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Secreted proteins constitute a relevant source of putative cancer biomarkers. Here, we compared the secretome
of a series of four genetically-related breast cancer cell lines as amodel of aggressiveness using quantitativemass
spectrometry. 537 proteins (59.5% of the total identified proteins) predicted to be released or shed from cells
were identified. Using a scoring system based on i) iTRAQ value, ii) breast cancer tissue mRNA expression levels,
and iii) immunohistochemical staining (public database), a short list of 10 candidate proteinswas selected. Using
specific ELISA assays, the expression level of the topfiveproteinswasmeasured in a verification set of 56 patients.
The four significantly differentially expressed proteins were then validated in a second independent set of 353
patients. Finally, follistatin (FST) and kallikrein 6 (KLK6) in serum were significantly higher (p-value b 0.0001)
in invasive breast cancer patients compared with non-cancerous controls. Using specific cut-off values, FST dis-
tinguished breast cancer samples from healthy controls with a sensitivity of 65% and an accuracy of 68%,whereas
KLK6 achieved a sensitivity of 55% and an accuracy of 61%. Therefore, we concluded that FST and KLK6may have
significance in breast cancer detection.
Biological significance:Discovery of new serum biomarkers that exhibit increased sensitivity and specificity com-
pared to current biomarkers appears to be an essential field of research in cancer. Most biological markers show
insufficient diagnostic sensitivity for early breast cancer detection and, for the majority of them, their concentra-
tions are elevated only inmetastatic forms of the disease. It is therefore essential to identify clinically reliable bio-
markers and develop effective approaches for cancer diagnosis. One promising approach in this field is the study
of secreted proteins through proteomic analysis of in vitro progression breast cancer models. Here we have
shown that FST and KLK6 are elevated in breast cancer patient serum compared to healthy controls. We expect
that our discovery strategy will help to identify cancer-specific and body-fluid-accessible biomarkers.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Breast cancer
Biomarkers
Proteomics
1. Introduction

Early detection of breast cancer, so as to diagnose and treat cancer in
its state prior to clinical symptoms and/or metastasis, may greatly
impact the treatment and prognosis of patients with this common, but
deadly, malignancy. Clinical breast exam and breast self-exam did not
showa clear benefit to increase early cancer detection. Diagnosticmam-
mography can often help find breast cancer at an early stage. However,
it can also miss some cancers. False-negative mammograms can be
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attributed to technical or interpretive reasons including the absence of
calcifications and, more importantly, high breast density [1,2]. In addi-
tion, sometimes more tests are needed to find out if something found
on a mammogram is or is not cancer. Therefore, there is an urgent
need to develop complementary approaches to improve the sensitivity
and specificity of early breast cancer detection.

Aswhole blood is considered to provide a dynamic representation of
an individual's physiological and pathological status, human serum/
plasma represents the most extensively studied biological matrix in
the quest for cancer biomarkers [3]. Known serum-based tumor
markers, such as CA15.3 or BR27.29, cannot be used for breast cancer
detection. These markers, having insufficient predictive value as an
early detection blood diagnostic assay, are only recommended for
monitoring treatment response and disease recurrence of patients
with metastatic disease [4]. Therefore, the search for specific disease-
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Table 1
Clinicopathologic characteristic of patients with invasive breast cancer.

Characteristics Verification Set Validation set

N = 28 (%) N = 241 (%)

Age (years) median, [min–max] 68 [38–86] 72, [37–97]
Histotype

Ductal 28 (100) 222 (92.1)
Lobular – 19 (7.9)

Tumor size
T1 15 (53.6) 115 (47.7)
T2 10 (35.7) 112 (46.5)
T3 1 (3.6) 4 (1.7)
T4 2 (7.1) 10 (4.1)

Histological grade
I 4 (14.3) 39 (16.2)
II 18 (64.3) 126 (52.3)
III 5 (17.8) 72 (29.9)
Missing 1 (3.6) 4 (1.7)

Lymph node status
Negative 14 (50.0) 121 (50.2)
Positive 14 (50.0) 120 (49.8)
Estrogen receptor

Negative 1 (3.6) 46 (19.1)
Positive 27 (96.4) 195 (80.9)

Progesterone receptor
Negative 6 (21.4) 60 (24.9)
Positive 19 (67.9) 181 (75.1)
Missing 3 (10.7) 0

Her-2 overexpression
Negative 19 (67.9) 138 (57.3)
Positive 2 (7.1) 25 (10.4)
Missing 7 (25.0) 78 (32.4)

Classification
Luminal A 19 (67.8) 127 (52.7)
Luminal B 1 (3.6) 14 (5.8)
Enriched Her-2 1 (3.6) 11 (4.6)
Others – 11 (4.6)
Missing 7 (25) 78 (32.3)
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associated biomarker signatures is of particular interest since they could
be applied in a standard clinical setting. Biomarker discovery for this
disease is still very much in its discovery phase.

