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Expression profiles represent new molecular tools that
are useful to characterize the successive steps of tumor
progression and the prediction of recurrence or chem-
otherapy response. In this study, we have used quanti-
tative proteomic analysis to compare different stages of
colorectal cancer. A combination of laser microdissec-
tion, OFFGEL separation, iTRAQ labeling, and MALDI-
TOF/TOF MS was used to explore the proteome of 28
colorectal cancer tissues. Two software packages were
used for identification and quantification of differentially
expressed proteins: Protein Pilot and iQuantitator.
Based on �1,190,702 MS/MS spectra, a total of 3138
proteins were identified, which represents the largest
database of colorectal cancer realized to date and dem-
onstrates the value of our quantitative proteomic ap-
proach. In this way, individual protein expression and
variation have been identified for each patient and for
each colorectal dysplasia and cancer stage (stages
I–IV). A total of 555 proteins presenting a significant fold
change were quantified in the different stages, and this
differential expression correlated with immunohisto-
chemistry results reported in the Human Protein Atlas
database. To identify a candidate biomarker of the early
stages of colorectal cancer, we focused our study on
secreted proteins. In this way, we identified olfacto-
medin-4, which was overexpressed in adenomas and in
early stages of colorectal tumors. This early stage over-
expression was confirmed by immunohistochemistry in
126 paraffin-embedded tissues. Our results also indi-
cate that OLFM4 is regulated by the Ras-NF-�B2 path-
way, one of the main oncogenic pathways deregulated

in colorectal tumors. Molecular & Cellular Proteomics
10: 10.1074/mcp.M111.009712, 1–14, 2011.

Every year, more than one million individuals around the
world are diagnosed with colorectal cancer (CRC),1 and with
a death rate �33% (1), this disease is an important cause of
mortality. CRC diagnosis and prognosis rely on the tumor-
node-metastasis and clinical staging systems, which illustrate
local lymph node and distal organ invasion. These clinical
stages are important prognostic factors because survival
rates of 5 years or more are observed for more than 90% of
patients diagnosed with Stage I CCR, whereas survival rates
drop to only �10% for CRC that have metastasized to distant
organs (stage IV) (2). As a consequence, early stage detection
has the most impact on cancer incidence and mortality in this
disease (3, 4). As initially described by Vogelstein et al. (5),
colorectal transformation is explained by the sequential ac-
cumulation of genetic alterations that generate malignant cells
(6). Mutations of the adenomatous polyposis coli gene and the
subsequent activation of �-catenin is probably the most com-
mon initiating event of CRC, leading to the transformation of
normal colonic epithelium into adenomas (7–10). This stage
represents an intermediate lesion where cells exhibit autono-
mous growth and probably genetic instability but are incapa-
ble of invasive growth and metastasis. It is estimated that only
a small proportion of �5% of adenomas will progress to the
next CRC stages, implying that the transition from normal
cells to adenoma differs from the progression from adenomas
to adenocarcinomas. Following the loss of adenomatous pol-
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yposis coli, it has been proposed recently that KRAS muta-
tions are essential to allow the nuclear accumulation of
�-catenin and the subsequent progression to the adenocar-
cinoma step (11). Although Ras mutations have probably no
prognosis value, this modification is associated with resis-
tance to anti-epidermal growth factor receptor-targeted ther-
apies (12), indicating that this transformation pathway is as-
sociated with an intrinsic drug resistance program.

Despite their utility, tumor-node-metastasis and clinical
staging remain relatively imprecise and are not well charac-
terized at the molecular level. For this reason, the develop-
ment of new prognostic tools would be useful to characterize
the successive steps of the disease and predict the risk or
recurrence of chemotherapy escape. Elegant results have
recently identified gene expression profiles that associate
with specific oncogenic pathways and can eventually predict
chemotherapy sensitivity (13, 14). This approach has also
been successfully used in CRC to identify a 50-gene signature
that distinguished patients with low or high risks or recurrence
at the early stage of the disease (15). These results also led to
the identification of a therapeutic approach that would be
specific of a particular stage of CRC. Besides these genomic
data, proteomics analysis is also a powerful tool for the global
evaluation of protein expression and the identification of prog-
nosis or predictive signatures. However, although recent in-
depth proteomics analyses have generated large protein data
sets, only a few proteins such as carcinoembryonic antigen,
CA19.9, and CA125 have been described as potential prog-
nosis or prognostic biomarkers, and none of them are recom-
mended for clinical screening (16–20). These analyses essen-
tially used two-dimensional gel strategies combined with
image analysis, thereby limiting the analyses to the more
abundant CRC proteins. A few recent studies have combined
more targeted approaches with two-dimensional electropho-
resis, including studies focusing on membrane proteins (21),
basic proteins (22), heparin-affinity isolated proteins (23), or
proteasome (24). Some of these studies have identified novel
candidate CRC serum biomarkers with comparable or better
sensitivity than carcinoembryonic antigen, such as nicotina-
mide N-methyltransferase (25), proteasome activator com-
plex subunit, PSME3 (26), S100A9, S100A8 (27), and Desmin
(28). However, these results are often largely limited to abun-
dant proteins that are commonly overexpressed in cancers
(structural proteins, glycolytic enzymes, annexins, cathepsins,
and heat shock protein). Because these proteins are probably
not specific to CRC, the benefits in clinical staging or in
predicting the success of targeted therapies remain to be
determined. Tumor analysis is challenging, given the hetero-
geneity of the colorectal cancer tissue and the limited number
of tumor cells generally available. To increase the specificity
of the analysis, tumor cells should be ideally isolated from
heterogeneous samples by laser capture microdissection
(LCM) (29). Although this approach is widely used in the
genomic field, proteomic analyses of tumor tissue are limited,

and to our knowledge only one study has been performed in
CRC, using adenoma tissue (29).

In this study, we have performed comparative proteomic
profiling of laser capture microdissected adenoma, stage I–IV
adenocarcinoma tissues, and normal colorectal tissues from
28 different human specimens. Using only the limited amount
of material collected by LCM, a proteomic profile for each
sample has been separately acquired by iTRAQ labeling using
our previously developed method (30, 31). 555 proteins were
quantified in the different stages. Among these proteins, we
focused on OLFM4 (olfactomedin-4), because this protein has
recently been shown to be expressed in colorectal stem cells
in association with Lgr5 (32, 33). We found that OLFM4 is a
secreted protein that is regulated by Ras-NF-�B2, one of the
main oncogenic pathway in colorectal cells. These results
highlight the power of quantitative proteomic approaches to
allow the identification of stage-specific markers in colorectal
cancer. To our knowledge, this is the most comprehensive
global study that compares proteomic results of phenotypi-
cally normal, adenoma, early stage tumor, and metastatic
adenocarcinoma in multiple individual samples.

