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Abstract

Proteins secreted (the secretome) from cancer cells are potentially useful as biomarkers of the disease.

Using LC-MS/MS, the secreted proteomes from a series of isogenic breast cancer cell lines varying

in aggressiveness were analyzed by mass spectrometry: non-tumorigenic MCF10A, premalignant/

tumorigenic MCF10AT, tumorigenic/locally invasive MCF10 DCIS.com and tumorigenic/

metastatic MCF 10CA cl. D. Proteomes were obtained from conditioned serum-free media, partially

fractionated using a small reverse phase C2 column and digested with trypsin for analysis by LC-

MS/MS, using a method previously shown to give highly enriched secreted proteomes (Mbeunkui,

et. al., J. Prot. Res. 5, 899–906 2006). The search files produced from 5 analyses (3 separate

preparations) were combined for database searching (Mascot) which produced a list of over 250

proteins from each cell line. The aim was to discover highly secreted proteins which changed

significantly in abundance corresponding with aggressiveness. The most apparent changes were

observed for alpha-1-antichymotrypsin and galectin-3-binding protein which were highly secreted

proteins from MCF10 DCIS.com and MCF10CA cl. D, yet undetected in the MCF10A and

MCF10AT cell lines. Other proteins showing increasing abundance in the more aggressive cell lines

included alpha-1-antitrypsin, cathepsin D and lysyl oxidase. The S100 proteins, often associated with

metastasis, showed variable changes in abundance. While the cytosolic proteins were low (e.g. actin

and tubulin), there was significant secretion of proteins often associated with the cytoplasm. These

proteins were all predicted as products of non-classical secretion (SecretomeIP, Center for Biological

Sequence Analysis). The LC-MS/MS results were verified for five selected proteins by western blot

analysis, and the relevance of other significant proteins is discussed. Comparisons with two other

aggressive breast cancer cell lines are included and the protein with consistent association with

aggressiveness in all lines, and in unrelated cancer cells, was the galectin-3-binding protein which

has been associated with breast, prostate and colon cancer earlier, supporting the approach and

findings. This analysis of an isogenic series of cell lines suggests the potential usefulness of the

secretome for identifying prospective markers for the early detection and aggressiveness/progression

of cancer.
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1. Introduction

Breast cancer is one of the leading causes of cancer-related death in women throughout the

world [1]. Early detection and prevention of this disease is urgently needed because many

patients succumb to advanced disease as the primary tumor metastasizes to other organs. The

prediction of the biological behavior of a tumor and the eradication of the disseminated

malignancy remain among the most important clinical challenges in oncology. During breast

cancer metastasis, cell-cell interactions are decreased leading to cell detachment from the

primary tumor, whereas cell-extracellular matrix interactions are increased, thus facilitating

migration and invasion [2]. Therefore, proteins secreted into the extracellular

microenvironment by the tumor cell play key roles in cell adhesion, intercellular

communication, motility and invasion. In our previous work [3], we developed a method for

secreted protein analysis that we applied to three different cancer cell types. We anticipate that

the profile of secreted proteins may aid as tumor markers to provide information for assessing

disease risk, prognosis, metastatic potential and evaluation of response to therapy. Currently,

none of the routinely used clinically validated tumor markers have sufficient diagnostic or

accurate predictive capabilities across all categories and stages of breast cancer. Consequently,

there is a great need for the identification of additional tumor markers for breast cancer.

Molecular biomarkers such as clusterin and galectin-3-binding protein (LGALS3BP) [3] and

tyrosine kinases [4] may have prognostic significance in breast cancer, but most studies

involving these biomarkers have compared cells derived from unrelated individuals.

Differences among the cancer cell donors, their origin, the passage number and culture

conditions create huge variations that may be unrelated to normal and malignant behaviors. A

comparison of malignant and non-malignant cell line variants from the same lineage will avoid

this problem. Dwek and Alaiya demonstrated that it is possible to distinguish between normal,

benign, and cancerous breast tissues on the basis of the protein profile by analyzing the

proteomes of healthy tissue and those that represent different stages of the disease [5].