Multiple approaches have been developed that hold promise for the
identification of serum biomarkers. Among them, quantitative proteo-
mics yields information that specifically recognizes the differences be-
tween samples. Numerous studies have already shown that this
methodology can be used to uncover proteomic expression patterns
linked with cancer, and some expression patterns have shown high
promise to discover new biomarkers of early-stage cancers [5]. The chal-
lenges of blood proteomics, stemming from the complexity of the fluid,
have led researchers to seek alternate sources for the discovery of
circulating cancer biomarkers [6]. In tumor progression, the “secretome”
proteins released or shed by cells, tissues, or organisms through various
pathways, act asmediators of cancer cell-host communication in the can-
cer microenvironment [7]. These proteins may be detected by analyzing
the conditioned media of cultured cell lines derived from specific cancer
types. Interestingly, these proteins are often present at relative high
concentration in proximity to tumor site but are also more likely to end
up in body fluids such as serum/plasma in sufficient concentration to be
detectable. However, search for cancer biomarkers using cell lines
established from different individuals is complicated by differences
among the cancer cell donors, their origin, the passage number and cul-
ture conditions, creating huge variations thatmay be unrelated to normal
andmalignant behaviors. A comparison of malignant and non-malignant
cell line variants from the same lineage will avoid this problem.

Here,we report a progression-related differential secretomeanalysis
betweenMCF10 genetically-related breast cancer cell lines [8–11] using
2D nanoLC-MS/MS and isobaric tags for relative and absolute quantita-
tion (iTRAQ) labeling technology. We identified a total of 903 proteins.
Among them, 109 were found to be present at significantly elevated
levels in breast cancer cell lines compared to normal or premalignmant
cell lines. The differential expression of selected proteins was further
validated by specific ELISA assays in a large independent cohort of inva-
sive breast cancer patients. We demonstrated that the serum levels of
two proteins (follistatin and kallikrein 6) were significantly higher in
breast cancer patients versus healthy controls.

2. Methods

2.1. Patient selection

Sera from female breast cancer patients were prospectively collected
between 2005 and 2009 at the “Institut du Cancer de Montpellier”,
France, after obtaining written informed consent (Inserm RBM03–63 co-
hort). The study protocolwas approved by the institutional reviewboard.
The healthy controls were collected at in the same institute during the
same period, and were sex- and age-matched. All patients and healthy
controls are Caucasian. The verification population set consisted of 56
subjects: 28 women whith histopathologic diagnosis of breast cancer,
and 28 healthy controls with negative mammograms, negative physical
breast exams for at least 4 years and no history of prior malignancy, im-
munodeficiency, autoimmune disorder, hepatitis or HIV infection. The
validation population set included 353 patients: 241 patients with a his-
topathologic diagnosis of breast cancer, and 112 healthy controls exempt
of any breast, infectious and/or inflammatory disease. Sera from patients
with breast cancer were collected at the time of cancer diagnosis and just
prior surgery. All samples were collected, processed, and stored in a
similar fashion. Blood samples were centrifuged at 1250 g for 5 min,
and sera were then stored at −80 °C. Detailed clinical and pathological
information of breast cancer patients are listed in Table 1.