MATERIALS AND METHODS

Sample Collection—The study protocol and patient consent forms
were approved by the Angers Hospital and CRLCC Paul Papin Ethic
Committee. Twenty-eight colorectal frozen tissue samples, collected
between 1999 and 2004, were obtained from the Cancer Center
tumor bank. All of the tissue specimens were obtained from surgical
resection. Normal colonic tissue was obtained from the distal edge
of the resection at least 10 cm from the tumor. After hematoxylin
and eosin staining, the paraffin-embedded tissue sections from all
of the specimens were evaluated by two experienced pathologists
independently according to Union Internationale contre le Cancer
staging. Clinical features of tissue candidates are summarized in
Table I.

TABLE I
Clinical features of human tissue samples

Clinical features iTRAQ IHC

Gender (male/female) 16/12 70/56
Mean age (years) 68.7 � 8.9 69.39 � 10.56
Age range (years) 48–87 41–94
Union Internationale contre

le Cancer stage
Adenoma 4 (14.3%) 30 (23.8%)
Intramucosal carcinoma 0 12 (9.5%)

Adenocarcinoma
Stage I 6 (21.5%) 26 (20.6%)
Stage II 5 (17.8%) 14 (11.1%)
Stage III 9 (32.1%) 25 (19.8%)
Stage IV 4 (14.3%) 19 (15.2%)

Location
Colon 17 (58.6%) 92 (73.0)
Rectum 1 (3.4%) 10 (7.9%)
Rectosigmoid hinge 6 (20.7%) 9 (7.2%)
Sigmoid 3 (10.4%) 10 (7.9%)
Caecum 2 (6.9%) 5 (4.0%)
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Laser Capture Microdissection—Frozen sections (12 �m thick) of
either colon cancer or normal colonic mucosa were cut on a cryostat
(Bright Instrument Co. Ltd., Huntingdon, UK). Specific sections were
stained with toluidine blue for visual reference. Tissue sections were
incubated in 70% ethanol for 1 min, 95% ethanol for 2 min, 95%
ethanol for 2 min, and finally twice in 100% xylene for 5 min. Xylene
was evaporated, and sections were microdissected using a PixCell II
laser capture microdissection system (Arcturus Engineering, Moun-
tain View, CA) equipped with the PixCell II image archiving software
(Arcturus Engineering). Laser settings were as follows: � � 810 nm,
spot diameter set at 7.5 �m, pulse duration � 70 ms, and power � 70
mW. After microdissection, the plastic film containing the microdis-
sected cells was removed, the film containing the tumor cells was
placed in a microcentrifuge tube, and the protein lysis solution was
added. Approximately 30,000 cells were captured from either a single
or consecutive tissue sections using up to five CapSure LCM caps
(Molecular Devices Corporation).

Protein Extraction and Digestion—Protein extraction was carried
out using the Liquid Tissue MS protein preparation kit according to
manufacturer’s protocol (Expression Pathology Inc., Gaithersburg,
MD). Briefly, the films from the underside of the caps for all samples
were removed, transferred to low binding reaction tubes, incubated
with 20 �l of Liquid Tissue extraction, and heated at 95 °C for 90 min.
After cooling for 2 min on ice, 5 �l of trypsin reagent was added and
incubated at 37 °C for 1 h with vigorous shaking for 30 s at 20 min
intervals. The samples were further incubated overnight at 37 °C
followed by heating at 95 °C for 5 min. The samples were then
harvested via centrifugation at 10,000 � g, dried completely using a
SpeedVac, resuspended in 100 �l of 0.5% TFA in 5% acetonitrile,
desalted via PepClean C-18 spin columns (Pierce), and dried for
iTRAQTM processing.

Peptide Labeling with iTRAQ Reagents—Peptides samples were
resuspended with 30 �l of iTRAQ dissolution buffer (AB Sciex). They
were reduced with 5 mM tris-(2-carboxyethyl)phosphine at 60 °C for 1 h,
and the cysteine-groups were blocked using a 10 mM methyl methane-
thiosulfonate solution at room temperature for 10 min. Each peptide
solution was labeled at room temperature for 2 h with one iTRAQ
reagent vial previously reconstituted with 70 �l of ethanol for 4-plex
iTRAQ reagent and reconstituted with 50 �l of isopropanol for 8-plex
iTRAQ reagent. A mixture containing small aliquots from each labeled
sample was analyzed by MS/MS to determine a proper mixing ratio to
correct for unevenness in peptide yield from Liquid Tissues procedures.
Labeled peptides were then mixed in a 1:1:1:1 (or 1:1:1:1:1:1:1:1) ratio.
The peptide mixture was then dried completely using a SpeedVac.

Peptide OFFGEL Fractionation—For pI-based peptide separation,
we used the 3100 OFFGEL Fractionator (Agilent Technologies, Bö-
blingen, Germany) with a 24-well set-up. Prior to electrofocusing, the
samples were desalted onto a Sep-Pak C18 cartridge (Waters). For a
24-well set-up, peptide samples were diluted to a final volume of
respectively 3.6 ml using OFFGEL peptide sample solution. To start,
the 24-cm-long IPG gel strip (GE Healthcare) with a 3–10 linear pH
range was rehydrated with the peptide IPG strip rehydradation solu-
tion according to the protocol of the manufacturer for 15 min. Then
150 �l of sample was loaded in each well. Electrofocusing of the
peptides was performed at 20 °C and 50 �A until the 50-kVh level was
reached. After focusing, the 24 peptide fractions were withdrawn, and
the wells were washed with 200 �l of a solution of water/methanol/
formic acid (49:50:1). After 15 min, the washing solutions were pooled
with their corresponding peptide fraction. All of the fractions were
evaporated by centrifugation under vacuum and maintained at
�20 °C. Just prior nano-LC, the fractions were resuspended in 20 �l
of H2O with 0.1% (v/v) TFA.

Capillary LC Separation—The samples were separated on an Ulti-
mate 3,000 nano-LC system (Dionex, Sunnyvale, CA) using a C18

column (PepMap100, 3 �m, 100 A, 75 �m inner diameter � 15 cm;
Dionex) at 300 nl/min a flow rate. Buffer A was 2% ACN in water with
0.05% TFA, and buffer B was 80% ACN in water with 0.04% TFA. The
peptides were desalted for 3 min using only buffer A on the precol-
umn, followed by a separation for 105 min using the following gradi-
ent: 0 to 20% B in 10 min, 20% to 45% B in 85 min, and 45% to 100%
B in 10 min. Chromatograms were recorded at the wavelength of 214
nm. Peptide fractions were collected using a Probot microfraction
collector (Dionex). We used CHCA (LaserBioLabs, Sophia-Antipolis,
France) as MALDI matrix. The matrix (concentration of 2 mg/ml in
70% ACN in water with 0.1% TFA) was continuously added to the
column effluent via a micro T mixing piece at 1.2 �l/min flow rate.
After 12-min run, a start signal was sent to the Probot to initiate
fractionation. Fractions were collected for 10 s and spotted on a
MALDI sample plate (1,664 spots/plate; Applied Biosystems, Foster
City, CA).

