, meta-analysis of mRNA alterations data
indicated that CD137L/TNFSF9, CTSS, SOSTDC1, ZG16B,
EFNA3, and MDK were associated with poor prognosis in
colorectal cancer.

EXPERIMENTAL PROCEDURES

KM12 Cells and SILAC Cell Culture—KM12C and KM12SM human
colon cancer cells were obtained from the Fidler laboratory (MD
Anderson Cancer Center, Houston, TX) (14). Prior to metabolic label-
ing, KM12 cells were expanded in the laboratory to prepare a large
batch of working aliquots that were stored in liquid nitrogen. These
two cell lines were not authenticated in our laboratory. DMEM con-
taining L-lysine and L-arginine or heavy L-['*Cg]lysine and
L-["3Cglarginine was purchased from Dundee Cell Products. For met-
abolic labeling, KM12C and KM12SM cells were grown and main-
tained in DMEM supplemented with 10% dialyzed FBS (Invitrogen),
100 units/ml penicillin/streptomycin (Invitrogen) at 37°C in 5% CO,,
with either isotopically light or heavy amino acids for eight doublings
to achieve >98% incorporation of the labeled amino acids. Incorpo-
ration of heavy amino acids was determined as described previously
(25). We carried out forward and reverse experiments to avoid any
labeling bias in the study.

Sample Preparation, SDS-PAGE, and In-gel Digestion—A scheme
of the labeling procedure is shown in supplemental Fig. S1. For
preparation of conditioned medium, 5 X 10° KM12C or KM12SM
cells, either heavy or light labeled, were seeded for 24 h. Cells were
washed with PBS, incubated with serum-free medium for 1 h, washed
again with PBS, and incubated for 48 h in serum-free DMEM supple-
mented with heavy or light amino acids. Cell viability, determined with
0.4% trypan blue solution (Invitrogen), was higher than 95%. The
conditioned medium was centrifuged at 1500 X g to remove cell
debris and stored at —80°C until use.

Proteins in the conditioned medium were precipitated with meth-
anol/chloroform (26). Protein content was quantified with the 2D-
Quant kit (GE Healthcare) and/or by fluorescence using the trypto-
phan method (27). Then 100 pg of protein from KM12C and KM12SM
cells conditioned medium were mixed at a 1:1 ratio and run at 25 mA
per gel in 12.5% SDS-PAGE. Gels were stained with the Colloidal
Blue staining kit (Invitrogen), and lanes containing forward and re-
verse labeling experiments were cut into 18 slices. Excised bands
were cut into small pieces and destained with 50 mm ammonium
bicarbonate, 50% ACN, dehydrated with ACN, and dried. Gel pieces
were rehydrated with 12.5 ng/ul trypsin in 50 mm ammonium bicar-
bonate and incubated overnight at 30°C. Peptides were extracted at
37°C using 100% ACN and then 0.5% TFA, dried, cleaned using
ZipTip with 0.6 ul C18 resin (Millipore), and reconstituted in 5 ul of
0.1% formic acid, 2% ACN.

Mass Spectrometry Analysis, Protein Identification, and SILAC
Quantification— Peptides were trapped onto a C18-A1 ASY-Column
2-cm precolumn (Thermo Scientific), then eluted onto a Biosphere
C18 column (C18, inner diameter 75 um, 10 cm long, 3-um particle
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size) (NanoSeparations), and separated using a 170-min gradient
from 0 to 35% Buffer B (Buffer A: 0.1% formic acid, 2% ACN; Buffer
B: 0.1% formic acid in ACN) at a flow rate of 300 nl/min on a
NanoEasy HPLC (Proxeon) coupled to a nanoelectrospray ion source
(Proxeon). Mass spectra were acquired on an LTQ-Orbitrap Velos
mass spectrometer (Thermo Scientific) in the positive ion mode. Full
scan MS spectra (m/z 400-1200) were acquired in the Orbitrap with
a target value of 1,000,000 at a resolution of 60,000 at m/z 400, and
the 15 most intense ions were selected for collision-induced disso-
ciation (CID) fragmentation in the linear ion trap with a target value of
10,000 and normalized collision energy of 35%. Precursor ion charge
state screening and monoisotopic precursor selection were enabled.
Singly charged ions and unassigned charge states were rejected.
Dynamic exclusion was enabled with a repeat count of 1 and exclu-
sion duration of 30 s. Mass spectra *.raw files were searched against
the human SwissProt database (SwissProt_57.15.fasta) using the
MASCOT search engine (version 2.3, Matrix Science) through Pro-
teome Discoverer (version 1.3.0.339) (Thermo Scientific). Search pa-
rameters included a maximum of two missed cleavages allowed,
carbamidomethylation of cysteines as a fixed modification and oxi-
dation of methionine, N-terminal acetylation, and ['®C]Arg, ['®C]Lys as
variable modifications. Precursor and fragment mass tolerance were
set to 10 ppm and 0.8 Da, respectively. Identified peptides were
validated using Percolator algorithm (28) with a g-value threshold of
0.01. Relative quantification of identified peptides was performed
using Proteome Discoverer. For each SILAC pair, Proteome Discov-
erer determined the area of the extracted ion chromatogram and
computed the “heavy/light” ratio. Protein ratios were then calculated
as the median of all the quantified unique peptides belonging to a
certain protein. The ratios among proteins in the heavy and light
versions were used as fold-change. Protein ratios with higher varia-
bility were manually inspected by checking the isotopic envelope of
both heavy and light forms and how many peaks of the envelope were
used to determine the area of the envelope of all PSMs corresponding
to the peptides used to identify the protein. A multipoint normalization
strategy was applied to normalize the data sets against the 5%
trimmed mean values, which is a robust statistical measure of central
tendency that normalizes most of the log, protein ratios to 0. Briefly,
5% of the most extreme outliers (values) were removed, and the mean
of 95% of the remaining data was determined and used to normalize
the ratio values, thus minimizing the effect of these extreme outliers
and centering the log, ratio distribution to zero. Because metabolic
conversion of arginine/proline can affect quantification accuracy in
some cell types, we investigated arginine to proline conversion in
KM12 cells. By adding heavy proline as a variable modification, less
than 2% of proline-containing peptides were heavy labeled in KM12
cells, which has been reported not to affect significantly SILAC quan-
tification (25).