2.2. Cell cultures and conditioned medium

The human MCF10A (non-tumorigenic), MCF10·NeoT (premalig-
nant; tumorigenic), MCF10.DCIS (tumorigenic and locally invasive)
and MCF10·CA1d (tumorigenic and metastatic) breast cancer cell
lines were purchased from Asterand (MCF10.DCIS), the Barbaba Ann
Karmanos Cancer Institute (MCF10·NeoT and MCF10·CA1d) and ATCC
(MCF10A). Cells were maintained in DMEM/F12 (1:1) supplemented
with 5% horse serum, 10 μg/mL insulin, 25 ng/mL epidermal growth fac-
tor, 0.5 μg/mL hydrocortisone, and 100 ng/mL cholera toxin. Culture
media were supplemented with penicillin/streptomycin (100 U/mL).
Cells were cultured at 37 °C in 5% CO2. DMEM/F12, horse serum and
penicillin/streptomycin were obtained from Gibco and insulin, EGF, hy-
drocortisone and cholera toxin from Sigma-Aldrich. Cells were grown to
60% confluence in 100 mm culture dishes and were rinsed three times
for 15 min with serum free medium. The cells were then incubated in
the serum free medium at 37 °C for 18 h. The cells were 95–100% viable
after the serum free growth, as determined by trypan blue exclusion
counting (Supplemental Fig. 1A). The conditioned medium was centri-
fuged for 10 min at 800 g to remove suspended cells. Samples were
then concentrated using Amicon Ultra Centrifugal Filter Unit with a
10 kDa cut-off (Millipore). The protein concentration was measured in
triplicate using the Micro BCA Kit (Pierce). Equal loading of proteins
onto protein gels showed the same pattern of bands for all the samples
(Supplemental Fig.1B).

2.3. iTRAQ reagent labeling and mass spectrometry analysis

The experimental design used for this study is illustrated in Fig. 1.
iTRAQ labeling andmass spectrometry analysis were performed as pre-
viously described [12]. Briefly, 80 μg protein of each sample were
digested using trypsin before iTRAQ labeling. Labeled peptides were
separated on an IPG Drystrip 24 cm, pH 3–10 using the Agilent 3100
OFFGEL Fractionator (Agilent), and all fractions were analyzed by
nanoLC-MS/MS using a MALDI TOF/TOF 4800 mass spectrometer



Fig. 1. Flow-chart illustrating the main steps of the study.
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(ABSciex). Protein identification and quantification were performed
with the ProteinPilot Software 2.0.1 (ABSciex). The search parameters
for tryptic cleavage and accuracy are built-in functions of the software.
The user-defined search parameters were as follows: (1) sample
type, iTRAQ 4-plex (Peptide Labeled); (2) cysteine alkylation, MMTS;
(3) digestion, trypsin; (4) instrument, 4800; (5) special factors, none;
(6) species,Homo sapiens; (7) ID focus, biologicalmodification; (8) data-
base, UniProtKB/Swiss-Prot (release version 2014_08, http://www.
uniprot.org); and (9) search effort, Thorough ID. A local false discovery
rate (FDR) was estimated using the Proteomics System Performance
Evaluation Pipeline (PSPEP) tool. Proteins with, at least, two peptides
with a high confidence score (N99%) and a low FDR (estimated local
FDR of 5%) were considered positively identified. The relative
quantification was based on the ratio of the areas under the reporter
peaks of MCF10·NeoT, MCF10.DCIS and MCF10·CA1d cell lines
comparatively to the normal cell MCF10A. iTRAQ labeling followed by
nanoLC-MS/MS analysis was repeated in duplicate to reduce the effect
of experimental variation.

2.4. Selection of biomarker candidates

The following criteria were required to select a protein for further
analysis: two or more unique peptides with a high confidence score
(N99%), a p-value for protein quantification assigned by the ProteinPilot
software b0.05, and greater than a 1.3-fold difference relative to the
control sample (MCF10A). For this discovery phase, the p-value was
not corrected with more stringent statistical analysis, such as adjust-
ment for multiple testing, and the risk for false discovery association
still exists at this step. We used SignalP 3.0 to analyze the identified
proteins that are predicted to be secreted through the classical secretory
pathway based on the presence of a signal peptide cleavage site in
amino acid sequences [13]. This method predict the presence and the
location of cleavage sites and signal peptide using a combination of
artificial neural networks and hidden Markov model algorithms.
Proteins potentially secreted through the non-classical secretory path-
way were identified using SecretomeP 1.0 algorithm [14]. From these
selections, we checked if the identified secreted proteins were found
in plasma or serum in the Human Plasma Proteome Project database
and Pride archive [15,16]. Biomarker candidates were then prioritized
using scoring a system based on: (1) mRNA expression from a breast
cancer tissue transcriptome dataset (GEO accession GSE29044) using
the Gene Expression Omnibus (GEO) database [17]; (2) immunohisto-
chemical (IHC) staining in breast cancer tissues obtained from Human
Protein Atlas [18]; and (3) iTRAQ values from ProteinPilot analysis. A
total of 7 points could be given. A two-fold change in mRNA expression
was given onepoint. For protein expression in breast tissues, we used an
intensity score based on a combination of IHC staining (negative, weak,
moderate, and strong), quantity of cells stained (%) and numbers of
samples analyzed. Depending on the protein expression in the malig-
nant tissues compared to normal tissues, proteins were scored with 0
(low intensity score), 1 (medium score) or 2 (high score) points. Next,
proteins with an iTRAQ ratio for MCF10.DCIS and MCF10·CA1d in the
top 25% and in the top 50% were scored with 2 points and 1 point, re-
spectively. Finally, selected proteins with a score N3 were searched
using Pubmed to exclude proteins that had been extensively studied
as breast cancer serum biomarkers.