Advanced molecular technology methods have allowed the analysis of global gene expression

or protein profiles in cancerous versus normal cells. The purpose of these studies is to identify

mRNA or protein markers that are differentially expressed between benign and malignant cells

[6,7]. However, these methods have limitations as the amount of active proteins in a cell [8]

and post-translational modifications, that may be essential for protein function and activity,

are undetectable at the level of mRNA expression. Therefore, the analysis of cellular proteins

has become a key field of developing research in the post-genome era [9]. It provides new

opportunities to clarify disease mechanisms and to discover new diagnostic biomarkers and

therapeutic targets.

Here, we report the analysis of secreted proteins from the MCF10 isogenic series of breast

cancer cell lines by LC-MS/MS. Specifically, we have analyzed the secreted proteins from

MCF10A (non-tumorigenic), MCF10AT (premalignant; tumorigenic), MCF10 DCIS.com

(tumorigenic and locally invasive) and MCF 10CA cl. d (tumorigenic and metastatic). These

cell lines represent a stepwise progression of breast epithelial cells towards a metastatic

phenotype. Hence, identification of the secreted proteome of these cells may yield insights into

the alterations in the profile of secreted proteins associated with the acquisition of an aggressive

phenotype. The aim was to identify major secreted proteins which undergo significant changes

in abundance across the cell line series, rather than to provide an intensive proteomic coverage.

To this end, a rather simple fractionation of the proteome was possible with estimation of

proteins concentrations based on their relative search scores (Mascot), with the most abundant

having the highest score [10]. The results gained by mass spectrometry analysis were

reproducibly consistent, compared with two other metastatic breast cancer cell lines, and the

differential expression of some proteins was validated by Western blot analysis.
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2. Materials and Methods

Chemicals

Water and acetonitrile (ACN) were obtained from Honeywell Burdick & Jackson, Muskegon,

MI. Urea, ammonium bicarbonate, trifluoroacetic acid (TFA), tris (2-carboxyethyl) phosphine

hydrochloride (TCEP), and ethylenediaminetetraacetic acid (EDTA) were purchased from

Sigma-Aldrich (St Louis, MO).

Cell culture conditions and collection of conditioned medium

MCF10A (non-tumorigenic, non-metastatic), MCF10AT (tumorigenic, non-metastatic),

MCF10 DCIS.com (tumorigenic; locally invasive, non-metastatic) and MCF10CA cl. D

(metastatic) were obtained from the Barbara Ann Karmanos Cancer Institute’s Cell Research

Core. Cells were cultured in DMEM-F12 (Invitrogen, Carlsbad, CA, USA) supplemented with

5% horse serum, epidermal growth factor (25 ng/ml), cholera toxin (100 ng/ml), insulin (10

µg/ml) and cortisone (0.5 µg/ml) [11–13]. Cells were grown to approximately 60% confluence

(approximately 2 × 106 cells) in 100 mm culture dishes (Corning Inc., Corning, NY). The cell

monolayer was rinsed with serum free medium at 37°C for 15-minutes (3 times). The cells

were then incubated in the serum-free medium at 37°C for 16-hours. Comparison data

discussed from the MA11 cell line was previously published [3] and the secretome was also

similarly collected from MT-1 cells. This line was established from human tumor xenografts

grown in nude mice and is estradiol and progesterone receptor negative [14].

Preparation of the secreted proteins

After incubation, the conditioned medium from 2 plates (4 × 106 cells) was carefully removed

and centrifuged 800 × g at 4 °C for 10 minutes to remove suspended cells. TFA (0.1%) was

added to acidify the medium and minimize enzymatic activity, and the medium was stored at

−80 °C until analysis. The cells are still 90–100% viable after the serum free growth as

determined by trypan blue exclusion counting. To illustrate the reproducibility of the results,

3 independent preparations of conditioned media were prepared from each MCF10 cell line,

spaced apart by approximately 2 weeks. Secreted proteins were isolated and fractionated (tC2

reversed-phase column, C2 SepPak, Waters, Milford, MA) as described previously [3].