Western Blot—For Western blot, conditioned media from KM12C
and KM12SM CRC cells were concentrated 100-fold using VIVASPIN
500 (cutoff, 3000 Da) (Sartorius) by centrifugation at 15,000 X g. Then
25 ng of each protein extract were separated by SDS-PAGE and
transferred to Hybond-C nitrocellulose membranes (GE Healthcare)
using mini trans-blot equipment (Bio-Rad). After blocking, mem-
branes were incubated with specific monoclonal or polyclonal anti-
bodies against the selected proteins (supplemental Table S1). Mem-
branes were incubated at optimized dilutions of primary antibodies
followed by incubation with either HRP anti-mouse IgG (Pierce) at
1:5000 dilution, HRP anti-rabbit IgG (Sigma-Aldrich) at 1:5000 dilu-
tion, or HRP anti-goat IgG (Dako Cytomation) at 1:10,000 dilution.
Specific reactive proteins were visualized with ECL SuperSignal West
Femto (Pierce).

Serum Samples—The Institutional Ethical Review Boards of the
Centro de Investigaciones Bioldgicas and the Spanish Research

Council approved these studies in colorectal cancer. Written informed
consent was obtained from all patients. Sixty serum samples from
CRC patients (n = 40, A-D Duke’s stages) and healthy control refer-
ence sera (n = 20) were obtained from Hospital Puerta de Hierro
(Madrid, Spain), Hospital de Salamanca (Salamanca, Spain), and the
Hospital of Cabuefies (Gijon, Spain). Clinical data from all the patients
are shown in supplemental Table S2. All sera were processed using
identical procedures. Blood samples were left at room temperature
for a minimum of 30 min (and a maximum of 60 min) to allow clot
formation and then centrifuged at 3000 X g for 10 min at 4°C. The
serum was frozen and stored at —80°C until use. Samples were
handled anonymously according to ethical and legal guidelines at the
Spanish Research Council and the respective hospitals.

ELISA—ELISA kits were purchased from RayBiotech (GDF15),
USCN Life Sciences (VGF, SERPINI1, NEO1, and ZG16B), Cusabio
(LUM and PODXL), ImmunoDiagnostiK (S100A8/A9), and BMAssay
(SOSTDCH). Specificity of the ELISA kits was verified by the manu-
facturers. ELISA experiments were carried out using the recom-
mended serum dilution in each case and according to the instructions
of the manufacturer. The sensitivity of the ELISA kits for detection of
S100A8/A9, GDF15, and SERPINI1 was 76, 2, and 280 pg/ml, respec-
tively. For the analysis of ELISA data sets, a one-tailed Student’s t test
was performed assuming unequal variances to assess whether the
means of healthy normal and CRC groups were statistically different
from each other. Each individual protein marker was evaluated by a
receiver operating characteristic (ROC) curve, and the corresponding
area under the curve (AUC) calculated using JMP10 (SAS).

Cell Proliferation, Adhesion, Migration, Invasion Assays—KM12SM
cells were transiently transfected with siRNAs directed against NEO1,
SERPINI1, MDK, general transcription factor IlI-I, GDF15, EFNA3,
ZG16B, PODXL, and control siRNA (Sigma-Aldrich) using JetPrime
Transfection Reagent (Polyplus). In addition, we performed experi-
ments with KM12SM cells incubated with or without indicated anti-
bodies (supplemental Table S1). For siRNA transfections, 5 x 10°
cells were seeded in culture plates and maintained in DMEM with
10% fetal calf serum at 37°C in 5% CO, for 24 h. Then cells growing
in 1 ml of DMEM with 10% fetal calf serum were transfected with 55
pmol of siRNA using 2 ul of JetPrime Transfection reagent in 200 pul
of JetPrime buffer. Finally, 24 h after transfection, cells were used for
invasion, migration and proliferation assays, whereas adhesion as-
says were performed 48 h after transfection (20). For confirming
siRNA knockdown, cells were subjected to RT-PCR and Western blot
analysis using specific primers and antibodies, respectively.

For cell proliferation, 10* transfected cells were seeded in 96-well
culture plates for 16 h and transferred to medium containing 2% FBS
with or without the indicated antibodies. After 24 h, cell viability was
determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide assay (Promega). For cell adhesion, 96-well plates
were coated with Matrigel (0.4 uwg/mm?) (BD Biosciences) in coating
buffer (0.1 M NaHCO;, pH 8.8) for 20 h and incubated with 0.5% BSA in
0.1 M NaHCO,, pH 8.8, for 2 h to block unspecific binding. Cells were
starved without serum for 5 h and incubated in the presence or absence
of different antibodies. Cells were labeled with BCECF-AM: (2,7'-bis-
(2-carboxyethyl)-5-(and-6)-carboxyfluorescein) acetoxymethyl (Invitro-
gen), detached with 2 mm EDTA in PBS, and resuspended in adhesion
medium. 7 X 10* cells in 100 ul were added in triplicate to plates and
then incubated for 25 min. Nonadherent cells were removed by two
washes with DMEM. Bound cells were lysed in 1% SDS in PBS and
quantified using a fluorescence analyzer (POLARstar Galaxy).

For wound healing/migration, transfected cells were cultured to
confluence in Matrigel-coated plates (0.4 wg/mm?), and a 1 mm-wide
wound was made across the monolayer using a 200-ul micropipette
tip. The cells were incubated in the presence (5 ng/ml) or absence of
antibodies. Pictures were taken immediately (0 h) and 24 h after the
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injury. Migration speed was calculated as the distance covered by
cells in 1 day divided by 24 h and by 2 (advance in two fronts).

For invasion, 6 X 10* transfected cells were resuspended in serum-
free DMEM and loaded onto 8-um pore-size filters coated with 35 ul
of a 1:3 dilution of Matrigel on Transwells (Costar). The lower com-
partments of the invasion chambers were filled with DMEM with 10%
serum or medium alone. After 48 h of incubation, noninvading cells
were removed from the upper surface of the filter, and invasive cells
were fixed with 4% paraformaldehyde (Sigma-Aldrich), stained with
crystal violet, and counted under a microscope.