MALDI-MS/MS—MS and MS/MS analyses of off-line spotted pep-
tide samples were performed using the 4800 or 5800 MALDI-TOF/
TOF Analyzers (Applied Biosystems/ABsciex) and 4000 Series Ex-
plorer software, version 3.5 (with MALDI 4800) and version 4.0 with
MALDI 5800). The instrument was operated in a positive ion mode
and externally calibrated using a mass calibration standard kit
(ABsciex). The laser power was set between 2800 and 3400 for MS
and between 3600 and 4200 for MS/MS acquisition. After screening
all LC-MALDI sample positions in MS-positive reflector mode using
1500 laser shots, the fragmentation of automatically selected precur-
sors was performed at a collision energy of 1 kV using air as collision
gas (pressure of �2 � 10–6 Torr) with an accumulation of 2000 shots
for each spectrum. MS spectra were acquired between m/z 800 and
4000. For internal calibration, we used the parent ion of Glu-1 fibrino-
peptide at m/z 1570.677 diluted in the matrix (30 fmol/spot). Up to 12
of the most intense ion signals per spot position having a S/N of �12
were selected as precursors for MS/MS acquisition. Peptide and
protein identification were performed by the ProteinPilotTM software
version 3.0 (AB Sciex) using the Paragon algorithm as the search
engine (34). Each MS/MS spectrum was searched for Homo sapiens
species against the Uniprot/Swissprot database (UniProtKB/Sprot
20090414 release 15.0, with 525,997 sequence entries). The searches
were run using with the fixed modification of methylmethanethiosul-
fate-labeled cysteine parameter enabled. Other parameters such as
tryptic cleavage specificity, precursor ion mass accuracy and frag-
ment ion mass accuracy are MALDI 4800 or 5800 built-in functions of
ProteinPilot software. The detected protein threshold (unused
protscore (confidence)) in the software was set to 2 to achieve 99%
confidence, and identified proteins were grouped by the ProGroup
algorithm (ABsciex) to minimize redundancy. The bias correction op-
tion was executed.

A decoy database (based on a reverse sequence database con-
catenated with the forward sequence database) search strategy was
also used to estimate the false discovery rate (FDR � number of
validated decoy hits/(number of validated target hits � number of
validated decoy hits) � 100). The FDR was calculated by searching
the spectral against the Uniprot H. sapiens decoy database. The FDR
for each iTRAQ experiment is indicated in Table II.

Quantification of Relative Protein Expression—We employed a cus-
tomized software package, iQuantitator (35, 36), to infer the magni-
tude of change in protein expression. The software infers treatment-
dependent changes in expression using Bayesian statistical and
Markov Chain Monte Carlo methods. Basically, this approach was
used to generate means, medians, and 95% confidence intervals
(upper and lower) for each treatment-dependent change in protein
expression by using peptide level data for each component peptide
and integrating data across the two experiments. For proteins whose
iTRAQ ratios were down-regulated in tissues, the extent of down-
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regulation was considered further if the higher limit of the confidence
interval had a value lower than 1. Conversely, for proteins whose
iTRAQ ratios were up-regulated in tumors, the extent of up-regulation
was considered further if the lower limit of the confidence interval had
a value greater than 1. The width of these credible intervals depends
on the data available for a given protein. Because the number of
peptides observed and the number of spectra used to quantify the
change in expression for a given protein are taken into consideration,
it is possible to detect small but significant changes in up- or down-
regulation when many peptides are available. For each protein and
each peptide associated with a given protein, the mean, median,
and 95% credible intervals were computed for each of the protein and
peptide level treatment effects.

The peptide selection criteria for relative quantification were per-
formed as follows. Only peptides unique for a given protein were
considered for relative quantification, excluding those common to
other isoforms or proteins of the same family. Proteins were identified
on the basis of having at least two peptides with an ion score above
95% confidence. The protein sequence coverage (95%) was esti-
mated for specific proteins by the percentage of matching amino
acids from the identified peptides having confidence greater than or
equal to 95% divided by the total number of amino acids in the
sequence.

Functional Annotation and Network Analysis—Gene ontology (GO)
terms for identified proteins were extracted, and overrepresented
functional categories for differentially abundant proteins were deter-
mined by the high throughput GOminer tool (National Cancer Insti-
tute, http://discover.nci.nih.gov.gate2.inist.fr/gominer/) (37). All pro-
teins that were subjected to iQuantitator analysis served as the
background list, and GO terms with at least five proteins were used
for statistical calculations. A p value for each term was calculated via
the one-sided Fisher’s exact test, and FDR was estimated by permu-
tation analysis using 1000 randomly selected sets of proteins sam-
pled from the background list. Statistically significant (FDR � 25%)
GO terms were clustered based on the correlation of associated
proteins to minimize potential redundancy in significant GO terms.

Network analyses of protein candidates and the ratios of their
expression in tumor and nontumor tissues (obtained from eight inde-
pendent experiments) were performed using the MetaCoreTM analyt-
ical suite version 4.7 (GeneGo, Inc., St. Joseph, MI) and compared
using p values of �0.01 as statistical metrics. For enrichment analy-
sis, gene identifiers of the uploaded files were matched with gene
identifiers in functional ontologies in MetaCoreTM (38), which included
canonical pathway maps (GeneGo maps), GeneGo cellular pro-
cesses, GO cellular process, and diseases categories.

Western Blot Analysis of Proteins in Normal Tissues and CRC—
Whole cell lysates were prepared from normal tissues and tumoral
tissues. Frozen tissue samples were homogenized and lysed in a
buffer containing 7 M urea, 2 M thiourea, and 4% (w/v) CHAPS at 4 °C
for 1 h using a rotary shaker. Lysis was achieved by sonication on ice
(three 5-s pulses), and the lysates were clarified by centrifugation at
14,000 � g at 4 °C for 15 min. Protein concentrations were deter-
mined using the FluoroProfile protein quantification kit (Sigma-Al-
drich), with BSA as the standard, and equal amounts of proteins (80
�g/lane) from the samples tissues were resolved on a 10% SDS-poly-
acrylamide gel. The proteins were then electrotransferred onto PVDF
membranes. After blocking with 3% BSA in TBS (0.1 M, pH 7.4), blots
were incubated with the respective primary antibodies (1:200 dilution)
at 4 °C overnight. The protein abundance of �-tubulin was used as a
control for protein loading and was determined with rabbit polyclonal
anti-�-tubulin: (H-235) antibody (sc-9104; Santa Cruz Biotechnology
Inc.). The membranes were incubated with the respective secondary
antibody, horseradish peroxidase-conjugated rabbit anti-IgG (goat
anti-rabbit IgG, 1:5000; Santa Cruz Biotechnology Inc.), and diluted

with 1% bovine serum albumin for 1 h at room temperature. After
each step, blots were washed three times with 0.05% Tween, TBS.
The membrane was probed with the indicated antibodies and devel-
oped with the ECL.