2.5. Immunoassay and biochemical analyses

The human Leukemia inhibitory factor, LIF (RayBiotech, Inc.),
Follistatin (FST) and Insulin-Like Growth Factor Binding Protein 2,
IGFBP2 (R&D systems), and Tissue plasminogen activator, tPA
(Abcam) concentrations were measured using a colorimetric sandwich
enzyme linked immunosorbent assay (ELISA) as recommended by the
manufacturers. Quantification of Kallikrein 6, KLK6 was performed
usingKLK6 in-house ELISAmethod [19]. Thewithin-laboratory impreci-
sion (CV) of the KLK6 assay is 5% at the range of 0.05–5 ng/mL.

2.6. Statistical analysis and gene ontology analysis

Statistical significance was determined using GraphPad Prism soft-
ware version 5.03. Differences between conditions were analyzed
using two-tailed Student's t-test or Mann-Whitney U test. A p-value of
b0.05 was chosen for statistical significance. Results are expressed as
medians and ranges. Individual performances of biomarkers were
based on the receiver operating characteristic curves (ROC) and the
area under the ROC curve (AUC). Cut-off values, sensitivities and accura-
cies for Follistatin and KLK6 were based on the ROC curve that discrim-
inates invasive breast cancer patients from healthy controls, and were
calculated with a predetermined specificity threshold of 80%. The linear
combination (virtual marker) of markers was determined using a logis-
tic regression model. The corresponding AUC, accuracy, sensitivity, and
specificity of this combination were estimated. Gene ontology (GO)
classification, including GO cellular process, GO cellular function and
GO cellular component categories, was determined using the Generic
GO TermMapper (http://go.princeton.edu/cgi-bin/GOTermMapper).

3. Results

3.1. Identification and expression level of proteins released by MCF10 cells

The overall protein expression profile of secretome in MCF10
genetically-related models of breast cancer cell lines was compared
using iTRAQ labelings and 2D nanoLC-MS/MS (Fig. 1). A total of 903
high confidence nonredundant proteins were identified using stringent
criteria, including two or more peptides with a N 99% confidence score
and 5% local FDR (see Supplemental Table S1). iTRAQ quantitation was
performed using ProteinPilot software. The differentially expressed
proteins in MCF10·NeoT, MCF10.DCIS and MCF10·CA1d cell lines

http://www.uniprot.org
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Fig. 2. Overlap of the differentially expressed proteins in conditionedmedium of the three tumorigenic cell lines compared to the non tumorigenicMCF10A cell line. The overlap of global
(A), up-regulated (B) and down-regulated (C) differentially expressed proteins is shown.
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were determined using fold change (ratio) comparatively to the normal
cell MCF10A. A p-value was assigned by the ProteinPilot software to
assess the statistical significance of these variations. Only proteins
with a differential expression of at least 1.3-fold relative to the control
samples, and a p-value b 0.05 were considered in the filtering process.
As a result, 359 proteins were found differentially expressed in
MCF10·NeoT, MCF10.DCIS and MCF10·CA1d cell lines comparatively
to MCF10A cell line (Fig. 2 and Supplemental Table S2). Among these
359 proteins, 178 were consistently up-regulated, 172 were consistent-
ly down-regulated, and 9 were differently regulated depending on the
cell lines, as comparedwithMCF10A (Fig. 2 and Supplemental Table S2).

3.2. GO classification by cellular localization and biological function

The cellular localization, the biological processes and the molecular
functions of all of the 903 proteins identified were classified using the
GO classification system. Overall, the identified proteins were 75%
cytoplasmic proteins, 74% extracellular region proteins, 31% plasma
membrane proteins, and 47% nuclear proteins. Note that some proteins
were classified inmore than one compartment and that 7 proteinswere
unannotated (Fig. 3). As expected, the majority of identified proteins
(79%) were annotated as extracellular with different origins (secretory
origin or membrane shedding), and only a small proportion was anno-
tated as intracellular (21%). The proteinswere then functionally catego-
rized on the basis of GO annotation terms, and linked to at least one
molecular function and biological process categories. Functionally, the
top three molecular functions were protein binding (80%), catalytic
activity (38%) and metal ion binding (24%). Proteins were involved in
various biological processes, including metabolic process (78%),
Fig. 3. Gene Ontology (GO) classification of the 903 iden
response to stimulus (60%), cell differentiation (28%), regulation of
cell death (20%), cell proliferation (14%) and cell communication (13%).