In Vivo Liver Homing Assays—Homing assays were performed as
described previously (20). In brief, KM12SM cells transfected with
different siRNAs were inoculated intrasplenically in Swiss nude mice
(n = 3 per siRNA). Mice were euthanized 24 h after inoculation. Then
RNA was isolated from the liver using TRIzol (Invitrogen) and retro-
transcribed, and 0.3 ug of cDNA was subjected to PCR with TagDNA
polymerase (Invitrogen) to amplify human GAPDH. The PCR con-
sisted of 30 cycles of amplification. As loading control, a 20-cycle
amplification of murine B-actin was performed.

Bioinformatic and Statistical Analysis—SignalP 4.0 and Secre-
tomeP 2.0 were used to determine the secretion pathways of the
quantified proteins. For SignalP 4.0, those proteins having a cutoff
value exceeding 0.45 possessed a signal peptide. According to Se-
cretomeP 2.0 guidelines, proteins secreted through nonclassical
pathways showed an NN-score above 0.5 without containing a signal
peptide predicted by SignalP (29). Exocarta database was used to
identify differentially released proteins previously identified in exo-
somes and to correlate them with externalization through nonclassical
secretion (30). The Ingenuity Pathway Analysis (IPA) (Ingenuity Sys-
tems) (2012 Spring release version) was used to predict biological
functions and, together with STRING 9.0 (31, 32), to determine Gene
Ontology annotations and protein interaction analysis in the secre-
tome of KM12 CRC cells. Individual features of the identified proteins
(location, function, etc.) were further investigated by using GeneCards
database.

cBio Cancer Genomics Portal was used to determine the associ-
ation of selected proteins to prognosis of CRC using publicly available
genomic data on colorectal adenocarcinoma using breast invasive
carcinoma, glioblastoma multiforme, and lung squamous cell carci-
noma genomic data as control. The portal provides visualization,
analysis, and download of large scale cancer genomics data sets
from 26 cancer genomic studies (33). Fisher’s exact test was used to
calculate the p values indicating the probability that each biological
function assigned to the data set is assigned by chance. For other
analyses, statistical comparisons were performed using the two-
tailed Student’s t test. p values <0.05 were considered statistically
significant.

RESULTS

Protein Identification and Quantification in KM12 Condi-
tioned Media Using SILAC—Conditioned media from highly
metastatic KM12SM and poorly metastatic KM12C cells were
investigated for differences in secreted proteins that could be
associated with CRC metastasis. A scheme of the procedure
is shown in supplemental Fig. S1. To avoid biases in cell
labeling that could affect the final quantification, we per-
formed forward (heavy KM12SM versus light KM12C cells)
and reverse labeling experiments (light KM12SM versus heavy
KM12C cells). Conditioned media were harvested after 48 h,
concentrated, and quantified. Protein extracts were mixed 1:1
and run on SDS-polyacrylamide gels; 18 bands were excised
and in-gel digested. Then peptides were separated using

reverse phase and analyzed on a linear ion trap Orbitrap Velos
mass spectrometer. A total of 11,565 peptides were identified
in both forward and reverse experiments resulting in 2087
identified proteins and 1337 overlapping proteins (supple-
mental Table S3 and Fig. 1A).

For quantification, peptide ratios were calculated using Pro-
teome Discoverer by comparing the intensities of the light-
and heavy-labeled precursor ions at high resolution. Proteins
were quantified with at least one peptide hit in forward and
reverse experiments. In total, 8581 peptides corresponding to
1722 proteins were used for quantification with 1098 quanti-
fied proteins common in both forward and reverse experi-
ments (Fig. 1A). Histogram plot of log,-transformed SILAC
ratio distributions showed that in general the proteins of the
heavy labeled samples were expressed at 2-fold higher ratios
(Fig. 1B). Given the efficient metabolic labeling (>98%), these
deviations might be due to an inaccurate protein quantifica-
tion or problems with sample mixing. To overcome this issue,
we normalized the data sets against the 5% trimmed means
to minimize the effect of extreme outliers and to center the
protein log, ratio distribution to zero (Fig. 1B) (34). After this
normalization, we fixed a fold-change of >1.5 (mean of two
experiments) and a variability lower than 20% for selection.
For a few proteins with only one quantified peptide or with
variability >20%, MS and MS/MS spectra were manually
inspected to avoid erroneous quantification (supplemental
Fig. S2). In total, 155 proteins fulfilled the requested condi-
tions (supplemental Table S4). From these, 114 proteins
showed down-regulation, and 41 were up-regulated in highly
metastatic KM12SM cells. A short list of proteins with a fold-
change of >2 is shown in Table I.

Validation, Gene Ontology Analysis, and Location of Dereg-
ulated Proteins—Eight differentially expressed candidates
(five up-regulated and three down-regulated) with available
antibodies were selected for initial validation using Western
blot analyses in concentrated supernatants (Fig. 2). Western
blot results were consistent with the MS quantification data.
The MS spectra of representative peptides are shown in Fig.
2. Unaltered Rho-GDI was used as a control.

According to Gene Ontology analysis, secreted proteins
represented 9% of the total number of quantified proteins,
plasma membrane proteins (14%), nuclear (18%), and cyto-
plasmic protein (52%) (Fig. 3A). However, to elucidate if pro-
teins could use alternative secretion pathways, each protein
was analyzed with SecretomeP. Remarkably, 53 out of 155
proteins showed an NN-score of >0.5, which predicts non-
signal peptide-triggered protein secretion and correlates with
a nonclassical protein secretion pathway (supplemental Table
S5 and Fig. 3B). Thus, a total of 80 out of 155 were potentially
secreted proteins via different pathways. In addition, to ana-
lyze if quantified proteins could be present in exosomes, we
used the Exocarta database, which contains proteins identi-
fied in exosomes via proteomic analyses. Eighty eight out of
155 proteins had been previously identified in exosomes
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A 2087 identified proteins

1722 quantified proteins

SILAC SILAC SILAC SILAC
Forward Reverse Forward Reverse
433 317 366 258
Data not normalized Data not normalized Data not normalized
450 . 450 S 450 —
= =+ Normal distribution = =+ Normal distribution = = Normal distribution
400 400 400 n
I\
350 350 350 1
2 2 2
‘g 300 ‘5 300 ‘S 300 ]
s s B |
S 250 8 250 S 250
— &~ ‘S '
(=] o o
5 200 5 200 5 200 ]
£ £ £ !
5 150 5 150 5 150
4 4 = )
100 100 100
50 50 50
0 0 0
6 5 4 3 2 10 1 2 3 4 5 6 6 5 4 3 -2 14 0 1 2 3 4 5 6 5 4 3 -2 14 0 1 2 3 4 5

