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The transformation of a normal cell into a cancer cell has been correlated with alterations in gene
regulation and protein expression. To identify altered proteins and link them to the tumorigenesis of
breast cancer, we have distinguished normal breast cells (MCF-10A) from noninvasive breast cancer
cells (MCF-7) and invasive breast cancer cells (MB-MDA-231) to identify potential breast cancer markers
in transformed breast cells. Using the 2D-DIGE and MALDI-TOF MS techniques, we quantified and
identified differentially expressed extracellular secreted proteins and total cellular proteins across MCF-
7, MB-MDA-231 and MCF-10A. The proteomic analysis of the secreted proteins identified 50 unique
differentially expressed proteins from three different media. In addition, 133 unique differentially
expressed proteins from total cellular proteins were also identified. Note that 14 of the secreted proteins
and 51 of the total cellular proteins have not been previously reported in breast cancer research. Some
of these unreported proteins have been examined in other breast cancer cell lines and have shown
positive correlations with 2D-DIGE data. In summary, this study identifies numerous putative breast
cancer markers from various stages of breast cancer. The results of this study may aid in developing
proteins identified as useful diagnostic and therapeutic candidates in research on cancer and proteomics.

Keywords: breast cancer • biomarker • proteomics • secretome • DIGE • MALDI-TOF • tumorigenesis •
metastasis

Introduction
Breast cancer is one of the leading causes of death among

women around the world. The 5-year survival rate for breast
cancer is close to 97% when tumors are confined to breast
tissue, but decrease dramatically to 23% when tumors have
metastasized to other organs at the time of diagnosis.1,2

Previous studies indicate that the transformation and metasta-
sis of normal breast cells are correlated to altered expression
in both transcription and translation levels.3–7 To better
understand the molecular mechanisms associated with tum-
origenesis and metastasis, it is necessary to identify the gene
expression signatures and protein expression markers among
normal breast cells, noninvasive breast cancer cells, and
invasive breast cancer cells. At the transcription level, microar-
ray strategies have been used to classify breast tumors as highly
invasive and noninvasive cancer.8,9 At the translation level,
proteomic strategies have been used to discern cancer markers
from noninvasive and invasive breast cells.9–12 Nagaraja et al.

compared the proteomic profiling of cell lines corresponding
to normal breast cells, noninvasive breast cancer cells, and
invasive breast cancer cells using 2-DE. Although they identified
26 spots as potential cancer markers, no statistical analysis was
included in their study. Pucci-Minafra et al. compared a ductal
infiltrating carcinoma-derived cell line with a nontumoral
mammary epithelial cell line using 2-DE, silver staining,
immunodetection, and N-terminal sequencing and identified
58 differentially expressed proteins. In contrast to these cell
line based studies, Pawlik et al. and Varnum et al. analyzed
differentially expressed proteins among nipple aspirate fluid
samples from tumor-bearing and disease-free breasts. Although
these identified proteins are primarily abundant proteins, few
of them have been validated as biomarkers.

During tumorigenesis and metastasis, secreted proteins in
the extracellular space are major factors in cell invasion,
migration, motility, growth control, angiogenesis, matrix-
degradation and adhesion.13 Consequently, the analysis of
tumor secreted proteins is a promising strategy for identifying
cancer biomarkers. In the past few years, researchers have used
proteomic analysis to identify some secreted biomarker can-
didates for human cancer using 2D-DIGE and LC-tandem mass
spectrometry. These markers have been found in lung cancer,
liver cancer, pancreatic cancer and colorectal cancer.14 In
breast cancer research, Kulasingam and Diamandis used a LC-
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MS/MS strategy to analyze and compare the expression of
extracellular and membrane-bound proteins in conditioned
media of three breast cell types corresponding to a normal
control and cell lines derived from stage 2 and stage 4 patients.
Their study identified several hundred proteins from condi-
tioned media.1

2-DE is currently a key technique in profiling thousands of
proteins within biological samples and plays a role comple-
mentary to LC/MS-based proteomic analysis.15 However, reli-
able quantitative comparisons between gels and gel-to-gel
variations remain the primary challenge in 2-DE analysis. A
significant improvement in the gel-based analysis of protein
quantitation and detection was achieved by the introduction
of 2D-DIGE, which can codetect numerous samples in the same
2-DE. This approach minimizes gel-to-gel variations and
compares the relative amount of protein features across
different gels using an internal fluorescent standard. Moreover,
the 2D-DIGE technique has the advantages of a broader
dynamic range, higher sensitivity, and greater reproducibility
than traditional 2-DE. This innovative technology relies on the
prelabeling of protein samples with fluorescent dyes (Cy2, Cy3
and Cy5) before electrophoresis. Each dye has a distinct
fluorescent wavelength, allowing multiple experimental samples
with an internal standard to be simultaneously separated in
the same gel. The internal standard, which is a pool of an equal
amount of the experimental protein samples, helps provide
accurate normalization data and increase statistical confidence
in relative quantitation among gels.16–18

Whether comparisons of normal cell lines with cancer cell
lines actually reflect common changes associated with cancer
and can be successfully developed into clinically useful biom-
arkers or therapeutic targets remains debatable. Thus, a direct
comparison of cancer tissue with normal tissue is the best
theoretical method of obtaining protein expression signatures
during tumor progression. However, a direct comparison of
clinical samples increases the amount of false positives due to
the heterogeneity of tumor specimens, which interferes with
the identification of tumor-specific markers. For this reason,
well-characterized model cell lines established from normal and
tumor tissue are recognized as more informative in cancer
proteomics research. In the field of breast cancer research,
MCF-10A, MCF-7 and MDA-MB-231 are widely used to rep-
resent normal luminal epithelial cells, noninvasive breast
cancer cells derived from the luminal duct and invasive breast
cancer cells derived from the same tissue, respectively.19,20

Accordingly, in this study, we are interested in early stage
discovery of putative diagnostic markers and therapeutic targets
from this cell model system. To achieve these goals, it is
necessary to identify potential biomarkers that reflect the
progression of tumorigenesis. Thus, we compared the pro-
teomic profiles of total cellular proteins and secreted proteins
of this cell model system using 2D-DIGE to quantitatively
identify putative transformation markers in breast cancer.