Immunohistochemistry—One hundred twenty-six patients with ad-
enoma or colorectal adenocarcinoma were studied by immunohisto-
chemistry. All of the tumors were obtained from the Departments of
Pathology at the Paul Papin Cancer Center and at the University
Hospital of Angers and from the Center of Pathology of Angers
between 2000 and 2005. Some samples were excluded: young pa-
tients (under 40 years old) and tumors having received chemotherapy,
metastasic tumors. The location was almost colic or from high rec-
tum. There were 30 adenomas with 15 low grade adenomas and 15
high grade adenomas; the dysplasia was classified according to the
established criteria of architectural features and cytological atypia.
There were 72 colorectal adenocarcinomas. According to the seventh
tumor-node-metastasis staging system (39) of the American Joint
Committee on Cancer, the depth of tumor invasion in each of the
carcinomas was classified into five groups, as follows: Tis, carcinoma
in situ or limited to mucosa; T1, invading the submucosa; T2, invading
the muscularis propria; T3, invading either the subserosa; and T4,
invading through the serosa or invading contiguous organs. The
status of lymph node metastasis was therefore stratified as follows:
N0, absence of regional lymph node metastasis; N1, one to three
regional lymph node metastasis; N2, four or more regional lymph
node metastasis. The presence of distant metastasis was noted as
follows: M0, absence of distant metastasis; M1, presence of distant
metastasis. The clinicopathological parameters are summarized in
Table I. One representative slide with a transversal section of the
tumor and with safe mucosa for each sample was selected. The
immunohistochemistry was carried out on 4-�m-thick paraffin-em-
bedded sections of formalin-fixed tumor samples using an antibody
directed against olfactomedin-4 (catalog number ab78496; Abcam,
Cambridge, MA; 1:25). The immunolabeling technique was performed
by a Benchmark automated tissue staining system (Ventana).

The immunohistochemistry was evaluated semi-quantitatively by
the percentage of cytoplasmic staining cells, the intensity, and the
presence or lack of secretory granules. To exclude subjectivity, all of
the slides were evaluated by two pathologists who had no knowledge of
the patients’ identities or clinical status. In discrepant cases, the two
pathologists reviewed the slides together and reached a consensus.

The percentage of immunopositive stained cells (A) was divided
into five grades as: �10% (score 0); 10–30% (score 1); 30–50%
(score 2); 50–70% (score 3); and �70% (score 4). Second, the
intensity of staining was scored by evaluating the average staining
intensity (B) of the positive cells (0, none; 1, weak; 2, intermediate; and
3, strong). The score for each section was measured as A � B, and
the result was defined as negative (�, 0), weakly positive (�, 1–3),
positive (��, 4–7), and strongly positive (���, 8–12). The immuno-
histochemical data were subjected to statistical analysis. All of the
quantitative data were recorded as the means � S.D. Comparison
between multiple groups were performed by one-way analysis of
variance and Wilcoxon rank tests (p � 0.05).

Specificity of the OLFM4 Antibody—The specificity of the OLFM4
antibody was determined by Western blot analyses using protein
extracts from four different cell lines (supplemental Fig. 1, A and B).
RNA interference data were obtained from colorectal cell lines trans-
fected with OLFM4 specific or control siRNA oligonucleotides
(supplemental Fig. 1, C and D). The validation of the OLFM4 antibody
was also determined by Western blot analysis using cell extract from
COS7 cells overexpressing OLFM4 (supplemental Fig. 1E). Finally, in
situ hybridization for OLFM4 in the human colon realized in Clevers’s
group (9) and our immunohistochemistry (IHC) images were com-
pared (supplemental Fig. 1F).

Quantitative Proteomic Analysis of Colorectal Tumors

10.1074/mcp.M111.009712–4 Molecular & Cellular Proteomics 10.?

http://www.mcponline.org/cgi/content/full/M111.009712/DC1
http://www.mcponline.org/cgi/content/full/M111.009712/DC1
http://www.mcponline.org/cgi/content/full/M111.009712/DC1
http://www.mcponline.org/cgi/content/full/M111.009712/DC1


Cell Lines and Transfection—Human cell lines (American Type
Culture Collection) were maintained in antibiotic-free RPMI 1640 me-
dium (Lonza). The cultures were supplemented with 10% fetal bovine
serum. The cell lines were maintained at 37 °C in 5% carbon dioxide
and were tested to rule out mycoplasma contamination. For trans-
fection experiments, the cells were seeded into 60-mm culture dishes
and grown until 80% confluence. The empty plasmid pcDN4/T0 and
the pcDNA4/OLFM4 plasmids were stably cotransfected with the
pcDNA6/TR using Lipofectamine 2000 reagent (Invitrogen) according
to the manufacturer’s instructions. The cells were selected with 100
�g/ml blasticidin (Sigma-Aldrich) and 500 �g/ml zeocin (Invitrogen)
for 2 weeks and maintained in RPMI 1640 medium supplemented with
10% fetal bovine serum containing 100 �g/ml zeocin and 2.5 �g/ml
blasticidin.

Chromatin Immunoprecipitation Assays—ChIP experiments were
performed as previously described (40–43). Briefly, HT29 cells were
fixed with 1% formaldehyde. After 10 min, the cells were washed with
ice-cold Tris-buffered saline and lysed with 500 �l of ChIP buffer (50
mM Tris-HCl, pH 8.1, 1% SDS, 10 mM EDTA, 1 mM PMSF, 10 �g/ml
aprotinine, 10 �g/ml leupeptine, 10 �g/ml pepstatine, 1 mM Na3VO4,
50 mM NaF). Chromatin was sheared by sonication to an average size
of 500 bp. The chromatin solution was diluted with 1 volume of
dilution buffer (2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 1% Triton X-100,
0.1% Nonidet P-40, 150 mM NaCl, 1 mM PMSF, 10 �g/ml aprotinine,
10 �g/ml leupeptine, 10 �g/ml pepstatine, 1 mM Na3VO4, 50 mM NaF)
and incubated 1 h at 4 °C on a rotating platform with protein A-
agarose and protein G-Sepharose that was pretreated with sheared
DNA salmon sperm. Chromatin was then incubated overnight at 4 °C
on a rotating platform with 1 �g of the indicated antibodies or anti-
GAL4 antibodies. Following precipitation with protein A-agarose and
protein G-Sepharose (pretreated with sheared DNA salmon sperm),
chromatin was eluted with elution buffer (1% SDS, 100 mM NaHCO3)
for 5 h at 65 °C. DNA was extracted with phenol chloroform, precip-
itated with ethanol, allowed to air dry, and then dissolved in 100 �l of
sterile H2O. Four �l of the DNA samples were then subjected to PCR
amplification.