Normalized log, '*C-KM12SM/'2C-KM12C

Normalized log, '2C-KM12SM/'3C-KM12C

Mean normalized log, KM12SM/KM12C

Fic. 1. Identification, quantification, and data normalization of proteins. A, proteins identified and quantified in both SILAC experiments.
About 64% of proteins were coincident in both SILAC analyses, forward and reverse. B, histogram plot of the fold-changes for all of the
quantified proteins in log,-transformed ratios after normalization for both SILAC experiments and the combined data. Data normalization was
performed against the 5% trimmed mean to adjust log, protein ratio distribution to zero. Curves representing normal distribution and not

normalized data curves are represented.

(supplemental Table S6), including 31 out of 53 alternatively
secreted proteins according to SecretomeP. Finally, we ana-
lyzed if quantified proteins were also identified in a previous
study related to the differential protein expression on the cell
surface of KM12 cells (17). We found 19 secreted proteins
previously identified in the membrane-associated fraction of
KM12 cells (data not shown). Therefore, more than 50% of the
proteins could be associated with exosomes, and 12% could
be cleaved from membranes.

Biological Function, Pathway Analysis, and Interaction Net-
works for Deregulated Proteins—To identify altered biological
functions and pathways that might play a role in CRC metas-
tasis, differentially secreted proteins from KM12SM and
KM12C cells were analyzed using IPA (Table Il). Within bio-
logical functions, “Cancer” was the top altered function (n =
72 proteins and p values ranging from 9.44E-08 to 2.87E-02)
followed by “Gastrointestinal Disease” (n = 41 proteins) and
“Neurological Disease” (n = 42 proteins), with p values
<2.56E-02. Regarding molecular and cellular functions, the
analysis revealed the following: (i) “Cellular Movement” (n =
43 proteins); (i) “Cell Death” (n = 61 proteins); (i) “Cell Mor-
phology” (n = 31 proteins), and (iv) “Cellular Assembly and
Organization” (n = 31 proteins); most of them are necessary
to confer metastatic properties to the KM12SM cells. We also
found 42, 29, and 11 proteins associated with “Tissue Devel-

opment,” “Organ Morphology,” and “Tumor Morphology,” re-
spectively, involved in the “Physiological System Develop-
ment and Function.” Regarding the most represented
canonical pathways among the 155 differentially released
proteins, the top five canonical pathways were as follows: (i)
“Ephrin Receptor Signaling” (p value 2.08E-05); (ii) “Integrin
Signaling” (p value 3.31E-04); (iii) “Oxidative Phosphorylation”
(p value 4.23E-04); (iv) “Clathrin-mediated Endocytosis Sig-
naling” (p value 1.19E-03), and (v) “Mitochondrial Dysfunc-
tion” (o value 2.25E-03).

IPA analysis also indicated the most relevant associated
network functions (score >46) as follows: (i) “Nucleic Acid
Metabolism, Small Molecule Biochemistry, Protein Synthe-
sis.” We observed a down-regulation of several members of
the ADP-ribosylation factor (ARF) family of proteins that have
been related to tumor suppression (35), vesicular trafficking,
microvesicle/exosome formation, and signaling pathways that
lead to actin remodeling (supplemental Fig. S3). (i) “Cellular
Movement, Cancer, Gastrointestinal Disease” included
CD137L/TNFSF9, PODXL, GDF15, EFNAS, and LUM among
others (Fig. 4A). (iii) “Post-translational Modification, Cell to
Cell Signaling and Interaction” contained CTSS, MDK, VGF,
etc. (Fig. 4B); and (iv) “Cell Death, Inflammatory Response,
Cellular Growth, and Proliferation” (SH3KBP1). In addition, we
analyzed the interactions between the identified proteins and
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2 Ratios among proteins in the heavy and light versions were used as fold-change.

relevant biological functions using STRING (32). Using MCL
algorithm (value 2), we defined 21 clusters containing three or
more proteins (supplemental Fig. S4). Results were coincident
with IPA analysis. Among several small clusters, there was a
large cluster composed of 13 proteins related with cell adhe-
sion and migration (composed of ITGA6, ITGB4, LAMAS5,
LAMC1, PODXL, and THBS2 among others). Gene Ontology
analysis of this subset of proteins revealed a significant associ-
ation to cell-substrate junction assembly (p value 1.02E-04) or
hemidesmosome assembly (p value 5.74 E-04). A smaller clus-
ter of proteins included MDK, syndecan-1, syndecan-binding
protein, MMP1, and LUM, all of them related to extracellular
matrix organization. Collectively, these analyses revealed a high
association of the differentially released proteins with cellular
movement, cell-cell signaling, growth, and proliferation neces-
sary for tumor growth and cancer metastasis.

GDF15, S100A8/A9, and SERPINI1 Are Candidate Bio-
markers for Colorectal Cancer Diagnosis— One of the goals of
this study was to identify proteins deregulated in the KM12SM
metastatic cell line that could be used in human serum as
CRC biomarkers. We tested and quantified the presence in
serum from CRC patients in comparison with the healthy
controls of nine deregulated proteins (GDF15, S100A8/A9,
VGF, SERPINI1, NEO1, PODXL, LUM, SOSTDC1, and ZG16B)
using commercially available ELISAs. GDF15 was used as a
control because it has been already described as a good
candidate for the CRC diagnostic marker in serum (23, 36,
37). Using 60 serum samples (40 cancer and 20 healthy),
levels in serum for S100A8/A9 (849.3 versus 228.8 ng/ml),
GDF15 (10.9 versus 5.4 pg/ml), and SERPINI1 (38.2 versus 4.8
ng/ml) significantly discriminated patients from controls sam-
ples (Fig. 5A). We determined sensitivity and specificity of
these candidate biomarkers using ROC curves. Individual
AUCs for discriminating CRC from controls were 0.75, 0.81,
and 0.82 for S100A8/A9, GDF15, and SERPINI1, respectively
(Fig. 5B). Combined AUC for S100A8/A9, SERPINI1, and
GDF15 increased the sensitivity and specificity to 60 and
95%, respectively, with an AUC of 0.884 (Fig. 5C). These
results confirm the predictive value of SERPINI1, which can
be improved in terms of sensitivity and specificity in combi-
nation with GDF15 and S100A8/A9. Using commercial
ELISAs, none of the other tested antigens was able to dis-
criminate between patients and controls (data not shown).