Materials and Methods

Chemicals and Reagents. Generic chemicals were purchased
from Sigma-Aldrich (St. Louis, MO), while reagents for 2D-DIGE
were purchased from GE Healthcare (Uppsala, Sweden). All
primary antibodies were purchased from Abcam (Cambridge,
U.K.) and anti-mouse, anti-goat and anti-rabbit secondary
antibodies were purchased from GE Healthcare (Uppsala,
Sweden). All the chemicals and biochemicals used in this study
were of analytical grade.

Cell Lines and Cell Cultures. The breast epithelial cell line
MCF-10A was a gift from Dr. Wun-Shaing Wayne Chang,
National Health Research Institute, Taiwan. The breast cancer
cell lines MCF-7, MDA-MB-231, MDA-MB-453 and MDA-MB-
361 were purchased from American Type Culture Collection
(ATCC), Manassas, VA. MCF-10A was maintained in Dulbecco’s
Modified Eagle’s medium and F-12 medium (DMEM/F-12)
supplemented with 5% horse serum, L-glutamine (2 mM),
streptomycin (100 µg/mL), penicillin (100 IU/mL), epidermal
growth factor (20 ng/mL) (all from Gibco-Invitrogen Corp.,
U.K.), insulin (10 µg/mL) (Sigma) and hydrocortisone (0.5 µg/
mL) (Sigma). MCF-7, MDA-MB-231, MDA-MB-453 and MDA-
MB-361 were maintained in Dulbecco’s Modified Eagle’s
medium (DMEM) supplemented with 10% (v/v) fetal calf serum
(FCS), L-glutamine (2 mM), streptomycin (100 µg/mL), and
penicillin (100 IU/mL) (all from Gibco-Invitrogen Corp., U.K.).
All cells were incubated at 37 °C and 5% CO2.

Sample Preparation for Proteomic Analysis. Cells in normal
growth medium at ∼80% confluence were used for proteomic
analysis. For total cellular protein analysis, cells were washed
in chilled 0.5× PBS and scraped in 2-DE lysis buffer containing
4% (w/v) CHAPS, 7 M urea, 2 M thiourea, 10 mM Tris-HCl, pH
8.3, and 1 mM EDTA. Lysates were homogenized by passage
through a 25-gauge needle 10 times, insoluble material was
removed by centrifugation at 13 000 rpm for 30 min at 4 °C,
and protein concentrations were determined using Coomassie
Protein Assay Reagent (BioRad). For secreted protein analysis,
approximately 1.25 × 108 cells were seeded into 25 175-cm2

cell culture plates for each cell line. After 2 days of incubation,
the DMEM or DMEM/F-12 media were discarded, and the cells
were rinsed three times with PBS. Subsequently, 375 mL of
serum-free DMEM or DMEM/F-12 media was added for an
additional 30 h. The media were collected and filtered with 0.45
µm microfilters to remove cell debris and then concentrated
1000-fold with 10-kDa molecular mass cutoff concentrators
(Millipore). The concentrated media were then precipitated by
adding 1 vol of 100% TCA (at -20 °C) to 4 vol of sample and
incubated for 10 min at 4 °C. The precipitated protein was then
recovered by centrifugation at 13 000 rpm for 10 min, and the
resulting pellet was washed twice with ice-cold acetone. Air-
dried pellets were resuspended in 2-DE lysis buffer for protein
quantification.

2D-DIGE and Gel Image Analysis. Before performing 2D-
DIGE, protein samples were labeled with N-hydroxy succin-
imidyl ester-derivatives of the cyanine dyes Cy2, Cy3 and Cy5
following the protocol described previously.21,22 Briefly, 150 µg
of protein sample was minimally labeled with 375 pmol of
either Cy3 or Cy5 for comparison on the same 2-DE. To
facilitate image matching and cross-gel statistical comparison,
a pool of all samples was also prepared and labeled with Cy2
at a molar ratio of 2.5 pmol Cy2/µg of protein as an internal
standard for all gels. Thus, the triplicate samples and the
internal standard could be run and quantified on multiple
2-DE. The labeling reactions were performed in the dark on
ice for 30 min and then quenched with a 20-fold molar ratio
excess of free L-lysine to dye for 10 min. The differentially Cy3-
and Cy5-labeled samples were then mixed with the Cy2-labeled
internal standard and reduced with dithiothreitol for 10 min.
IPG buffer, pH 3-10 nonlinear (2% (v/v), GE Healthcare) was
added and the final volume was adjusted to 450 µL with 2D-
lysis buffer for rehydration. The rehydration process was
performed with immobilized nonlinear pH gradient (IPG) strips
(pH 3-10, 24 cm) which were later rehydrated by CyDye-
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labeled samples in the dark at room temperature overnight (at
least 12 h). Isoelectric focusing was then performed using a
Multiphor II apparatus (GE Healthcare) for a total of 62.5 kVh
at 20 °C. Strips were equilibrated in 6 M urea, 30% (v/v)
glycerol, 1% SDS (w/v), 100 mM Tris-HCl (pH 8.8), 65 mM
dithiothreitol for 15 min and then in the same buffer containing
240 mM iodoacetamide for another 15 min. The equilibrated
IPG strips were transferred onto 26 × 20-cm 12.5% polyacry-
lamide gels casted between low fluorescent glass plates. The
strips were overlaid with 0.5% (w/v) low melting point agarose
in a running buffer containing bromophenol blue. The gels
were run in an Ettan Twelve gel tank (GE Healthcare) at 4 W/gel
at 10 °C until the dye front had completely run off the bottom
of the gels. Afterward, the fluorescence 2-DE were scanned
directly between the low fluorescent glass plates using an Ettan
DIGE Imager (GE Healthcare). This imager is a charge-coupled
device-based instrument that enables scanning at different
wavelengths for Cy2-, Cy3-, and Cy5-labeled samples. Gel
analysis was performed using DeCyder 2-D Differential Analysis
Software v7.0 (GE Healthcare) to codetect, normalize and
quantify the protein features in the images. Features detected
from nonprotein sources (e.g., dust particles and dirty back-
grounds) were filtered out. Spots displaying a g 1.5 average-
fold increase or decrease in abundance with a p-value <0.05
were selected for protein identification.