RESULTS

iTRAQ Analysis of Colorectal Tumors—Given the cellular
heterogeneity of colorectal cancer, LCM was first applied on
tissue to obtain a highly purified population of tumor cells.
Representative images of pre- and postmicrodissected tissue
images as well as purified cells are presented Fig. 1A. Note
that UV laser capture induced cell damage and reduced
protein yield during microdissection so that all experiments
were performed using infrared laser capture. Approximately
100,000 cells were collected from multiple consecutive
tissue sections, and quantitative expression profiles were
obtained using iTRAQ labeling coupled with OFFGEL
fractionation and off-line nanoLC/MS/MS as we previously
described (30). To obtain proteomic maps of the successive
steps of colorectal cancer, four adenomas and 24 adeno-
carcinomas representing the four clinical stages of the dis-
ease were subjected to eight different iTRAQ experiments
(six 4-plex and two 8-plex; see Fig. 1B). To compare the
different results, a pool of three different normal tissues was
included in each experiment, labeled with a 114 tag. Finally,
among these eight experiments, five were performed using
100 �g of tissue, and three were conducted with less than
70 �g, for each sample.

Proteomic Analyses of Colorectal Cancer—We used the
ProteinPilot algorithm (34) to characterize the number of iden-
tified proteins (see the identification criteria under “Materials
and Methods”). In a first three 4-plex analyses (iTRAQ-1, -2,
and -7; supplemental Tables 1–3), 1672 unique proteins
were identified (more than 1100 unique proteins by experi-
ment; Table II). Among these, 734 (43.9%) were detected in
each of the three iTRAQ experiments, whereas 366 (21.9%)
were common to at least two analysis (Fig. 2A). This indi-
cates that approximately two-thirds of the identified pro-
teins can be detected in at least two of the three iTRAQ
experiments. To extend these results, we then compared
iTRAQ results, using either a 4800 (Fig. 2B) or 5800 (Fig. 2C)
MALDI TOF/TOF. Using the 4800 approach, we were able to
identify 1457 unique proteins with two 4-plex and one
8-plex experiments. 598 (41.0%) common proteins were
detected in all three experiments, and 371 (25.4%) were
shared by at least two experiments, indicating again that
two-third of the identified proteins can be detected in at
least two of the three iTRAQ experiments (Fig. 2B). Using
the 5800 MALDI TOF/TOF and one 4-plex and one 8-plex
experiments, we were able to identify 1443 unique proteins;
among which 821 (56.9%) were common to the two exper-
iments (Fig. 2C).

To define a colorectal cancer proteome, we then deter-
mined the total number of unique proteins that can be iden-
tified from the 28 tumor samples. As a first attempt, according
to the criteria, two peptides/protein with score �95% for each
iTRAQ experiment, 2141 unique proteins were identified (Ta-
ble II and supplemental Table 4). We then repeated this iden-
tification but combined the eight iTRAQ experiments into a
single group. In this case, 3138 unique proteins were identi-
fied with at least two peptides (confidence score � 99%)
(supplemental Table 5). We then classified this colorectal
cancer proteome using GOminer software. 17 GO cellular
components terms were defined among the 3138 proteins
(supplemental Fig. 2A), and the majority (37%) was attributed
to membrane proteins from cytoplasm, nucleus, mitochon-
drion, endoplasmic reticulum, and Golgi apparatus. This dem-
onstrated the effectiveness of the reported approach for the
identification of hydrophobic species. Proteins were also
grouped based on their biological functions (supplemental
Fig. 2B): 68% were involved in metabolism, 39% were in-
volved in the regulation of biological process, and 23% were
transport proteins. In addition, 21 and 19% were involved in
development and cell communication, respectively. GO mo-
lecular functions annotation terms indicated that 64% were
associated with protein binding, 47% had a catalytic activity,
23% were involved in nucleotide, and 27% were involved in
nucleic acid binding (supplemental Fig. 2C).

Technical and Experimental Reproducibility of iTRAQ Ex-
periments—To estimate the analytical reproducibility of our
results, two experimental replicates (identical sample in two
different iTRAQ sets) of a technical duplicate (two identical
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samples in an iTRAQ set) were run (supplemental Fig. 3A). In
total, 1282 proteins were identified (with at least two peptides)
across both iTRAQ experiment replicates using Protein Pilot

(1222 in replicate A1 and 1175 in replicate A2) (supple-
mental Table 6). The Venn diagram provided in supple-
mental Fig. 3B shows that 1115 (87%) of these proteins were

FIG. 1. iTRAQ-based quantitative
proteomic profiling of colorectal can-
cer progression. A flow chart of the
steps involved in quantitative proteomic
profiling of colon-derived tissues is
shown. A, this study includes tissue pro-
curement, histopathological examina-
tion, and microdissection of the cells us-
ing infrared laser capture from frozen
tissue sections (10 �m). Panel A, image
of premicrodissection; Panel B, post-mi-
crodissection; Panel C, isolated cells. B,
lysis of captured cells was performed
directly on LCM caps. The proteins were
extracted, reduced, alkylated, trypsin-di-
gested, and iTRAQ-labeled. Labeled
peptides were separated by OFFGEL
fractionation. Finally, the proteins were
identified and quantified by MALDI-TOF/
TOF experiments.

TABLE II
Spectra, peptides, and proteins identified and quantified of eight independent iTRAQ experiments

Experiment iTRAQ Mass
spectrometer Quantity Total

spectra
Identified peptides

(confidence � 95%)

Identified peptides
(confidence � 95%,

contribution � 2)

Identified proteins
(after grouping) Quantified proteins

(unused �4)
Unused �2 Unused �4

�g

iTRAQ-1 4-plex 4800 100 146,063 51,399 17,287 2175 1210 1180
iTRAQ-2 4-plex 4800 100 105,013 52,462 6638 2017 1127 1102
iTRAQ-7 4-plex 5800 100 229,545 88,106 8215 2251 1253 1224
iTRAQ-8 8-plex 5800 100 338,262 67,606 6573 1937 1041 1012
iTRAQ-6 8-plex 4800 100 131,143 42,005 12,997 1406 742 740
iTRAQ-3 4-plex 4800 70 86,380 23,768 8299 1214 604 603
iTRAQ-4 4-plex 4800 70 97,110 46,234 6844 1075 557 557
iTRAQ-5 4-plex 4800 70 57,186 26,247 3945 1242 431 431
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common to both sets. Linear regression analyses were per-
formed on ratios obtained from the duplicate analyses.
Pearson correlation coefficients between both technical
samples were 0.94 and 095, and those between the tech-
nical duplicate were 0.91 and 0.92 (� � 0.0001) (sup-
plemental Fig. 3C). Thus, the duplicate ratios were signifi-
cantly positively correlated, indicating a good technical sam-
ple preparation and a good analytical reproducibility of the
OFFGEL-LC/MS/MS approach.