Differentially Secreted Proteins Play a Major Role in Cell
Adhesion, Migration, and Invasion of KM12SM Metastatic
Cells—To study their role in proliferation, invasion, and me-
tastasis, we carried out a functional analysis of 14 top up- or
down-regulated proteins in highly metastatic KM12SM cells.
We used either siRNA silencing or antibody blocking experi-
ments, depending on which reagent was available for that
particular gene/protein. The efficiency of siRNA down-regula-
tion on the different targets was confirmed by PCR and West-
ern blot analyses (supplemental Fig. S5). Regarding prolifer-
ation, siRNA inhibition of CD137L/TNFSF9 and CTSS showed
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Fic. 2. Validation of identified and quantified proteins. Conditioned media of KM12C and KM12SM CRC cells were concentrated using
Vivaspin 500 centrifugal devices, separated by SDS-PAGE, transferred to nitrocellulose membranes, and probed with the indicated antibodies.
Rho GDI was used as a control. Protein abundance was quantified by densitometry, and KM12SM/KM12C ratios were calculated to compare
the expression with the SILAC ratios. The MS spectrum for each of the verified proteins is shown, including identified peptide sequence and
heavy/light ratios for the corresponding peptides.

A

Space
9%

Extracellular

unknown
7%

Alternate

Localization
_ Extracellular

Fic. 3. Analysis of the location and secretion of quantified proteins. A, location analysis of the differentially secreted proteins was based
on Gene Ontology. B, secretion analysis of the 154 differentially expressed protein. Nonclassical secretion data were obtained using the
SecretomeP and the SignalP software. Those proteins that showed an NN-score of >0.5 and did not contain signal peptide were considered
as secreted proteins using nonconventional secretion.
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TABLE Il
Ingenuity pathway analysis-predicted top biological functions

Top biological functions p values (ranging from)? No. of molecules®
Diseases and disorders
Cancer 9.44E-08 to 2.87E-02 72
Gastrointestinal disease 9.44E-08 to 2.58E-02 41
Neurological disease 1.10E-06 to 2.56E-02 42
Psychological disease 1.10E-06 to 1.72E-02 20
Dermatological diseases and conditions 2.57E-05 to 2.84E-02 30
Molecular and cellular functions
Cellular movement 6.94E-07 to 2.56E-02 43
Cell death 7.97E-06 to 2.90E-02 61
Cell morphology 8.87E-06 to 2.91E-02 31
Cellular assembly and organization 8.87E-06 to 2.57E-02 31
Nucleic acid metabolism 7.19E-05 to 2.56E-02 7
Physiological system development and function
Renal and urological system development and function 1.55E-04 to 2.04E-02 13
Organ morphology 1.55E-04 to 2.04E-02 29
Tissue development 2.58E-04 to 2.04E-02 42
Tumor morphology 2.58E-04 to 2.54E-02 11
Cardiovascular system development and function 2.58E-04 to 2.54E-02 21

@ Fisher’s exact test was used to calculate a p value for each protein of the dataset identified in the biological function studied, indicating
the probability that each biological function assigned to the data set is assigned by chance; then we have a range of p values corresponding
to all p values calculated for all proteins of the dataset in the biological function.

® The number of molecules of the 155 differentially released protein dataset is shown.
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Signaling and Interaction, Cardiovascular
System Development and Function

Cellular Movement, Cancer,
Gastrointestinal Disease

Fic. 4. Network alterations associated with secreted proteins in colorectal cancer metastasis. Protein networks were identified by IPA
using the 154 differentially released proteins identified in the study. A, Cellular Movement, Cancer and Gastrointestinal Disease Network was
identified with a score of 51. The network consisted of 24 up-regulated and four down-regulated proteins from a total of 35 interacting proteins,
with seven proteins unidentified by SILAC. B, Post-Translational Modification, Cell-To-Cell Signaling and Interaction, Cardiovascular System
Development, and Function Network were identified with a score of 46. The network consisted of 17 up-regulated and seven down-regulated
proteins from a total of 34 proteins, and 10 proteins of the network remained unidentified. Green, down-regulated proteins in KM12SM cells.
Red, up-regulated proteins in KM12SM cells. White, nondetected proteins. Light color, less deregulated. Dark color, more deregulated.
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Fic. 5. Diagnostic value of S100A8/A9, GDF15, and SERPINI1 in serum samples. A, S1T00A8/A9, GDF15, and SERPINI1 were assayed
by ELISA using 60 serum samples (40 from CRC and 20 from healthy individuals) at 1:50, 1:20, and 1:10 dilution, respectively. Data are
represented in dot plots depicting the smallest observation (sample minimum), lower quartile (Q1), median (Q2), upper quartile (Q3), and largest
observation (sample maximum). Horizontal bar in the box plot represents the median of the ELISA values data set. B, specificity and sensitivity
were calculated using ROC curves for each marker. AUC is indicated. C, ROC curve was calculated for the combinations of the three markers.

a significant reduction in proliferation (Fig. 6A). At the antibody
level, we confirmed the results of CD137L/TNFSF9 with the
addition of LUM. In contrast, a small but significant increase in
proliferation was observed after NEO1 inhibition. At the ad-
hesion level, a >3-fold reduction in adhesion capacity was
observed after NEO1-, SERPINI1-, and PODXL-silencing with
siRNA and antibody blocking (Fig. 6B). A clear inhibition of
migration was observed for ZG16B, CD137L, and EFNAS,
followed by CTSS and SOSTDC1 using siRNA or antibody
blocking (Fig. 6C). Finally, regarding invasion, a critical step
for metastasis, ZG16B, CTSS, CD137L, and EFNA3, together
with MDK and SOSTDC1, caused a significant reduction in
the invasion ability after siRNA silencing (Fig. 6D). After anti-
body blocking, a strong reduction was observed for CD137L/
TNFSF9, CTSS, and SOSTDC1. In conclusion, we observed an
important role for ZG16B, CD137L/TNFSF9, CTSS, SOSTDC1,
and EFNA3 in migration and invasion and MDK only in invasion
of metastatic cells. NEO1, SERPINI1, and PODXL appeared to
play a significant role in cellular adhesion.