3.3. Biomarker selection

To narrow down the list of putative biomarkers, we first selected
candidate biomarkers that are predicted to be secreted through the clas-
sical secretory pathway (endoplasmic reticulum/ Golgi dependent
pathway based on the presence of a signal peptide) or non-classical se-
cretory pathwayusing SignalP and SecretomeP algorithms, respectively.
Among the 903 proteins identified, 537 proteins (59.5%)were predicted
to be secreted, of which 293 in the classical secretory pathway (SignalP
probability ≥0.50) and 244 released via the non-classical secretory
pathway (Secretome score ≥0.50). From these 537 proteins, we then
selected proteins that were significantly up-regulated in secretome of
both malignant cell lines (MCF10.DCIS) compared to the secretome of
normal and premalignant cell lines (MCF10A and MCF10·NeoT). As a
result, 24 proteins correspond to these criteria. Of these 24 proteins,
23 were found in blood plasma or serum in the Human Plasma Prote-
ome Project Database or Pride archive (Table 2). A scoring system
based on mRNA expression levels and immunohistochemical staining
in breast cancer tissues obtained from public databases, as well as the
iTRAQ value from ProteinPilot analysis, were used to further select bio-
markers for clinical validation. A breast cancer tissue transcriptome
dataset (GSE29044) obtained from 73 cancer and 36 normal tissues
were retrieved from the GEO database, and analyzed to rank our 23 bio-
marker candidates (Table 2). A two-fold change in mRNA expression
was given one point. For protein expression in breast tissues, Human
Protein Atlas database was used to rank biomarker candidates based
tified proteins according to the cellular localization.

ncbi-geo:GSE29044


Table 2
List of 23 candidate biomarkers selected using a scoring systema.

Accession
no

Gene Proteins SignalP SecretomeP Serumb iTRAQ ratio compared to
MCF10A

mRNA
expression

Protein
Atlas

Total

MCF10.DCIS MCF10·CA1d FCc Score Score

FCc Score FCc Score

P07339 CATD Cathepsin D Y Y 1.63 0 2.75 2 3.01 1 2 5
P00750 TPA Tissue-type plasminogen activator Y Y 3.11 2 1.45 0 0.74 0 2 4
P15018 LIF Leukemia inhibitory factor Y Y 4.70 2 1.59 0 0.81 0 2 4
P18065 IFBP2 Insulin-like growth factor-binding protein 2 Y Y 2.50 1 2.72 2 1.19 0 1 4
Q92876 KLK6 Kallikrein-6 Y Y 1.85 2 2.42 2 1.84 0 0 4
P19883 FST Follistatin Y Y 2.03 1 2.24 1 0.58 0 2 4
O60911 CATL2 Cathepsin L2 Y Y 2.58 1 2.66 2 1.25 0 0 3
P20061 TCO1 Transcobalamin-1 Y Y 3.83 2 2.37 1 0.45 0 0 3
P28300 LYOX Protein-lysine 6-oxidase Y Y 1.96 0 2.57 2 – 0 1 3
Q14574 DSC3 Desmocollin-3 Y Y 1.82 0 1.84 1 0.36 1 1 3
P01011 AACT Alpha-1-antichymotrypsin Y Y 4.38 2 1.69 0 1.42 0 0 2
P09486 SPRC SPARC Y Y 2.85 1 2.03 1 1.59 0 0 2
P09668 CATH Cathepsin H Y Y 2.39 0 1.65 0 1.09 0 2 2
P48745 NOV Protein NOV homolog Y Y 1.80 0 2.55 2 – 0 0 2
Q02487 DSC2 Desmocollin-2 Y Y 1.77 0 2.39 1 0.58 0 1 2
Q12907 LMAN2 Vesicular integral-membrane protein VIP36 Y Y 1.32 0 1.30 0 0.99 0 2 2
Q92626 PXDN Peroxidasin homolog Y Y 2.55 1 1.51 0 2.81 1 0 2
P31431 SDC4 Syndecan-4 Y Y 2.65 1 1.76 0 0.96 0 0 1
Q9Y2A9 B3GN3 UDP-GlcNAc:betaGal