Protein Staining. Colloidal coomassie blue G-250 staining
was used to visualize CyDye-labeled protein features in 2-DE.
Bonded gels were fixed in 30% (v/v) ethanol, 2% (v/v) phos-
phoric acid overnight, washed three times (30 min each) with
ddH2O and then incubated in 34% (v/v) methanol, 17% (w/v)
ammonium sulfate, 3% (v/v) phosphoric acid for 1 h., prior to
adding 0.5 g/L coomassie blue G-250. The gels were then left
to stain for 5-7 days. No destaining step was required. The
stained gels were then imaged on an ImageScanner III densi-
tometer (GE Healthcare), which processed the gel images as
.tif files.

In-Gel Digestion. Excised poststained gel pieces were washed
three times in 50% acetonitrile, dried in a SpeedVac for 20 min,
reduced with 10 mM dithiothreitol in 5 mM ammonium
bicarbonate pH 8. 0 (Ammonium bicarbonate) for 45 min at
50 °C and then alkylated with 50 mM iodoacetamide in 5 mM
Ammonium bicarbonate for 1 h. at room temperature in the
dark. The gel pieces were then washed three times in 50%
acetonitrile and vacuum-dried before reswelling with 50 ng of
modified trypsin (Promega) in 5 mM Ammonium bicarbonate.
The pieces were then overlaid with 10 µL of 5 mM Ammonium
bicarbonate and trypsinized for 16 h at 37 °C. Supernatants
were collected, peptides were further extracted twice with 5%
trifluoroacetic acid in 50% acetonitrile, and the supernatants
were pooled. Peptide extracts were vacuum-dried, resuspended
in 5 µL of ddH2O, and stored at -20 °C prior to MS analysis.

Protein Identification by MALDI-TOF MS. Extracted pro-
teins were cleaved with a proteolytic enzyme to generate
peptides, then a peptide mass fingerprinting (PMF) database
search following MALDI TOF mass analysis was employed for
protein identification. Briefly, 0.5 µL of tryptic digested protein
sample was first mixed with 0.5 µL of a matrix solution
containing R-cyano-4-hydroxycinammic acid at a concentration
of 1 mg in 1 mL of 50% acetonitrile (v/v)/0.1% trifluoroacetic
acid (v/v), spotted onto an anchorchip target plate (Bruker
Daltonics) and dried. The peptide mass fingerprints were
acquired using an Autoflex III mass spectrometer (Bruker
Daltonics) in reflector mode. The algorithm used for spectrum

annotation was SNAP (Sophisticated Numerical Annotation
Procedure). This process used the following detailed metrics:
Peak detection algorithm, SNAP; Signal to noise threshold, 25;
Relative intensity threshold, 0%; Minimum intensity threshold,
0; Maximal number of peaks, 50; Quality factor threshold, 1000;
SNAP average composition, Averaging; Baseline subtraction,
Median; Flatness, 0.8; Median Level, 0.5. The spectrometer was
also calibrated with a peptide calibration standard (Bruker
Daltonics) and internal calibration was performed using trypsin
autolysis peaks at m/z 842.51 and m/z 2211.10. Peaks in the
mass range of m/z 800-3000 were used to generate a peptide
mass fingerprint that was searched against the Swiss-Prot/
TrEMBL database (v57.12) with 513 877 entries using Mascot
software v2.2.06 (Matrix Science, London, U.K.). The following
parameters were used for the search: Homo sapiens; tryptic
digest with a maximum of 1 missed cleavage; carbamidom-
ethylation of cysteine, partial protein N-terminal acetylation,
partial methionine oxidation and partial modification of
glutamine to pyroglutamate and a mass tolerance of 50 ppm.
Identification was accepted based on significant MASCOT
Mowse scores (p < 0.05), spectrum annotation and observed
versus expected molecular weight and pI on 2-DE.

Immunoblotting. Immunoblotting was used to validate the
differential expression of mass spectrometry identified proteins.
Cells were lysed with a lysis buffer containing 50 mM HEPES,
pH 7.4, 150 mM NaCl, 1% NP40, 1 mM EDTA, 2 mM sodium
orthovanadate, 100 µg/mL AEBSF, 17 µg/mL aprotinin, 1 µg/
mL leupeptin, 1 µg/mL pepstatin, 5 µM fenvalerate, 5 µM
BpVphen and 1 µM okadaic acid prior to protein quantification
with Coomassie Protein Assay Reagent (BioRad). Thirty micro-
grams of protein samples was diluted in Laemmli sample buffer
(final concentrations: 50 mM Tris, pH 6.8, 10% (v/v) glycerol,
2% SDS (w/v), 0.01% (w/v) bromophenol blue) and separated
by 1D-SDS-PAGE following standard procedures. After elec-
troblotting separated proteins onto 0.45 µm Immobilon P
membranes (Millipore), the membranes were blocked with 5%
(w/v) skim milk in TBST (50 mM Tris, pH 8.0, 150 mM NaCl
and 0.1% Tween-20 (v/v)) for 1 h. Membranes were then
incubated in primary antibody solution in TBS-T containing
0.02% (w/v) sodium azide for 2 h. Membranes were washed in
TBS-T (3 × 10 min) and then probed with the appropriate
horseradish peroxidase-coupled secondary antibody (GE Health-
care). After further washing in TBS-T, immunoprobed proteins
were visualized using an enhanced chemiluminescence method
(Visual Protein Co.).