Proteomic Analysis of the Different Stages of Colorectal
Cancer—We then used the iQuantitator software to quantify
protein expression between the different stages of colorectal
cancer. This approach generates variation means and 95%
credible intervals for each expression change. For proteins
whose iTRAQ ratios were down-regulated, down-regulation
was considered to be significant if the upper limit of the
credible interval was below 1. Conversely, for proteins whose
iTRAQ ratios were up-regulated, up-regulation was consid-
ered to be significant if the lower limit of the credible interval
had a value greater than 1. By taking into consideration both
the peptide and spectra numbers, this approach allowed us to
detect small but significant expression changes, provided that
several peptides are detected. Using this analysis, we were
able to obtain a list of quantified proteins from the eight iTRAQ
experiments (supplemental Table 7). This allowed us to de-
termine the individual protein expression of each patient
(supplemental Table 8) and consequently to define the varia-
tion of protein expression between the different stages of
colorectal cancer (adenoma, stages I–IV). 555 proteins were

identified that vary significantly between these different steps
of the disease (supplemental Table 9). At the adenoma stage,
164 proteins were expressed differently as compared with
normal tissue, and significant variations were also observed
for the other stages (stage 1, 183 proteins; stage 2, 304
proteins; stage 3, 194 proteins; and stage 4, 69 proteins; in
each case the variation is expressed as compared with nor-
mal tissue). Note that in each condition, both up- or down-
regulated proteins can be detected, indicating that this ap-
proach is suitable to identify proteins that are inactivated
during the transformation process and not only oncogenes
that are overexpressed (supplemental Table 9). Using the
Metacore data mining tool (http://www.genego.com/
metacore.php), we then analyzed the signaling pathways rep-
resented at the different stages. The cell adhesion-cell matrix
pathway was identified as the most significant network asso-
ciated with adenoma and stage I (p � 4,20348E-10 and
1,81119E-12, respectively), the cytoskeleton-actin filament
pathway was significantly associated with stage II (p �

1,5857E-19), the integrin-mediated cell adhesion and migra-
tion pathway was correlated with stage III (p � 1,41513E-07),
and the cytoskeleton-intermediate filament pathway was sig-
nificantly associated with stage IV (p � 1,642E-09). Using this
analysis, we also found as expected that the adenoma signa-
ture was associated with intestinal diseases (p � 3,4659E-21);
stage 1 was associated with gastrointestinal neoplasms (p �

2,0057E-16); stage II was associated with digestive system
neoplasms (p � 7,7799E-24); stage III was associated with
pathologic processes (p � 2,0623E-28); and stage IV was

FIG. 2. Venn diagrams for the distribution of proteins between the different iTRAQ experiments. A, comparison between 4-plex
experiments (two MALDI 4800 and one MALDI 5800 experiments). B, comparison between MALDI 4800 experiments (two 4-plex and one
8-plex experiments). C, comparison between MALDI 5800 experiments (one 4-plex and one 8-plex experiments).
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associated with intestinal diseases (p � 7,1607E-19) (sup-
plemental Tables 10–14).

Validation of the Proteomic Analysis Using the Human Atlas
Protein—The verification of proteomic results involves IHC
analysis on tumor tissue where only a few proteins are gen-
erally examined. Rather than performing IHC analysis on a
limited number of proteins, we took advantage of IHC data
available in the Human Protein Atlas (http://www.proteinatlas.
org, 8832 antibodies and 7,334,244 images). As an unbiased
approach, we selected all of proteins for which expression
differed significantly as compared with normal tissue and
assessed HPA IHC data. Because all of these proteins were
not represented in the HPA, most of the time as a conse-
quence of missing data, we further selected within this list 83
proteins that met the following criteria: 1) IHC expression
reported in more than one normal colorectal tissue; 2) IHC
expression reported in more than eight colorectal cancer
samples; and 3) the HPA antibody verification score was
moderate or high (see http://www.proteinatlas.org). HPA im-
ages were then manually inspected to confirm that the protein
of interest was overexpressed, unchanged, or underex-
pressed in tumor cells as compared with normal tissue. Of the
83 selected proteins, 44 (53%) presented consistent expres-
sion ratios between iTRAQ and IHC results (supplemen-
tal Table 15). Twenty-seven proteins (33%) were determined
to be unchanged by IHC, whereas they were down- or up-
regulated in tumor samples, and 12 proteins (14%) in IHC did
not fit with the expression in our study. Examination of the
literature allowed the confirmation of our iTRAQ results for 21
of 39 proteins (unchanged or no fit by IHC); no information
was found for the 16 remaining proteins. Only the tenascin
result does not seem to match the information in the literature
and the IHC results. Note that the different colon cancer
stages are not specified in the HPA database. This prevents
the detection of variation that would be stage-specific and
might explain these discrepancies.

OLFM4 Is Expressed at the Early Stages of Colorectal Can-
cer—We then asked whether we could identify some proteins
that are specific to the early stages of colorectal cancer. To
this end, proteins were classified with the following criteria: 1)
significant up-regulation in adenoma and stages I/II according
to iQuantitator analysis and 2) not significantly expressed or
underexpressed in stages III/IV. With this approach, only four
proteins were identified (supplemental Table 9), the alde-
hyde dehydrogenase (ALDH1A1), the heat shock protein 1
(HSPE1), the sorbitol dehydrogenase (SORD), and OLFM4.
Interestingly, OLFM4 encodes a protein that has been re-
cently described as a specific marker of colorectal stem cells
in association with Lgr5 (32, 33). In our experimental condi-
tions, OLFM4 was detected with the highest statistical confi-
dence, and given its importance in colorectal cancer, we
focused on this protein for the following part of the study. To
confirm its dysregulation in adenoma and in the early stage of
CCR, its expression was first analyzed by immunohistochem-

istry using paraffin-embedded tissues isolated from 126 pa-
tients. Representative pictures of OLFM4 staining in adeno-
mas, early or metastatic CRC cases are shown Fig. 3A.
Whereas normal intestinal crypts showed moderate nuclear
staining, results showed that the cytoplasmic and nuclear
staining increased significantly in dysplasia tissue and in
noninvasive tumors. OLFM4 was found to be significantly
up-regulated in low grade adenoma, high grade adenoma,
in situ adenoma, and stages I and II as compared with
normal crypts (one-way analysis of variance test, p � 0.05).
By contrast, OLFM4 expression was not significantly differ-
ent between invasive tissues (stage III/IV) and normal tis-
sues (Fig. 3B).

OLFM4 Expression Is Activated by the Ras-NF-�B2 Path-
way—These observations suggested to us that OLFM4 is
expressed at the early stages of colorectal cancer, probably in
response to oncogenes that are involved in the initial step of
cell transformation. Although it is well known that the ade-
nomatous polyposis coli/�-catenin pathway plays an impor-
tant role in the initial transformation of intestinal crypts, we
and others have also shown that the STAT3 and NF-�B tran-
scription factor plays an essential role in this disease (43–45).
Because STAT3 and NF-�B2 subunits are known to interact in
tumor cells, we investigated the role of these two transcription
factors in the regulation of OLFM4 expression. Transcription
factor recognition site analysis of the OLFM4 promoter re-
vealed the presence of several potential binding sites for
these proteins. To determine whether STAT3 and NF-�B2 can
be found associated with the OLFM4 gene, ChIP experiments
were performed in growing HT29 cells using pair of primers
corresponding to the proximal promoter. Although we were
not able to detect any association of STAT3 with this region,
ChIP results showed that NF-�B2 and its cofactor BCL3 are
associated with the OLFM4 proximal promoter and that this
was correlated with the binding of the RNA polymerase II (Fig.
4A). Note that this effect was noticed on endogenous proteins
and not following overexpression. In addition, using RNA
interference, we also noticed that the down-regulation of NF-
�B2 inhibits OLFM4 expression at the protein and mRNA
levels (Fig. 4B).