beta-1.3-N-acetylglucosaminyltransferase 3
N Y Y 2.01 0 1.94 1 – 0 0 1

P06865 HEXB Beta-hexosaminidase subunit alpha Y Y 1.41 0 1.40 0 1.24 0 1 1
P07686 HEXA Beta-hexosaminidase subunit beta N Y Y 1.49 0 1.59 0 1.17 0 0 0
O95274 LYPD3 Ly6/PLAUR domain-containing protein 3 Y Y 1.84 0 1.69 0 1.66 0 0 0
P15514 AREG Amphiregulin Y Y 1.76 0 1.39 0 1.00 0 0 0

a Described in text.
b Found in plasma or serum in the Human Proteome Project database or Pride archive.
c FC, fold-change.
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on their differential immunohistochemical expression in breast cancer
tissues compared to normal tissues. Eleven proteins showed over-
expression inmalignant tissues thatwere scoredwith one or two points
depending on the IHC staining (Table 2). Finally, biomarker candidates
were scored based on their iTRAQ ratio between MCF10.DCIS or
MCF10·CA1d, andMCF10A (proteins in the top 25%were given 2 points,
whereas those in the top 50% were given 1 point). Applying these
criteria led to the selection of 10 promising biomarker candidates with
a score ≥ 3 points (with a maximum of 7 points). We excluded the
first protein (Cathepsin D) that had been extensively studied as a breast
Fig. 4. Expression analysis of LIF, FST, IGFBP2, KLK6 and tPA in healthy control and invasive brea
healthy controls and 28 invasive breast cancer samples was determined using ELISA assay. The
cancer biomarker, and the next top five proteins were verified using
ELISA assays.

3.4. Detection of secretome proteins in human sera

Using specific ELISA assays, we quantified LIF, FST, IGFBP2, KLK6 and
tPA in 28 healthy control serum samples and 28 invasive breast cancer
serum samples. For tPA, no significant difference (p-value N 0.05) was
observed between healthy control serum samples and invasive cancer
serum samples (Fig. 4 and Table 3). Interestingly, the concentration
st cancer samples. The concentration of the proteins in the verification population set of 28
median values are indicated. IBC, invasive breast cancer; HC, healthy controls. *p b 0.05.
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medians of LIF, FST, IGFBP2 and KLK6 were significantly higher
(p-value b 0.0001, 0.01, 0.05, 0.01, respectively) in invasive breast
cancer serum samples than in healthy control serum samples with 1.5,
1.4, 1.3, 1.2 fold-changes respectively, and their AUC ranged from 0.70
to 0.89 (Fig. 4 and Table 3).

To evaluate the potential of LIF, FST, IGFBP2 and KLK6 as blood-base
biomarkers, proteinsweremeasured in an independent set of 241 inva-
sive breast cancer serum samples (120 node-negative breast cancers
and 121 node-positive breast cancers) and 112 healthy controls
(Fig. 5). FST and KLK6 serum levels were significantly higher
(p-value b 0.0001) in invasive breast cancer patients (median [range];
1231 pg/mL [302–5025] and 0.55 ng/mL [0.30–1.61], respectively)
than those of healthy controls (915 pg/mL [296–1226] and 0.48 ng/mL
[0.32–0.59], respectively). However, for LIF and IGFBP2, no significant
differences were observed between breast cancer patients
(28.1 pg/mL [3.0–77.5] and 58.5 [5.2–121.5], respectively) and healthy
controls (31.0 pg/mL [10.4–1085.7] and 58.9 [26.6–267.9], respective-
ly). To further investigate the diagnostic significance of FST and KLK6
in serum samples, we constructed ROC curves (Fig. 6) and determined
an AUC of 0.77 [0.71–0.80] and 0.71 [0.64–0.76] for FST and KLK6,
respectively, when we compared cancer samples and healthy controls.
For a predetermined specificity of 80%, cut-off values of 1072 pg/mL
and 0.535 ng/mL were defined for FST and KLK6, respectively. Using
these cut-off values, FST distinguished breast cancer samples from
healthy controls with a sensitivity of 65% and an accuracy of 68%,
whereas KLK6 achieved a sensitivity of 55% and an accuracy of 61%. In-
terestingly, the combination of FST and KLK6 was able to discriminate
breast cancer samples from healthy controls with the highest AUC
(0.82 [0.76–0.86]; Fig. 6), yielding a sensitivity of 68% with a fixed spec-
ificity of 80%, and an accuracy of 71%.We next evaluated the correlation
of both proteins with classic biological, histologic, and clinical variables
in cancer group. We did not find a correlation with any of the variables,
including lymph node criteria.