SOSTDC1, CD137L/TNFSF9, and EFNA3 Play a Major Role
in Liver Homing— Colonization of distant organs is the final
and critical step in metastasis. To determine the liver homing
capacity of the invasion panel proteins, we carried out in vivo
experiments using Swiss nude mice. Livers were collected
24 h after intrasplenic injection of transiently transfected
KM12SM metastatic cells, and RNA was extracted to amplify

human GAPDH by PCR (Fig. 7). Human GAPDH was detected
at a similar extent in livers from mice inoculated with cells
transiently silenced with ZG16B, CTSS, and MDK, parental
cells (KM12SM), and control siRNA. KM12SM transfected
with siRNA control behaved equally to parental KM12SM
cells. However, PCR amplification resulted in a barely or non-
detectable band in mice inoculated with silenced cells corre-
sponding to SOSTDC1, CD137L/TNFSF9, and EFNAS. There-
fore, these three proteins seem to be critical for liver homing
and metastatic colonization in colorectal cancer.

Prognostic Value of the Invasion Panel—To evaluate the
prognostic value of those proteins that showed a significant
effect of migration, invasion, and liver homing, we carried out
a meta-analysis of association to overall survival (OS) using
publicly available genomic data on colorectal adenocarci-
noma using the cBio Cancer Genomics Portal (33). We used
mRNA expression data sets, with a z-score threshold * 2.0,
for a total of 274 colorectal cancer samples analyzed in the
database. Using Kaplan-Meier analysis of OS based on the
median mMRNA expression levels, we investigated the prog-
nostic value of each protein (CD137L/TNFSF9, CTSS,
SOSTDC1, ZG16B, EFNA3, and MDK) and their different
combinations, including the whole six protein panel. Combi-
nations of two and three proteins showed significant associ-
ation with prognosis (data not shown), but the six-protein
panel displayed the most significant association with OS (log-
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Fic. 6. In vitro functional studies to determine the effect of differentially released protein in CRC metastasis. Adhesion, migration,
invasion, and proliferation assays were performed with KM12SM CRC cells to study the effect of siRNAS or blocking antibodies against
indicated targets on CRC metastasis. Experiments were performed three times, with consistent results. Error bar, standard deviation. (*, p <
0.05; **, p < 0.01; **, p < 0.001.) A, adhesion assays were performed after 48 h of transfection of KM12SM cells with siRNAs directed against
the indicated targets and, alternatively, with blocking antibodies using parental KM12SM cells. B-D, migration, invasion, and proliferation
assays, respectively, were performed 24 h after transfection of KM12SM cells with siRNAs directed against the indicated targets and,
alternatively, with blocking antibodies using parental KM12SM cells.

rank test p value = 0.030), where 46 patients from a total of
274 showed alterations in this gene signature (Fig. 8A). Then
we evaluated if these panels could be extended to other
tumor types (Fig. 8, B-D). The association with OS for breast

cancer, glioblastoma, and lung adenocarcinoma did not de-
liver significant p values (log-rank test p value of >0.48) after
analyzing the same six gene combinations (Fig. 8, B-D), re-
spectively. Moreover, we also tested this panel signature in

Molecular & Cellular Proteomics 12.6

1613



Secretome of Colon Cancer Metastatic Cells

Murine B-actin

Fic. 7. SOSTDC1, CD137L, or EFNAS silencing suppresses liver
metastasis in KM12SM cells. Nude mice were inoculated intras-
plenically with KM12SM cells transfected with the indicated siRNAs
and were sacrificed 24 h after injection. RNA was isolated from the
liver and subjected to RT-PCR to amplify human GAPDH. A repre-
sentative experiment out of three is shown. Murine B-actin was am-
plified as loading control.

other available gene datasets, i.e. kidney, ovarian, bladder,
and prostate cancer, without observing significant association
with prognosis (data not shown). In summary, the invasion
panel composed of six proteins might constitute a molecular
signature for poor prognosis in colorectal cancer.

DISCUSSION

The use of high accuracy and sensitivity mass spectrometry
combined with SILAC labeling for the comparison of the con-
ditioned medium from highly metastatic KM12SM cells with
poorly metastatic KM12C cells enabled the discovery of a
large number of differentially secreted proteins associated
with metastasis in colon cancer. Among them, three proteins
(SERPINI1, GDF15, and S100A8/A9) showed potential as can-
didate biomarkers for CRC diagnosis. Other proteins like
CD137L/TNFSF9, CTSS, SOSTDC1, EFNA3, ZG16B, and
MDK revealed a role in cell adhesion and/or invasion, which
suggest a pro-oncogenic and pro-metastatic property for
these molecules. Furthermore, SOSTDC1, CD137L/TNFSF9,
and EFNA3 appeared to be relevant in liver homing. The panel
of six proteins showed association with poor prognosis in
colorectal cancer after database analysis. However, this as-
sociation presents some limitations that must be acknowl-
edged. The TCGA colon cancer dataset includes all different
stages coming from different sites of origin, composing a
heterogeneous group that might not be the most represent-
ative for survival studies. Because the results are based on a
single study dataset, they should be reanalyzed for confirma-
tion using much larger numbers of patients with similar dis-
tributions between both groups.

We performed a preliminary comparison of our results with
two recent reports aiming to identify differentially expressed
proteins in SW480/SW620 metastatic colorectal cancer cells
that used iTRAQ labeling of the whole cell proteome (22) or
label-free analysis of the secretome (23), respectively. A few
of the short-listed proteins (Table I) were coincident with the
iTRAQ study, i.e. Calcyclin-binding protein and myristoylated
alanine-rich protein kinase C substrate. Regarding the label-
free analysis, we found a common protein GDF15 and two
proteins AGR3 and IGFBP2 similar to AGR2 and IGFBP7.