Immunofluorescence. For immunofluorescence staining,
cells were plated onto coverslips (VWR international) for
overnight incubation. The cells were fixed with PBS containing
4% (v/v) paraformaldehyde for 25 min, washed three times with
PBS, and followed by permeabilization in PBS containing 0.2%
(v/v) Triton X-100 for 10 min. Coverslips were rinsed and
blocked in PBS containing 5% (w/v) BSA for 10 min before
incubation with primary antibodies diluted in 2.5% BSA/PBS
for 1 h. After three washings with PBS, samples were incubated
with the appropriate fluorescently labeled secondary antibodies
diluted in 2.5% BSA/PBS for 1 h. Coverslips were then washed
three times with PBS and at least twice with ddH2O before
mounting in Vectashield mounting medium (Vector Lab).
Coverslip edges were sealed with nail polish onto glass slides
(BDH) and then dried in the dark at 4 °C. For image analysis,
cells were imaged using a Zeiss Axiovert 200 M fluorescent
microscope (Carl Zeiss, Inc., Germany). The laser intensities
used to detect the same immunostained markers from different
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cell lines were identical, and none of the laser intensities used
to capture images were saturated. Images were exported as .tif
files using the Zeiss Axioversion 4.0 and processed using Adobe
Photoshop V.7.0 software.

Results

Optimization of Cell Conditions for Secreted Protein
Analysis. For secretomic analysis, MCF-10A, MCF-7 and MDA-
MB-231 were grown on cell culture dishes and the confluency
of cells was checked prior to incubation in serum-free culture
media to ensure that no other exogenous proteins were present.
To minimize cell autolysis induced by starvation and to
maximize secreted protein concentration in the media, the
starvation time of each cell line was optimized (refer to
Materials and Methods). Through immunoblotting, the LDH
and �-tubulin levels were detected in the 1000-fold concen-
trated serum-free media starting at 48-60 h and at 60-72 h,
respectively (Figure 1). LDH and �-tubulin are both cytoplasmic
proteins and their levels in the media represent the amount of
cell death taking place in cell culture. Accordingly, a starvation
period of 30 h was chosen for further 2D-DIGE based secre-
tomic analysis.

DIGE and MALDI-TOF Analysis of Secretomes among
MCF-10A, MCF-7, and MDA-MB-231 Cells. Proteins secreted
from each cell type were enriched from the serum-free medium
followed by labeling with CyDyes for 2D-DIGE analysis. The
secretomic profiling of MCF-10A, MCF-7 and MDA-MB-231
were visualized using a fluorescence scanner and the images
were superimposed using ImageQuant software (Figure 2). To
investigate the potential involvement of secreted proteins in
tumorigenesis and metastasis for human breast cancer, bio-
logical variation analysis of spots showing greater than 1.5-fold
change in expression with a t test score of less than 0.05 were
visually checked before confirming the alterations for protein
identification. MALDI-TOF MS identification revealed 50 unique
differentially expressed proteins across MCF-10A, MCF-7 and
MDA-MB-231 (Table 1). Of the proteins identified, 42 were
differentially expressed between MCF-7/MCF-10A, 44 of them
were differentially expressed between MDA-MB-231/MCF-10A,
and 37 proteins were differentially expressed between MDA-
MB-231 and MCF-7. In the three cell lines investigated, 39%
of the total proteins identified were extracellular and plasma
membrane-anchored proteins (Figure 3A). Most of the identi-
fied proteins were involved in signaling transduction, redox-

regulation and metabolism (Figure 3B). To our knowledge, 14
out of these identified spots, including IFIT3, have not been
reported in any breast cancer related studies. Consequently,
these proteins might have the potential to be putative breast
cancer markers. As expected, this 2D-DIGE experiment also
identified a number of reported breast cancer markers, includ-
ing Cathepsin D23 and IGFBP4.24

DIGE and MALDI-TOF Analysis of the Total Cell Pro-
teomes among MCF-10A, MCF-7, and MDA-MB-231 Cells. To
identify the altered abundance of proteins and relate them to
the tumorigenesis of breast cancer, the proteomic profiles of
MCF-10A, MCF-7 and MDA-MB-231 were analyzed. Triplicates
of the three different cell lysates were compared using 2D-DIGE
to obtain an overview of breast cell tumorigenesis. Image
analysis using DeCyder v7.0 clearly defined more than 2500
protein spots (Figure 4). To reduce the intrinsic variability
derived from protein samples and gel-to-gel variation, only
those protein spots that appeared in all of the triplicate gel
images were used for statistical analysis. Furthermore, biologi-
cal variation analysis of spots showing greater than 1.5-fold
change in expression with a t test score of less than 0.05 were
visually checked before confirming the alterations for protein
identification. MALDI-TOF MS identification revealed 133
unique differentially expressed proteins across MCF-10A, MCF-
7, and MDA-MB-231 (Table 2). Of the 133 proteins identified,
107 of them had differential expressions between MCF-7/MCF-
10A, 63 were differentially expressed between MDA-MB-231/

Figure 1. Optimization of starvation time for secretomic analysis.
MCF-10A, MCF-7 and MDA-MB-231 on cell culture dishes were
used to check starvation induced cell autolysis by detecting the
release of cytoplasmic proteins, LDH and �-tubulin in serum-free
media. The serum-free media were harvested and concentrated
1000-fold at indicative starvation periods prior to performing
immunoblotting analysis.