It has been shown recently that the Ras oncogene plays an
important role in the initial stages of colorectal cancer and that
this signaling pathway can deregulate the NF-�B transcription
factor to allow abnormal cell cycle progression and survival
(44, 46, 47). To determine whether Ras regulates OLFM4, we
used stable HT29 cells expressing the RasV12 oncogene
under the control of a doxycycline-inducible promoter (48). As
expected, Ras was up-regulated in response to doxycycline,
and a significant activation of the NF-�B2 transcription factor
was detected (Fig. 4C). Interestingly, the induction of Ras was
correlated with an up-regulation of OLFM4 at the protein level
(Fig. 4D). In addition, semi-quantitative PCR experiments
showed that this effect was regulated at the transcriptional
level (Fig. 4D).
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OLFM4 Is Overexpressed in Ras-mutated Tumors—These
observations suggested to us that the expression of OLFM4
might be enhanced in tumor samples expressing the Ras-NF-

�B2 pathway. Because NF-�B2 is generated as a cleavage
product of its p100 precursor, the detection of the active form
of this transcription factor is difficult in tumor samples. How-

FIG. 3. The validation of OLFM4 in human CRC tissue. A, the immunohistochemistry staining of the different colorectal tumor stages
(100�). LG, low grade adenoma; HG, high grade adenoma; TIS, carcinoma in situ. Stages I and II, early stage carcinomas; stages III and IV,
metastatic carcinomas. B, different distribution of OLFM4 IHC scores (staining intensity � staining percentage) between normal crypts,
adenomas, carcinomas in situ, and different colorectal tumor stages (p � 0.05, significant for normal versus low grade adenoma, high grade
adenoma, carcinoma in situ, stage I, and stage II, not significant for normal versus stages III and IV). The red lines represent the mean, and the
blue points represent the minimum and maximum values. Dunnett’s multiple comparison tests were performed; q � 3.20 (*) for normal versus
carcinoma in situ; q � 6.35 (***) for normal versus low and high grade adenoma; q � 5.21 and 5.49 for normal versus stages I and II, respectively.
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ever, the presence of the Rasv12 oncogene can be deter-
mined by DNA sequencing. For this reason, we then analyzed
OLFM4 expression in tumors expressing or not a mutated
form of this oncogene. Interestingly, results presented Fig. 5A
indicate that OLFM4 expression was significantly enhanced in
Ras-mutated tumors (p � 0.0001) as compared with wild type
tumor samples.

OLFM4 Is Present in the Cytoplasm and as a Secreted
Protein—During the course of the IHC experiments, we no-

ticed that OLFM4 was expressed in the cytoplasm, and there
was significant expression in the secretory vesicles (Fig. 5B).
This result suggested to us that this protein might be se-
creted, and OLFM4 was effectively detected in the cell super-
natants (data not shown and see Fig. 5C). In addition, we also
noticed that two bands can be detected by Western blot, one
at the expected molecular mass of 55 kDa and another band
�72 kDa. This observation suggested to us that OLFM4 was
modified by glycosylation. To verify this hypothesis, extracts

FIG. 4. NF-�B2 regulates OLFM4 expression following Ras induction. A, soluble chromatin from growing HCT116 cells was prepared and
immunoprecipitated with antibodies targeted against NF-�B2, Bcl3, and the RNA polymerase II. DNA was amplified using pair of primers that
cover the NF-�B proximal binding site of the OLFM4 promoter. ChIP assays were then quantified by real time RT-PCR as compared with the
signal obtained on a control sequence with a control IgG. The schematic representation of the potential NF-�B binding sites of the OLFM4
promoter is presented. The reading frame of the binding site is indicated by � for 5	-3	 and � for 3	-5	. B, HCT116 colorectal cell lines were
either transfected with NF-�B2 specific or control siRNA oligonucleotides as indicated. The mRNA extracts (left panels) and whole cell extracts
(right panels) were processed, and OLFM4 expression was analyzed 48 h after siRNA transfection. C, HT29 colorectal cell lines expressing an
incible vector of the RasV12 oncogene were treated or not with doxycyclin for 48 h, and whole cell extracts were prepared and analyzed using
antibodies directed against NF-�B2 and HSC70 as a loading control. D and E, cells were treated as above, and the expression of OLFM4 or
Ras was evaluated by Western blot analysis (D) or RT-PCR (E).
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obtained from tumor samples were incubated with the pep-
tide:N-glycosidase F deglycosylating enzyme. Following incu-
bation, a shift in the molecular mass from 72 to 55 kDa was
observed, indicating that the protein is effectively modified by
N-glycosylation (Fig. 5C). To confirm this observation, COS
cells were transfected with a vector allowing OLFM4 expres-
sion, and its potential secretion was analyzed by Western
blot. Interestingly, results showed that only the 72-kDa band
was detected in the supernatant, suggesting that OLFM4 is
secreted as a glycosylated protein. Following peptide:N-gly-
cosidase F treatment, the same migration shift was observed,
and OLFM4 migrated as a 55-kDa protein (Fig. 5C, right
panel). Importantly, in Ras-mutated tumors, OLFM4 was es-
sentially detected at 72 kDa, suggesting that this protein is
effectively secreted in vivo.

DISCUSSION

Following the initial description of the genetic modifications
occurring during colorectal cancer transformation, several
studies have clearly shown that CRC results from multiple
mutations that induce the deregulation of cell cycle and cell
death pathways. This led to the important conclusion that
CRC is a heterogeneous disease, which certainly explains
why patients suffering from the same apparent disease have
distinct outcome and different responses to the same anti-
cancer treatment. Molecular clustering has therefore become
an essential goal of cancer treatment, not only to establish
tumor prognosis but also to identify the specific addictive
oncogenic pathways that should be targeted (49–51). Recent
results have shown the interest of using genomic signatures

to identify these deregulated pathways and characterize
prognosis markers. These gene signatures can also be used
to characterize predictive markers that reflect the response to
a particular treatment, but in this case, the predicting value of
this approach remains to be fully validated (13, 52). In addition
to these genomic experiments, quantitative proteomics also
appears as a powerful tool to define cancer signatures that
would identify disease subtypes, predict tumor escape, or
characterize new molecular targets.

In this study, we provide what is to our knowledge the most
extensive proteome database established so far for colorectal
cancer and illustrate the value of using the combination of
OFFGEL-iTRAQ labeling and MALDI-TOF/TOF approaches to
explore the deep proteome of frozen tissues. It should be
noted that the use of LCM favored the identification of many
low concentrated proteins by removing abundant stromal
proteins. This approach enables the identification and quan-
tification of �1100 proteins by patient, allowing the identifi-
cation of a proteomic map for each tumor, which could be
used in the future for individual clinical monitoring.