There could be several reasons to explain this relatively low
level of coincidence, apart from being different cell lines from
different patients. First, the KM12SM cell line shows a more
pronounced liver tropism than SW620. Second, we used con-
ditioned media and SDS-PAGE fractionation instead of the
whole proteome used for iTRAQ labeling or unfractionated
conditioned media used for label-free. Third, we used SILAC
instead of iTRAQ labeling or label-free. Fourth, different soft-
ware was used for quantification. However, the similarities
found in this work should contribute to settle down specific
and commonly altered proteins in colon cancer metastasis.

Many of the identified proteins were initially classified as
nonsecreted, but further in silico analysis revealed that they
could use nonconventional secretion pathways. Similar find-
ings were described for the secretome of prostate or pancre-
atic cancer cell lines (38, 39). There might be several reasons
to explain the presence of these proteins. They could be
exosomal proteins, proteins cleaved from plasma membrane,
or proteins derived from cellular breakage. After analysis with
ExoCarta database, we found that more than 50% of the
proteins had been previously observed in human exosomes.
In addition, about 12% were proteins previously associated
with the plasma membrane proteome of KM12 cells (17). A
currently extended hypothesis proposes a key role for tumor-
derived exosomes and shedding vesicles in tumor progres-
sion (40-43). Some of the quantified growth factors and cy-
tokines that have been found in exosomes might help to form
the premetastatic niche; indeed some proteins like
S100A8/A9 or MMP1 were associated with colonization of
other organs (44). MMPs, especially S100A8/A9, induce in-
flammation-related pathways in the tumor microenvironment,
which are necessary for premetastatic niche formation (44,
45).

One goal of our study was to investigate the potential use of
differentially released proteins as CRC diagnostic biomarkers
in serum. Although these biomarkers were obtained from
comparing metastatic versus nonmetastatic cells, we
checked their utility for a general screening using serum from
patients at different stages of progression. After testing nine
different proteins, only S100A8/A9, GDF15, and SERPINI1
showed the ability to discriminate CRC patients from controls.
GDF15, also known as macrophage inhibitory cytokine 1
(MICH1), has been previously described as a serum biomarker
for colon and pancreatic cancer in different studies (23, 36—
38), and S100A8/A9 was proposed as serological and tissue
marker for colorectal cancer (46). The observed AUC values
for individual GDF15 were similar to those previously reported
(23). No AUCs were available for ST00A8/A9 in colon cancer.
We found that SERPINI1 also gives a significant level of
discrimination in serum. No association to CRC was previ-
ously reported for SERPINI1, which has been associated with
acute ischemic stroke (47) in serum. The combination of these
three proteins, GDF15, S100A8/A9, and SERPINI1, improved
significantly their individual ability as a biomarker giving an
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Fic. 8. Prognostic role of CD137L, CTSS, SOSTDC1, ZG16B, EFNA3, and MDK at mRNA level in colorectal cancer and other tumors.
A, using cBioCancer Genomics Portal database, Kaplan-Meier estimates of survival showed that patients with alterations in the six-gene
invasion panel had worse overall survival than those without alterations (log-rank test p: 0.03). B-D, no significant association with overall
survival of the six protein invasion panel was obtained for breast cancer, glioblastoma, and lung cancer, respectively.

AUC of 0.884, with a sensitivity of 60% at 95% specificity. The
levels of specificity and sensitivity were promising for colon
cancer screening.

Overall, the proteomic profile found in the secretome pro-
vides important clues about the different adhesion and inva-
sive properties of KM12SM cells, which might be associated
with the metastatic process to liver. After data mining, we
have observed that EFNA3, ZG16B, MDK, CTSS, CD137L/
TNFSF9, and SOSTDC1 share common regulatory pathways
involved in cell motility (migration and invasion), adhesion,
and proliferation. A schematic depicting the common regula-
tory pathways is shown in Fig. 9. Among the most common
altered pathways, we found PI3K, Src, and MAPK as main
actors in the processes of migration and invasion, as well as
a2B1 integrin as a mediator of adhesion. Collectively, these
proteins seem to activate the PI3K signaling pathway respon-
sible for the higher migration and invasion properties of
KM12SM cells in comparison with KM12C cells.

Podocalyxin-like 1 (PODXL), one of the most up-regulated
proteins in highly metastatic cells, co-localizes with B1 integ-
rin and enhances adhesion, migration, and intercellular com-
munication in endothelial cells (48). Overexpression of PODXL
has been observed in several cancers (prostate, breast, brain,
testicular, and hepatocellular and renal cell carcinoma) and

was associated with poor prognosis in colorectal cancer (49).
It also plays a role in epithelial-mesenchymal transition, pro-
moting the acquisition of a motile phenotype (50). However,
only effects on adhesion but not in migration or invasion were
observed in metastatic KM12SM cells. Down-regulated neo-
genin (NEO1) displays identical secondary structure to, and is
a homolog to, DCC (51). The precise biological function of
DCC is quite unknown, although it was initially described as a
suppressor gene and biomarker for colorectal cancer pro-
gression. After NEO1 deletion with siRNA silencing or anti-
body blocking, we noticed a significant decrease in cell ad-
hesion to Matrigel of KM12SM cells, together with a minor but
significant increase of cell proliferation. These results, com-
bined with the down-regulation of NEO1 expression in meta-
static cells, might support a role for NEO1 as a suppressor in
colon cancer metastasis. DCC has been shown to increase
cell-cell adhesion in the loss of the cell-matrix interaction (52),
in agreement with our observations regarding NEO1 effects
on cell-matrix interaction.