Figure 2. Secretomic comparisons across MCF-10A, MCF-7 and
MDA-MB-231 cells using 2D-DIGE. Protein samples (50 µg each)
enriched from serum-free media were labeled with Cy-dyes and
separated using 24 cm, pH 3-10 nonlinear IPG strips. 2D-DIGE
images of MCF-10A, MCF-7, and MDA-MB-231 at appropriate
excitation and emission wavelengths were pseudocolored and
overlaid with ImageQuant Tool (GE Healthcare).
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MCF-10A, and 96 had differential expressions between MDA-
MB-231 and MCF-7. Almost half of the total proteins identified
in this breast cell model were cytosolic proteins (Figure 5A),
and most of the identified proteins were involved in signaling
transduction, metabolism, protein folding, and cell motility
(Figure 5B). To our knowledge, 51 of these identified spots,
including Calumenin, have not been reported in any breast
cancer related studies. As such, these proteins might have the
potential to be putative breast cancer markers. As expected,
some well-known breast cancer markers, such as 14-3-3
proteins,25 annexins,26 calmodulin,27 AGR-2,28,29 Galectin-130

and ROCK2,31 were also identified in this 2D-DIGE experiment,
lending credence to the reliability of early phase biomarker
detection using this experimental strategy.

Validation of Characterized Breast Cancer Related Proteins
through Immunoblotting and Immunofluorescence. This
secretomic study indentified some of the well-characterized
breast cancer related cytosolic proteins such as Cyclophilin A,
14-3-3delta and peroxiredoxin 2 in culture media.32–34 It is
essential to validate the levels of these cytosolic proteins in the
medium from independent experiments. To this end, the
expression level of cyclophilin A, 14-3-3delta and peroxiredoxin
2 from the culture media of MDA-MB-231, MCF-7 and MCF-
10A was validated with immunoblotting. The results indicate
that both the proteomic and immunoblot analysis showed
cyclophilin A and 14-3-3 delta down-regulated in MCF-7 in
comparison to the levels in MCF-10A. In contrast, peroxiredoxin
2 showed up-regulation in MCF-7 in comparison to the levels
in MCF-10A. Comparing the secreted protein levels between
MCF-10A and MDA-MB-231 indicates that the peroxiredoxin
2 and 14-3-3 delta expression levels increased in MDA-MB-
231 and MCF-10A, respectively; however, the cyclophilin A level
showed no significant change (Figure 6A-C). This observation
confirmed that cyclophilin A, 14-3-3delta and peroxiredoxin 2
were differentially secreted across the breast cells.

Immunoblot and immunofluorescence analysis were carried
out to further confirm the differential protein levels observed
in the total cellular proteins (profilin, cathepsin D, annexin 2,
protein disulfide isomerase A1 and HDAC1) across MDA-MB-
231, MCF-7 and MCF-10A (Figure 6D-H). These proteins have
been reported to play important roles in cytoskeleton regula-
tion, proteolysis, calcium regulation, protein disulfide bond
rearrangementandchromatinassemblyduringtumorigenesis.35–39

The results of the immunoblotting indicate that cathepsin D
and PDI showed up-regulation in MCF-7 cells but down-
regulation in MDA-MB-231 compared to the two protein
expressions in MCF-10A. The expression levels of the profilin
and annexin 2 proteins showed down-regulation in MCF-7 but
no significant changes in MDA-MB-231 compared to the levels
in MCF-10A. These immunoblotting results demonstrate a
positive correlation with the 2D-DIGE results (Figure 6D-G).
In addition to immunoblotting, validation was also performed
with immunofluorescent analysis. Figure 6H shows that most
of the HDAC1 signal was distributed within the nucleus, which
is consistent with the subcellular location of HDAC1 in cells.
As expected, the fluorescent intensity with the same exposure
indicates that HDAC1 showed increased expressions in MCF-7
and MDA-MB-231 compared to its expression in MCF-10A.T
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Altogether, the results from immunoblotting and immunof-
luorescence agreed with the results from 2D-DIGE data.

Validation of Unreported Identified Putative Tumorigen-
esis Markers through Immunoblotting and Immunofluores-
cence. The cellular proteomic and secretomic analyses above
reveal that a number of identified proteins may be breast
cancer markers (Tables 1 and 2). To verify this observation,
immunoblotting and immunofluorescence were used to vali-
date these differentially expressed proteins including bestro-
phin 3, MPP2, parvalbumin, PdLIM1, IFIT3 and BANF1 as these
proteins showed relatively significant changes (>3-fold) in
comparison with most of the unreported identified proteins
across MCF-10A, MCF-7 and MDA-MB-231. The immunoblot-
ting analysis of concentrated serum-free media shows that
more bestrophin 3 was secreted in the cell lines of MCF-7 and
MDA-MB-231 than MCF-10A, while MPP2 was only detected
in MDA-MB-231. Notably, the bestrophin 3 blotting result did
not completely agree with the 2D-DIGE data, where levels in
MCF-7 were higher than MB-231 (Figure 7A). Using immun-
ofluorescence staining, the robust increase of parvalbumin
signal in both the MCF-7 and MDA-MB-231 cells was first
confirmed after comparison with the signal in MCF-10A.
Parvalbumin was primarily localized in the nucleus, which
coincided with the DAPI stained nucleus. Further investigation
of parvabumin expression in other breast cancer cell lines
indicates that parvabumin was overexpressed in MDA-MB-453,
a line of noninvasive breast cancer cells, and slightly up-
regulated in MDA-MB-361, an adenocarcinoma with metastatic
ability (Figure 7B). These results imply that parvabumin might
have the potential to be a breast cancer marker. In contrast,
PdLIM1, a cytosolic protein, was down-regulated in all breast
cancer lines: MCF-7, MDA-MB-231, MDA-MB-453 and MDA-

MB-361 (Figure 7B). In addition, IFIT3, a plasma membrane
protein, was down-regulated in transformed cells, especially
in MCF-7 and MDA-MB-231, and was consistent with the
proteomic data from 2D-DIGE (Figure 7B). Interestingly,
BANF1, a major nucleus-located protein, was distributed in the
cytoplasm of the MCF-10A cells, but was confined within the
nucleus in MCF-7, MDA-MB-231 and MDA-MB-453 cells; in
addition, BANF1 was distributed within the cytoplasm and
nucleus in MDA-MB-361 (Figure 7B). These results indicate that
the BANF1 levels were different between normal breast cells
and breast cancer cells, and that the subcellular locations of
the protein may account for tumorigenesis.