Proteins fractions were obtained using 3 mL of solvents containing increasing amounts of ACN

in 0.1% TFA from 30 to 70% (30%, 40%, 50%, 60% and 70%) at 1 mL/min, and then

concentrated to dryness using a speed vac concentrator (Savant Instruments Inc., Holbrook,

NY) as outlined in Scheme 1. Approximately 25µg of total protein was present in each fraction.

Protein digestion

The dried protein fractions were dissolved and reduced in a solution (10 µL) containing urea

(8 M), EDTA (5 mM) and TCEP (10 mM), and then incubated at room temperature for about

2 hours. To avoid complications with over alkylation [15], cysteines were not “capped” and

reformation of disulfides was prevented by the continued presence of the stable TCEP. The

reduced proteins were then diluted to 40 µL with 50 mM ammonium bicarbonate pH 7.8 to

give a final urea concentration of 2 M. Sequencing grade trypsin (20 pmol) (V5111, Promega,

Madison, WI) was added to the protein solution and the digestion performed overnight at 37

°C.

Capillary LC-MS/MS Analysis

The tryptic peptide digests of the secreted proteins were analyzed using a Waters (Milford,

MA) capillary liquid chromatograph coupled to the nanoflow electrospray source of a Waters

Q-TOF Ultima API-US mass spectrometer. Peptides were separated on a C18 reverse phase

column (0.15mm × 150mm, VC-10-C18-150; Micro-Tech Scientific, Vista CA) using a binary
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solvent system made up of 98.8% water, 1% acetonitrile and 0.2% formic acid (solvent A),

and 94.8% acetonitrile, 5% water and 0.2% formic acid (solvent B). The peptides were eluted

from the column with a linear gradient program that changed the composition of solvent from

5% B to 90% B over 100 min at a constant flow rate of 1 µL/min. Data from the eluted peptides

were acquired using the Waters MassLynx 4.0 software. An initial 40 min MS/MS analysis

(1µL injected of each fraction) was performed to check the quality and the concentration of

the secretome. Final data were acquired using 180 minute analyses (approximately 2µ g protein

injected based on the intensity of the initial run) in a data-dependent mode where each full MS

scan was followed by MS/MS of the four most intense ions. To optimize peptide coverage, a

mass/charge exclusion list was maintained so that the same peptide was not selected for MS/

MS within a period of one minute. To confirm the reliability of the MS results, the analysis of

two preparations from each cell line was duplicated.

Database Searching

Data from the LC-MS/MS runs were converted to search files (“pkl” files) using MassLynx

and poor data rejected below a “QA threshold” of 20. All initial run (40-minute) data was

searched using an in-house Mascot search engine (version 2.1.03, Matrix Science Ltd., London,

U.K.) using the following parameters: database NCBInr (August 23, 2006 revision;

approximately 153,000 human sequences), mammalian species, enzyme trypsin with up to two

missed cuts, no modifications, and a mass accuracy of 0.2 Da for both precursor ions and MS/

MS data. Samples showing serum proteins or cell lysis were discarded. All pkl files from the

final 180-minute LC-MS/MS analyses for a cell line were appended and final searching of

these cell line specific pkl files was performed against the human subset of the NCBI RefSeq

(reference sequencing) database (26571 entries) to ensure reproducible naming across cells

lines and duplicate analyses, and to provide signal sequences of proteins where they exist. Only

proteins matching at least 3 peptides in Mascot were automatically accepted. Proteins identified

by one or two ions were hand-sequenced if they had an individual score of over 50. For these,

following MaxEnt III conversion of the data to a noise reduced +1 spectrum, manual

sequencing was performed without prior knowledge and the peptide mass and partial sequence

searched against the RefSeq database. Only those peptides showing a unique identification

were accepted. The identified secreted proteins were characterized and their location/function

assigned as described previously [3] by searches of the signal peptide and the transmembrane

sequences.

Western blot analysis

Conditioned medium was collected as described above. The conditioned serum free media

samples were spun at 800 × g at 4°C for 10-minutes to remove any cells from the media.