Proteases are highly relevant in invasion and metastasis by
conditioning the extracellular matrix. Several proteases were
up-regulated in KM12SM cells (CTSS and BSSP-4/PRSS2)
and others were down-regulated (SERPINI1, KLK6, KLK10,
MMP1, and cathepsin D). Blocking of cathepsin S (CTSS)
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Fic. 9. Common regulatory pathways associated with the proteins identified in this study. A, proteins involved in the different
processes. In black, proteins that promote these processes are shown, and in red proteins that inhibit them are shown. B, pathways affected
by the proteins regulating cell adhesion, migration, invasion, or proliferation (from left to right and top to bottom). EFNA3 binds and activates
EphA receptors (75); these receptors trigger activation of PI3K and Src (72) and inhibit MAPK (73). CTSS increases expression of MET, EGFR,
ITGA2, and MMP3 (54). In turn, MET activates PI3K (76); ITGA2 activates MAPK (77), and both molecules are also activated by EGFR (78).
SERPINI1 is an inhibitor of tissue plasminogen activator (tPA) (57), which inhibits ITGB1 (79). TNFSF9 triggers activation of PI3K and Src (61).
PODXL promotes ITGB1-mediated cell adhesion (48). NEO1 is a receptor of Netrin, which also binds ITGB1 (80), inducing a collaborative
signaling that enhances cell adhesion (51). NEO1 also inhibits focal adhesion kinase (FAK) activation, which is an activator of Ras (81).
SOSTDCH, also known as USAGH1, is an inhibitor of several BMPs (82). BMP4 inhibits activation of MMP9 (83), whose expression is inhibited
by BMP2 (84), which also reduces PTEN expression (85). Midkine binds to ITGB1 (60), inducing ITGB1/TSPAN1 interaction that activates
STAT1, which in turn promotes expression of MMP2 and MMP26 (86). ZG16B increases CXCR4 expression (66), which can stimulate PI3K (65).

activity appears to block cell migration and, more importantly,
invasion, confirming a previous report on the role of CTSS in
colorectal cancer invasion and angiogenesis (53). In gastric
cancer, CTSS up-regulates the expression of CXCL16, MET,
and EGFR, producing the downstream activation of PISK/AKT
and MAPK (54). Serpins are known to block CTSS protease
action (55). Up-regulated BSSP-4/PRSS2, a serine protease

expressed in airway epithelial cells, is involved in the uroki-
nase plasminogen activator system (56). This suggests a di-
rect relation between the up-regulation of CTSS and BSSP-4
and the down-regulation of SERPINI1. Neuroserpin
(SERPINI) is a secreted protease that inhibits tissue-type
plasminogen activator and plasmin (57). SERPINI1 silencing
and blocking showed an important decrease in KM12SM cells

1616

Molecular & Cellular Proteomics 12.6



Secretome of Colon Cancer Metastatic Cells

adhesion. Therefore, SERPINI1 silencing could avoid plasmin
inhibition, facilitating the degradation of extracellular matrix
components and weakening adhesion. Plasmin activates
VEGF, TGFB, or FGF2.

Midkine (MDK) was up-regulated in KM12SM cells and
enhanced the invasion properties of KM12SM cells. MDK is a
secreted growth factor, which has been reported as overex-
pressed in different types of cancers, including colorectal
cancer (58). Midkine was found to enhance the migration and
invasion of primary desmoid tumor cell cultures (59). 1 in-
tegrin works as a functional receptor for MDK, mediating its
effects (Fig. 9) (60). Up-regulated CD137L, also known as
TNFSF9 or 4-1BBL, is a membrane receptor protein that
belongs to the tumor necrosis factor (TNF) ligand family. This
cytokine seems to be involved in cell adhesion and prolifera-
tion of myeloid cells (61). This effect was blocked by Src and
PI3K inhibitors. Its expression was previously observed in
colorectal cancer (62), but its origin or its effect on cancer cell
signaling was unknown. Silencing and blocking experiments
demonstrated a clear role in migration, invasion, liver homing,
and poor prognosis in colon cancer that deserves further
research. Up-regulated ZG16B, also known as pancreatic
adenocarcinoma up-regulated factor (63), is a secreted mam-
malian lectin. In pancreatic cancer, ZG16B promotes metas-
tasis by regulating TLR2/CXCR4 activation (64). CXCR4 reg-
ulates the effects on migration and invasion by activation of
PI3K (65). Recently, pancreatic adenocarcinoma up-regulated
factor/ZG16B has been shown to promote angiogenesis and
migration of endothelial cells, resulting in increased vascular
permeability (66). ZG16B silencing experiments demonstrated
a significant reduction of migration and invasion in KM12SM
cells. Both CD137L and ZG16B share a common capacity for
activation of Toll-like receptors and TNF induction, and both
are related to inflammation development. Thus, CD137L/
TNFSF9 and ZG16B might play a role in the maintenance of
the inflammatory state within cancer tissue. CD137L/TNFSF9
appears to be required for TLR4-induced activation of tran-
scription factors CREB and CCAAT/enhancer-binding protein
(a late event) (67). CREB regulates, among others, the syn-
thesis of many neuropeptides, including VGF. This might
explain the alterations in some neuropeptides, i.e. VGF or
mesencephalic astrocyte-derived neurotrophic factor. VGF
(non-acronymic), up-regulated by nerve growth factor, is a
neuroendocrine-specific protein, which was first isolated from
a rat pheochromocytoma (68). No association with intestinal
cells or colon cancer has been previously reported. Our ob-
servation could be related to the strong relationship between
intestinal cells and the enteric nervous system.

Another up-regulated protein, SOSTDC1 (sclerostin domain
containing protein 1, also known as USAG1 or ectodin), func-
tions as antagonist of bone morphogenetic proteins (BMP)
and Wnt signaling (69). In renal cancer, SOSTDC1 suppressed
BMP-7-induced phosphorylation of Smad-1, -5, and -8 and
Whnt-3a signaling, reducing proliferation (70). In metastatic

cells, silencing of SOSTDC1 reduced migration, invasion, and
liver homing. Finally, EFNA3 is a relatively uncharacterized
member of the ephrin family, without previous association to
colorectal cancer. The receptor EphA4 was also down-regu-
lated in KM12SM cells (Table I). EphA receptors and ephrins
have been shown to affect the growth, migration, and invasion
of cancer cells in culture as well as tumor growth, invasive-
ness, angiogenesis, and metastasis in vivo (71). This action
was mediated by PI3K and Src (72) or MAPK (73). In the
nervous system, EphA4 and EFNA3 inhibit 81 integrin signal-
ing activity (74). Silencing of EFNA3 reduced migration, inva-
sion, and homing in KM12SM metastatic cells. However, the
fact that EFNA3 was down-regulated in KM12SM, but silenc-
ing also decreased homing, discards a possible role as me-
tastasis suppressor, suggesting that its effects might be indi-
rectly mediated.

To summarize, this unbiased proteome-wide approach of
the secretome of KM12 cells identified a large number of
novel proteins that seem to play a major role in metastasis
of colorectal cancer. Further studies must be performed to
determine whether they might become new targets for ther-
apeutic intervention in colorectal cancer.
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