4. Discussion

Diagnostic mammography has been a mainstay to help diagnose
suspicious lumps that have been found by a woman or her healthcare
provider. However, many breast cancer cases especially in younger
women having dense breast tissues, remain difficult to detect [20,21].
MRI has been suggested as an adjunct test to mammography mainly
in high risk populations, however it is not an option for claustrophobic
patients, patients with pacemakers or other metallic implants [20]. In
addition, MRI exhibits a lower sensitivity in the detection of very
small cancers when compared with mammography [22]. As a result,
there has been much interest in development and validation of
serum-based biomarkers. Biomarkers assisting in breast cancer detec-
tion and management have been proposed in the literature and can be
mainly categorized as diagnostic, prognostic, predictive of response to
treatment and biomarkers useful for monitoring for disease recurrence
[23]. Proteomic biomarkers of breast carcinoma ideally should be able to
bemeasuredwith a simple, cost-effective andminimally invasive assay.
Thus, proteins “leaking” from the primary cancerous tissue to blood
circulation would serve as excellent biomarkers for the early detection
Table 3
LIF, FST, IGFBP2, KLK6 and tPA concentration and AUC values assessed in the 56 healthy
control and invasive breast cancer serum samples.

Median [range] AUC [95% CI]

Healthy controls
(n = 28)

Invasive breast
cancer (n = 28)

LIF 14.8 pg/mL [9.6–31.6] 21.9 pg/mL [15.6–174.1] 0.89 [0.79–0.98]
FST 926 pg/mL [576–2159] 1319 pg/mL [604–5716] 0.71 [0.57–0.85]
IGFBP2 57.5 ng/mL [4.6–131.2] 75.9 ng/mL [24.2–224] 0.70 [0.55–0.80]
KLK6 0.5 ng/mL [0.4–0.6] 0.6 ng/mL [0.3–1.7] 0.71 [0.56–0.86]
tPA 2630 pg/mL [2280–3180] 2710 pg/mL [2300–3700] 0.57 [0.43–0.72]
of breast cancer [24–26]. A typical preclinical study for the development
of a biomarker set consists of three phases [27]. Upon hypothesis gener-
ation, a discovery phase in a small number of samples is undertaken,
followed by a verification phase that usually measures prioritized
biomarkers from the discovery set in pairs of case and control samples.
Finally, a validation phase in a larger independent cohort of samples
identifies promising biomarkers that canmove on to clinical evaluation.
Mass spectrometry is widely used for the discovery phase, whereas
ELISA's are used for the validation phase and the subsequent clinical
implementation of the developed tests [28,29]. However, like in all
biomarker development pipelines, attention should be paid to use the
appropriate cohorts of samples that serve the specific purpose that is
pursued [27]. As an optimization guideline to reliably identify useful
biomarkers, discovery research phase as well as validation phase
might be more fruitful with use of specimen sets that adhere to PRoBE
design principles [30].

Here, we report an integrated cell line-based discovery approach for
the identification of protein biomarkers and the subsequent validation
of two of them for the early detection of breast carcinoma that could
be used in complement to mammography when unconclusive. A breast
cancer progressionmodelwas used for the discovery phase. Specifically,
a non tumorigenic and 3 tumorigenic (one premalignant, one locally in-
vasive and onemetastatic) cell lines were cultured and their secretome
was analyzed using iTRAQ relative quantification. 359 proteins with at
least 1.3-fold differential expression between the 3 tumorigenic cell
lines and the non tumorigenic MCF10A cell line were identified as can-
didate breast cancer biomarkers. Further filtering for secreted proteins
and prioritization based on gene expression data and immunohisto-
chemical staining from breast cancer tissues combined with iTRAQ re-
sults provided a short list of 5 proteins. We then assessed their
expression level in a verification cohort of 56 samples. We confirmed
the significantly higher concentrations of KLK6, FST, LIF and IGFBP2 in
the breast cancer group compared to the healthy controls, whereas
tPA expression showed no significant difference between both groups.
When an independent validation cohort of 241 invasive breast cancer
serum samples and 112 healthy control samples was used, only KLK6
and FST protein expressions were found to be significantly higher in
the breast cancer group, compared to healthy controls. ROC curves for
those two proteins had AUC values 0.71 and 0.77 respectively. Sensitiv-
itieswere 55% and 65% at a fixed specificity of 80%. Finally, the combina-
tion of FST and KLK6 yielded a sensitivity of 68%.