Samples were then concentrated using a Millipore Amicon Ultra 4 Centrifugal Filter Unit

(Billerica, MA) with a 10 kDa cut-off. Samples were added to the columns and centrifuged at

7500 × g for 8-minutes at 4°C until a final volume of 250 µl was obtained. The column was

washed with 3 mL of dH2O and was centrifuged again at 7500 × g for 8-minutes at 4°C until

a final volume of 250 µl was obtained. Total protein concentration from each sample was

measured using Micro Pyrogallol Red reagent (Sigma, St. Louis, MI) for equal loading onto

protein gels. For serum containing media (5% FBS), the ProteoSeek Albumin/IgG removal kit

(Pierce, Rockford, IL, USA) was used to remove albumin. Due to the increase in volume as a

result of this procedure, samples again concentrated using a 10 KDa cut-off filter.

Approximately 8 µg of total protein was resolved on a 10% SDS-polyacrylamide gel and

transferred onto PVDF membrane. Membranes were blocked overnight in 5% skim milk in

PBS. Proteins of interest were probed by using the following primary antibodies: mouse anti-

osteonectin 1:1000 (Haematologic Technologies Inc., Essex Junction, VT), rabbit anti-alpha-1-

antitrypsin 1:2000 (DakoCytomation, Carpinteria, CA), rabbit anti-alpha-1-antichymotrypsin
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1:5000 (DakoCytomation), mouse anti-mesothelin 1:500 (Zymed [Invitrogen], Carlsbad, CA)

or rabbit anti-galectin-3-binding protein 1:2500 (gift from S. Laferté, Department of

Biochemistry, University of Saskatchewan, Canada). Respective horseradish peroxidase-

labeled secondary antibodies were used, and reactive bands were visualized with enhanced

chemiluminescence detection reagent Luminol (Santa Cruz Biotechnology, Santa Cruz, CA).

3. Results

Sample preparation and quality control

Cell confluence on plates and the incubation time in serum-free medium were optimized as

described previously [3], largely using the initial 40-minute MS/MS runs to identify any cell

lysis and serum proteins. For protein identification, cells were incubated in serum-free medium

at 60% confluence for 16-hours in order to maximize recovery of the secreted proteins while

minimizing cell lysis. The medium was removed and the proteins concentrated and fractionated

using our C2 reversed phase approach [3]. Three independent secreted proteome preparations

(each with 5 factions from the tC2 column) of each cancer cell line were analyzed on the LC-

MS/MS, two in duplicate. Within repeat preparations and analyses minor differences were

observed in the number of peptides identified and the order of the proteins in the Mascot results,

especially for those with very few peptides assigned. As proof of consistency, the peptides

identified from five proteins in each preparation, and in the duplicate injection of the third

preparation, are shown in Table 1. These proteins were selected due to the significant change

in expression across the cell lines. As expected by the MS/MS process, small changes are

observed in the numbers of peptides “hit” during the analysis, although the trend is still clearly

apparent. The total amount of protein produced in the 16-hour serum free medium was lower

in the less aggressive cells lines as was indicated by the height of the peptide signals in the LC-

MS/MS analyses and consistent with the highest Mascot protein scores in each (10A: 2078;

10AT: 2286; CA cl.d: 3179 and DCIS 5013). This agrees with the growth rate of these cells

and suggests that the secretion of these proteins may be associated with the cell cycle. The

collection of the serum free media was limited to 16-hours as there was a risk of cell lysis

during longer incubations.

Final Protein Characterization

Based on the consistency of the search results obtained across preparations and duplicate

analyses, the search data (pkl files) from all fractions and analyses of each cell line were

appended, and searched against the human subset of the RefSeq database from NCBI. Over

250 proteins were identified per cell line and secreted protein abundance was based on the

Mascot score and archived as the position in the results list (1 is the highest scoring protein,

i.e. the most abundant protein) [10]. Many proteins showed differential expression in the

various cell lines. Proteins such as serpin peptidase inhibitor (AACT; alpha-1-

antichymotrypsin; SERPINA3), serine (or cysteine) proteinase inhibitor, clade A (AAT;

alpha-1-antitrypsin; SERPINA1), galectin-3-binding protein (LGALS3BP; lectin, galactoside-

binding, soluble, 3 binding protein; 90K) and secreted protein, acidic, rich in cysteine (SPARC;

osteonectin) were more highly secreted from the tumorigenic cell lines MCF10 DCIS.com and