From a technical point of view, this study allowed us to
compare the two MALDI-TOF/TOF 4800 and 5800 from AB
sciex. With the iTRAQ technology, the 5800 MALDI seems to
be slightly more sensitive than the 4800 MALDI (increase in
identification of �6% of proteins). However, in quite a sur-
prising way, with the iTRAQ 8-plex, we can identify 35% more
proteins with the MALDI 5800 than with the MALDI 4800.
Although it is it well known that the number of identified
proteins and peptides is larger when using iTRAQ 4-plex than
with iTRAQ 8-plex (53), it seems that the use of the MALDI

FIG. 5. OLFM4 is glycosylased and
secreted in KRAS tumors. A and B,
OLFM4 IHC scores (staining intensity �
staining percentage) between WT and
KRAS tissue in tumor tissue (A) and in
secretory vesicles (B). C, deglycosyla-
tion analysis of OLFM4. OLFM4 was sig-
nificantly secreted from the COS-7 cells;
the secreted form at 72 kDa was treated
with (�) or (�) peptide:N-glycosidase F
(PGNase F). The size of deglycosylated
OLFM4 is consistent with the molecular
mass of calculated OLFM4 gene prod-
uct. Treatment of the 72-kDa band in
KRAS tumor leads to the same band at
55 kDa.
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5800 lessens this difference. The difference in proteins iden-
tified changes from 35% in favor of the 4-plex when using the
MALDI 4800 as compared with 18% with the 5800, thereby
reviving interest in this reactive agent that can compare eight
samples instead of four.

Starting from a cohort of 28 frozen tumors, we compared
the protein profiles of adenomas or adenocarcinomas at the
early stages (I and II) or metastatic stages (III and IV). The
results indicate that the expression of a total of 555 proteins
was significantly over- or underexpressed in colorectal cancer
as compared with normal tissue, representing 16% of the
total identified proteome. This approach allowed us to char-
acterize the proteins that expression varied significantly be-
tween the different stages (adenoma, stages I–IV) and to
establish what is to our knowledge the first proteomic analysis
of these different steps. As compared with normal tissue, it is
interesting to note that the most important variation was ob-
served between stages II and III, which corresponds to the
transition between a nonmetastatic and metastatic tumor. In
this case, 304 proteins were found to vary significantly,
whereas 180 were differently regulated in adenomas and
stages I and III, and only 68 were modified in stage IV. Al-
though this remains to be demonstrated, it is tempting to
speculate that some proteins expressed in the stage II are
necessary for invasive migration. In line with this hypothesis,
we observed using gene ontology analysis that the expression
of extracellular matrix proteins varies significantly. Among
these proteins, we have focused on secreted proteins present
at the early stage of the disease because they can be easily
detected by ELISA, and they can be useful to distinguish
these aggressive cancers from early stage cases. It is impor-
tant to consider that patients with stage I/II cancer are be-
lieved to be cured after surgery but that �20% of them will
relapse. The distinction between these two cases is actually
difficult, and for this reason, the identification of specific bio-
markers of stage II colorectal tumors is an important goal that
would allow the prediction of recurrence events. A 50-gene
signature has been recently described that can separate early
tumors depending on their relapse probability (15). Therefore,
it will be interesting to determine whether the protein list
identified in this study can be used to improve this early stage
stratification to predict tumor relapse.

Among these proteins, we focused on OLFM4 because its
expression was significantly up-regulated in adenomas, fur-
ther increased in stage I, and maximum in stage II before
dropping considerably in stages III and IV. Importantly,
OLFM4 has recently been shown to be expressed in colorec-
tal stem cells in association with Lgr5 (32, 33), further con-
firming its expression at the early stages of the disease. This
protein plays probably an important role in cancer because it
has been recently shown in myeloid cells that its promoter is
probably methylated. Its re-expression induced cell cycle ar-
rest and cell death in myeloid cells (54). Interestingly, the
same effect has also been observed in prostate cancer cells

where OLFM4 levels are down-regulated during cancer pro-
gression, most significantly in tumors with high Gleason
scores (55). Importantly, restoring the OLFM4 level through
overexpression led to reduced proliferation and invasiveness.
Because this protein is known to interact with lectins as well
as cadherin (56), this effect might be explained by a better
adhesion to the extracellular matrix or to the surrounding
cells. However, this study also proposed that this effect is
related to an inhibition of cathepsin D expression and an
enhanced autophagic activity of prostate cancer cells. Be-
cause autophagy plays an important role in tumor suppres-
sion (57), it will be interesting to determine whether this effect
of OLFM4 can be extended to other experimental models.
Moreover, it should be noted that OLFM4 is a member of the
olfactomedin domain-containing protein. This family includes
Noelin (OLFM1), which prolongs neural crest production. The
involvement of nervous system proteins, such as neurotro-
phins, in carcinogenesis has been reported for prostate (58)
and breast (59) cancers, and it will be interesting to test
whether OLFM4 behaves in the same way.

In our experimental conditions, it is striking to note that
OLFM4 level was very significantly down-regulated in stages
III and IV compared with stages I/II tumors and that a reduced
expression of this protein has been recently correlated with
poor prognosis. In light of these observations, it is tempting to
speculate that the inactivation of OLFM4 is a necessary event
to prevent cell death and allow tumor progression and me-
tastasis in colorectal cancer. In line with this hypothesis, it has
been recently reported that OLFM4 expression is reduced in
poorly differentiated colon cancers, as well as at the late
tumor-node-metastasis stage (60). If feasible, the detection of
OLFM4 variations in the serum of the patients might therefore
be an interesting tool to follow the evolution of stage II tumors.
Interestingly, we also noticed that OLFM4 was regulated by
the Ras-NF-�B2 pathway and that the expression of this
protein was significantly enhanced in Ras-mutated tumors.
We have recently shown that senescence is induced in re-
sponse to the Ras oncogene in colorectal cell lines (48).
Oncogene-induced senescence (OIS) is a powerful antitumor
mechanism that induces permanent cell cycle arrest in re-
sponse to abnormal proliferative signals (61). Originally de-
scribed in cell culture, OIS has been recently shown to occur
also in vivo as an early protection against carcinogenesis. In
light of these observations, one can speculate that OLFM4
overexpression is an early event occurring in response to OIS
in Ras-expressing cells. Further experiments are therefore
necessary to characterize the effect of OLFM4 on cell cycle
and cell death pathways in colorectal cell lines and to deter-
mine whether this effect is deregulated by the Ras oncogene
to allow OIS escape and tumor progression.

Through the characterization of the molecular aberrations
present in cancer cells, it is now widely accepted that the
identification of new biomarkers will improve the outcome
prognosis or the prediction of therapy response. In addition, it
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is also expected that molecular clustering will help to separate
apparently similar tumors to provide rationale treatments. Be-
sides genomic approaches, our results indicate that pro-
teomic analysis can be used on tumor samples to provide not
only a better understanding of cell transformation in colorectal
cancer but also to identify new biomarkers of the different
tumor stages such as OLFM4.
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