KLK6 is a 26.8 kDa serine proteasewith trypsin-like activity involved
in a large variety of physiological and pathophysiological processes [31].
KLK6 mRNA was initially identified to be upregulated in primary mam-
mary carcinoma lineswhen compared to normal tissues, but not inmet-
astatic breast cancer cell lines [32]. The transcriptional regulation of
KLK6 in breast cancer is not uniform in different tumors or cell lines,
and has been shown to be driven by complex epigenetic events [33].
KLK6 has been implicated to play a role in the degradation of the extra-
cellular matrix and thus facilitate tumor invasion and metastasis [31,
34], but KLK6 has also a cancer-inhibiting activity in MDA-MB-231
cells [33,35]. However, this last effect was not observed in an subset of
overexpressing KLK6 breast cancer tumors [35]. Interestingly, the
stimulation of MCF7 breast cancer cell line by des[Arg9]bradykinin
causes release of KLK6 into the incubation medium and increases cell
invasion into matrigel [36]. The presence of KLK6 in the conditioned
medium has also been reported in other breast cancer cell lines such
asMDA-MB-468 and BT474 [37]. Follistatin (FST) is a 38 kDa protein in-
volved in the regulation of some members of the TGF-β superfamily
such as activin andbonemorphogenetic protein [38]. Activin plays a sig-
nificant role in the malignant progression and has been found to have
both oncogenic and tumor suppressor roles in cancer [39]. Specifically,
activin exhibits an antiproliferative effect in early stages of breast cancer
[40,41], and in prostate cancer [42,43], while activin is associated with
increased proliferation and invasion in head and neck cancer [44]. FST
has a high affinity for activin molecules, having thus the capacity to



Fig. 5. Expression analysis of LIF, FST, IGFBP2 and KLK6 in healthy control and invasive breast cancer samples. The concentration of the proteins in the validation population set of 112
healthy controls and 241 invasive breast cancer samples was determined using ELISA assay. The median values are indicated. IBC, invasive breast cancer; HC, healthy controls. *p b 0.05.
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form inactive complexes and abrogate activin signaling pathway [41].
Some evidence supports that FST plays a role in the malignant progres-
sion of several cancers, including breast cancer [40], andmay be also in-
volved in the tumor angiogenic response, as well as in the tumor cell
dissemination [38]. Taken together, our results show increased KLK6
and FST protein expression in both the conditioned medium of locally
invasive and metastatic breast cancer cell lines, when compared with
the non-tumorigenic cell lines, supporting that KLK6 and FST are pro-
oncogenic in this breast cancer model and may favor proliferation, mi-
gration and invasion of cancer cells. This hypothesis is also supported
by clinical observations, which show that KLK6 and FST are significantly
increased in the sera of breast cancer patients compared to the healthy
control group of patients.

To determine the usefulness of promising diagnostic biomarkers,
candidates should be tested and validated by several independent
studies using testing and training sets of both adequate size and patient
populations [45]. These populations should ideally include sera from
patients with benign breast lesions, early and very early stage breast
cancers, as well as patients with high risk of breast cancer, different
molecular types of breast cancer, and other control groups such as
non-breast malignancies. Interestingly, the National Cancer Institute
Fig. 6. Receiver operating characteristic curve analysis of FST, KLK6 and combination of
both markers to discriminate invasive breast cancer patients (n = 241) from healthy
controls (n = 112).
through the Early Detection Research Network develops suitable
serum collection for both discovery and subsequent validation phases
of early biomarker detection study. Such development of standardized
resources should be largely favorite in France. As our population study
do not satisfy all the criteria described in the ProBE design for clinical
evaluation of biomarkers [30], we cannot exclude the possibility of con-
founding by unmeasured variables. However, weminimized risk of con-
founding variables by matching groups with age, race, site, and the
timing of blood drawwith respect to diagnosis, surgery, and treatment.
Given the heterogeneity of results obtained with adjunct to mammog-
raphy radiographic diagnostic tools and the complete absence of avail-
able diagnostic biomarkers in this early phase of the disease, we
believe that our results are encouraging for the future development of
blood assays for early detection of breast cancer. Based on these find-
ings, we propose that KLK6 and FST could be considered as relevant
breast cancer biomarkers that could be tested in future systematic and
multi-institutional trials to investigate their clinical utility.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jprot.2016.04.050.
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