Discussion

The results of this study show that the differentially expressed
protein profiles across normal and transformed breast cell lines
range from extracellular secreted proteins to intracellular
proteins. The 2D-DIGE strategy is powerful enough to identify
numerous breast cancer signatures and offers a complementary
role to LC/MS-based proteomic analysis. Even though the
global coverage of protein mixtures identified by LC-MS based
analysis is generally higher than that of 2-DE based analysis,
2-DE based analysis offers some distinct advantages, such as
direct protein quantification at protein isoform levels instead
of peptide levels to reduce analytical variations.15 Using the
LC-MS/MS strategy, Kulasingam and Diamandis analyzed and
compared the expressions of extracellular and membrane-
bound proteins in conditioned media of three breast cells
corresponding to the normal control cells and cell lines derived
from stage 2 and stage 4 patients, respectively.1 Their study
identified 1062 differentially expressed proteins across these

Figure 3. Percentage of secreted proteins identified from serum-free media by 2D-DIGE/MALDI-TOF MS for MCF-10A, MCF-7 and MDA-
MB-231 cells according to their subcellular locations (A) and biological functions (B).
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three cell lines. A comparison between Kulasingam’s study and
our 2D-DIGE secretomic study shows that 25 out of 50
identified differentially expressed secreted proteins coincide
with Kulasingam’s study, indicating that both LC-MS/MS and
2D-DIGE are potential tools for discovering breast cancer
markers with reasonable reproducibility. Importantly, 25 out
of 50 identified proteins were not reported in Kulasingam’s
study or any other studies, demonstrating that 2D-DIGE plays
a powerful complementary role in the assumed biomarker
discovery (Table 1).

In a previous study, Nagaraja et al. used traditional 2-DE
with poststains (silver stain and coomassie blue stain) to reveal
26 differentially expressed proteins among transformed breast
cells with different levels of invasiveness and normal cells which
were the same cell lines used in the present study.9 Their study
showed no evidence of visualizing protein spots with sensitive
strategies, and protein expression changes were not quantifi-
able because no broader linear-ranged methods and statistical
analysis were employed. Only six out of those 26 proteins
coincide with our statistical 2D-DIGE data, which implies that
differences might have derived from artificial variations or from
results with no statistical analysis (Table 2).

Secreted proteins, plasma membrane bound proteins and
extracellular proteins mediate cell adhesion, cell motility,
cell-cell interactions and cell invasion. These proteins have

the highest possibility of being found in the circulation system,
including the blood, and thus serve as cancer markers or
important markers involved in cancer formation.40 To identify
potential proteins that may be involved in tumor formation
and metastasis, this study develops a strategy for preparing
secreted proteins from normal and cancer cell lines with
minimal cytosolic protein contamination. Although these cell
lines are generally grown in serum-supplemented media, a
serum-free conditioned medium is necessary to prevent serum
protein contamination and to allow accurate detection of
proteins secreted by cells. A serum-free medium is believed to
affect the growth of cells and the production of secreted
proteins; however, recent studies indicate that the serum-free
condition does not significantly affect the composition of the
secreted proteins.41,42 In addition, it is impossible to prevent
cell death, and the release of considerable amounts of cytosolic
proteins into culture media in either the serum-free condition
or the serum-supplemented medium. Accordingly, an intensive
wash step was performed prior to incubating these cells in
serum-free media to remove both cytosolic proteins and serum
proteins. Meanwhile, the incubation time in serum-free media
was optimized in advance, minimizing the serum-free induced
autolysis of the cells, and enabling the recovery of an adequate
amount of secreted proteins for 2D-DIGE analysis. The con-
centration of secreted proteins in this study was extremely low
at approximately 1-2 µg/mL. For this reason, a concentration
step was essential to enrich secreted proteins enough for
analysis, and a desalting step was also required for the 2D-
DIGE experiment. In this study, a spin-concentrator strategy
and TCA-acetone precipitation strategy were used for secreted
protein enrichment and sample desalting, respectively. After
using 2D-DIGE and MALDI-TOF mass spectrometry for protein
separation, quantification, and identification, 61% of the total
identified proteins in the medium were neither secreted
proteins nor membrane-bound proteins. Most of them were
sublocated in the cytoplasm, implying that some level of cell
necrosis or autolysis was taking place. Interestingly, 39% of the
identified proteins in the medium were secreted proteins,
plasma membrane bound proteins, or peripheral proteins,
indicating that these membrane-associated proteins might be
trimmed off the plasma membrane by proteases or might not
be completely integrated into the plasma membrane. These
results demonstrate that the proposed approach significantly
enriches secreted proteins and membrane proteins in com-
parison with the previous report that only 2% of the entire
mammary epithelial cell proteomes are classified as secreted
and membrane proteins.43

Breast cancer is the leading cause of cancer-induced mortal-
ity in women. Early detection of breast cancer greatly improves
its survival rates. Accordingly, the primary aim of this study is
to discover putative biomarkers with the greatest potential to
facilitate early detection of breast cancer and monitor the
progress of breast tumorigenesis. Numerous proteins, including
bestrophin-3 and parvalbumin, are highly expressed in both
low-invasive and aggressive breast cancer cells and are verified
as potential breast cancer markers in this study. Importantly,
several of these identified proteins, including bestrophin-3,
GRAMD2, and nuclear distribution protein nudE homologue
1, have not been reported in previous breast cancer studies,
implying that these proteins need to be further investigated to
confirm them as valuable breast cancer markers. The identi-
fication of cellular targets that play a role in highly invasive
breast cancer may also contribute to a better understanding

Figure 4. Proteomic comparisons among MCF-10A, MCF-7 and
MDA-MB-231 cells using 2D-DIGE. Protein samples (150 µg each)
purified from total cell lysates were labeled with Cy-dyes and
separated using 24 cm, pH 3-10 nonlinear IPG strips. 2D-DIGE
images of MCF-10A, MCF-7 and MDA-MB-231 at appropriate
excitation and emission wavelengths were pseudocolored and
overlaid with ImageQuant Tool (GE Healthcare).
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of the biological mechanisms inherent in the aggressive
progression of cancer and may be of use in the development
of new diagnostic or therapeutic strategies for breast cancer.
For this purpose, invasion associated markers were further
investigated, including upregulated microfibrillar-associated
protein 3 and downregulated annexin A4, carbonic anhydrase
2, plasma membrane calcium-transporting ATPase 2, protein
SHQ1, Rab-2B and ROCK2.

With the basis of a Swiss-Prot search and KEGG pathway
analysis, numerous potential biological functions of the identi-
fied proteins across MCF-10A, MCF-7 and MDA-MB-231 were
determined. The information should be useful for studying the
mechanisms of breast cancer tumorigenesis and metastasis.
Figure 8 compares the expression profiles of the identified
differentially expressed proteins in these 3 cell lines. Proteins
known to regulate cell cycle are found to be upregulated in
both MCF-7 and MDA-MB-231 (Figure 8A), and are associated
with the promotion of tumorigenesis.44 In addition, the expres-
sion of proteins linked to redox-regulation increased in the
MCF-7 cells in comparison to the levels in MCF-10A (Figure
8B). Induced expression of these proteins may be able to
account for cancer development and progression. For example,
Noh et al. showed that peroxiredoxins are greatly overexpressed
in most breast cancer tissues.45 Proteomic analysis also reveals
that proteins involved in carbohydrate metabolism are signifi-
cantly overexpressed in MCF-7 cells (Figure 8C). This demon-

strates that cancer cells rely heavily on glycolysis to obtain ATP
for proliferation and tumorigenesis in the presence of adequate
oxygen levels;46 this mechanism has been implicated in nu-
merous cancer therapies.47,48 Figures 8D-F show the down-
regulated profiles of proteins in both MCF-7 and MDA-MB-
231 cells. These proteins are involved in calcium regulation,
vascular transport and protease inhibition. Calcium-binding
proteins, such as annexin 1, whose function is modulated by
an estrogen receptor, have been reported to show decreased
expression in correlation with breast cancer development and
progression.49–52 The S100 protein family is a family of low
molecular weight calcium-binding proteins that is responsible
for the regulation of protein phosphorylation, intracellular
calcium homostasis, the dynamics of cytoskeleton constituents
and cell proliferation.53 The S100 family has become a major
interest because of its deregulated expression in human
diseases, especially in cancer. According to Ji et al, S100 families
exhibit significantly reduced expression in esophageal squa-
mous cell carcinoma54 and are hence recognized as a prog-
nostic esophageal cancer marker. In this study, S100A14 was
identified as downregulated in MCF-7 and MDA-MB-231,
suggesting their potential roles in breast cancer. Interestingly,
proteins involved in vascular transport, including Rab GTPase-
binding effector protein and vacuolar protein sorting-associated
protein 54, were decreased in expression in MCF-7 and MDA-
MB-231 (Figure 8F). This may be explained by a previous report

Figure 5. Percentage of total cellular proteins identified by 2D-DIGE/MALDI-TOF MS for MCF-10A, MCF-7 and MDA-MB-231 cells according
to their subcellular locations (A) and biological functions (B).
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indicating that the downregulation of Rab5 GDP/GTP exchange
factor enhances receptor tyrosine kinase signaling and pro-
motes the growth factor-directed migration of tumor cells.55

However, there are few studies on tumorigenesis regarding the

roles of the Rab GTPase-binding effector protein and the
vacuolar protein sorting-associated protein 54. Serpin is a group
of proteins able to inhibit protease and block the growth,
invasion, and metastatic properties of breast tumors. Hence,

Figure 6. Representative immunoblotting and immunofluorescent analyses for selected differentially expressed proteins identified by
proteomic analysis in MCF-10A, MCF-7 and MDA-MB-231 cells. The levels of identified proteins in serum-free media, (A) Cyclophilin
A, (B) 14-3-3 delta and (C) Peroxiredoxin 2 and total cellular proteins, (D) Profilin, (E) Cathepsin D, (F) Annexin 2 and (G) Protein disulfide
isomerase A1 in MDA-MB-231 and MCF-7 versus MCF-10A confirmed by immunoblot (left top panels), densitometry results with
normalized values using nonspecific bands (NS) of secreted proteins and �-tubulin as loading controls (left bottom panels), protein
expression map (right top panels) and three-dimensional spot image (right bottom panels). (H) MCF-10A, MCF-7 and MDA-MB-231
cells were fixed and incubated with anti-HDAC antibody and stained with a Texas Red-conjugated secondary antibody (Red). Nuclei
were stained with DAPI (Blue). Each set of three fields was taken using the same exposure, and images are representative of three
different fields. Scale bar ) 20 µm.
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serpin families function as tumor suppressors in cancer re-
search.56 The downregulation of serpin is well-correlated with
the progression of breast cancer57 and our own observations
in MCF-7 and MDA-MB-231 cells (Figure 8F).

Other differentially expressed proteins of interest across
MCF-10A, MCF-7 and MDA-MB-231 include cathepsin D,
bestrophin-3 and interferon-induced protein with tetratri-
copeptide repeats 3 (IFIT3). Cathepsin D, a lysosomal aspartic
protease, is overexpressed in estrogen receptor positive breast
cancer cells58 and is generally of good prognostic value in
comparison with estrogen receptor negative breast cancer in
clinical studies.59 Our study indicates that cathepsin D is highly
expressed in MCF-7, both in total cellular proteins or in
secreted fraction. In contrast, cathepsin D is significantly down-
regulated in MDA-MB-231 cells compared with MCF-7. Thus,
our proteomic results display good correlation with these

reports. To our knowledge, bestrophin-3, a cGMP-dependent
calcium-activated chloride channel, has not been reported to
be associated with cancer and shows upregulation in MCF-7
and MDA-MB-231 in this study. Nevertheless, the related study
in bestrophin-1 shows the protein improves intracellular Ca2+

signaling and increases cell growth rate in colonic carcinoma
cells. The proliferation of the cells is significantly suppressed
by bestrophin-1 RNA interference treatment.60 This indicates
bestrophin-3 may be a potential target for breast cancer
therapy. IFIT3 plays a key role in the antiproliferative activity
of the interferon-related signaling pathway through inducing
expression of cell cycle inhibitors, p21 and p27 proteins.61 The
2D-DIGE results in this study show that IFIT3 is downregulated
in both MCF-7 and MDA-MB-231 cells, implying that breast
cancer cells may maintain a high level of proliferative activity
by downregulating the expression of IFIT3.

Figure 7. Immunoblotting and immunofluorescence analyses of the expression and protein localization changes of newly identified
putative breast cancer markers across MCF-10A, MCF-7, MDA-MB-231, MDA-MB-453 and MDA-MB-361 cells. (A) The profile of the
secreted proteome changes across MCF-10A, MCF-7, MDA-MB-231, MDA-MB-453 and MDA-MB-361 cells. The serum-free media from
the cell lines was concentrated and 10 µg of the total protein was resolved using SDS-PAGE and immunoblotted for MPP2 and Bestrophin
3. NS represents a nonspecific band used to show equal loading of secreted proteins. (B) A total of 5 × 104 MCF-10A, MCF-7, MDA-
MB-231, MDA-MB-453 and MDA-MB-361 cells were seeded on coverslips before fixation and staining for Parvabumin, BANF1, PdLIM1
and IFIT3. Each set of three fields was taken using the same exposure, and images are representative of three different fields. Scale
bar ) 20 µm.
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Recently, Neal et al. reported that the 14-3-3 zeta showed a
significant up-regulation in both MCF-7 cells and MDA-MB-
231 cells compared with its expression in MCF-10A cell.62

However, our proteomics results showed that the expression
level of 14-3-3 zeta in both MCF-7 cells and MDA-MB-231 cells
was down-regulated by 2.25-fold and 4.28-fold in comparison
to its expression in MCF-10A in the secretomic experiment,
respectively. Another independent experiment to analyze the
total cell proteins shows that the 14-3-3 zeta expression in
MCF-7 cells and MDA-MB-231 cells showed a 1.95-fold down-
regulation and 1.13-fold up-regulation, respectively, from

expression in MCF-10A. We compared the cell growth condi-
tions and found the MCF-7 cell culture medium was DMEM/
F12 with 8% FBS in Neal’s study, but the MCF-7 was cultured
in DMEM with 10% FBS in our proteomics study. In addition,
although this study and Neal’s study use the same growth
medium for MCF-10A cells, our culture medium did not
contain 0.1 µg/mL cholera toxin. These different culture
conditions might account for the different experimental results.
Importantly, our secretomic experiments were performed after
the cells were starved in a serum-free medium for 30 h, while
Neal’s work was performed under medium with 8% FBS.

Figure 8. Expression profiles for proteins potentially contributing to (A) cell cycle, (B) redox regulation, (C) carbohydrate metabolism,
(D) calcium regulation, (E) vascular transport, (F) protease inhibition in comparing MCF-7 and MDA-MB-231 with MCF-10A. White bars
represent fold change in protein expression in MDA-MB-231 versus MCF-10A. Black bars represent fold change in protein expression
in MCF-7 versus MCF-10A. The vertical axis indicates the identified proteins; the horizontal axis indicates the fold change in protein
expression. Additional details for each protein can be found in Tables 1 and 2.
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Pauly’s study demonstrates that the cell energy status/
metabolism status might account for the differentially ex-
pressed and subcellular locations of 14-3-3 proteins in hydra.63

This might offer an alternative clue to explain the different
differential expressions of 14-3-3 zeta between the two labo-
ratories. Also, another secretomic study that analyzed the
starved conditioned media from MCF-10A, BT474 (noninvasive
breast cancer line) and MDA-MB-468 (invasive breast cancer
line) was conducted. In this experiment, 14-3-3 zeta was down-
regulated in BT474 and up-regulated in MDA-MB-468 when
compared with its protein expression level in MCF-10A.1

Additionally, some cancer studies indicate that 14-3-3 protein
shows down-regulation during cancer progression.64,65 These
studies show that the levels of 14-3-3 proteins during breast
tumorigenesis were regulated, and further studies are essential
before using the proteins as breast cancer biomarkers.

In summary, this study establishes a comprehensive pro-
teomic strategy for putative cancer marker discovery. Using 2D-
DIGE and MALDI-TOF MS, we identified a set of candidate
protein markers that could serve as new diagnostic and
prognostic biomarkers of breast cancer after the subsequent
careful characterization of these candidates.
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