MCF10CA cl. D. Conversely, mesothelin isoform 1 (MSLN) was more expressed in the non-

tumorigenic and non-metastatic cell line MCF10A. As the aim of this research was to identify

highly secreted proteins which changed in abundance across the series, emphasis was largely

placed on the top ten proteins in each cell line. A list of these more significant proteins is

provided as Table 2, showing their ranking in the list (1 = most abundant) along with the number

of peptide sequence hits mapped to each within the combined search files. A search of the data

sets was performed using “no enzyme” (non-specific cutting) to identify if other enzymatic

activity was present or if the proteins were present in pieces. There was minimal evidence of

this (less than 3% of peptide identifications) and many were attributable to chymotryptic cut
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at one end of the peptide. In most cases there was an overlapping tryptic peptide which suggests,

but does not prove, that proteins were present in full length form. However, proteins were

eluted in discrete fractions and were not spread out across the C2 reversed phase separation

profile suggesting that they were not present in highly fractionated forms. This also agreed

with the Western blot analyses which showed single bands at the expected molecular weight,

except for a pair of closely chromatographing peaks for AAT. This was supported by the over

90% coverage of proteins high on the secreted proteome lists in the combined data sets, after

making allowance for signal sequence, and glycopeptide areas which will not be detected by

MS/MS without a deglycosylation step. Proteins that are membrane associated like mesothelin,

a shed protein [16], had few peptides identified during this research (Table 1) but these were

still spaced over both the megakaryocyte potentiating factor (n-terminal) and “mature”

mesothelin c-terminal sequences.

Validation of the differential protein expression

The differential expression of proteins observed in the LC-MS/MS analysis was validated by

western blotting analysis of five selected proteins, LGALS3BP, AACT, AAT, SPARC and

MSLN. The first four of these were more expressed in the cell lines (MCF10CA cl. D and

MCF10 DCIS) and MSLN in the less aggressive cell lines (MCF10A and MCF10AT),

according to the MS/MS data. These observations were confirmed by western blotting analysis

of the selected proteins as shown in Figure 1. Thus, significant levels of LGALS3BP, AACT,

AAT and SPARC were clearly present in the serum free media of the invasive and metastatic

cell lines MCF10 DCIS.com and MCF10CA cl. D, while MSLN was more highly expressed

in the non-tumorigenic MCF10A cell line. The secretion of SPARC can be seen in the MCF10

DCIS.com and MCF10CA cl. D cells, but appears to be more pronounced in the MCF10

DCIS.com cells. This is totally consistent with the results obtained by the LC-MS/MS analysis.

Since we are analyzing secreted proteins, we present a non-specific band (NS) that was obtained

during immunoblotting as a proof of equal loading across all lanes. While the absence of serum

could possibly change the cells and their secreted proteome, a Western blot analysis of the

serum-free and serum-containing secreted proteomes showed no significant difference for

galectin-3-binding protein (Figure 2).

Comparison with two other aggressive breast cancer cell lines

We have previously published the secretome from the MA11 [3] and have also analyzed the

secreted proteome from MT-1 breast cancer cell lines. Data from both were searched using

pooled search (pkl) files. Interestingly, while the alpha-1-antitrypsin and alpha-1-

antichymotrypsin were correlated with aggressiveness in the MCF10 cell lines, they were not

within the top 100 proteins identified from either MA11 or MT-1 cells. However, galectin-3-

binding protein, peptidylprolyl isomerase isoform 1 and enolase 1 remained consistently highly

secreted. A limited selection of proteins for these two cell lines compared to those of MCF10CA

cl. D is shown in Table 3.

4. Discussion

In the past few years, new multi-step pathways of breast cancer progression have been

delineated through genotypic-phenotypic correlations. A few biological markers including the

cyclins, components of the urokinase plasminogen system, and the presence of circulating

epithelial cells have been associated with patient outcome. Despite this, there remain a number

of unmet clinical needs, and more sensitive and specific indicators of prognosis are required

to identify those patients at greatest risk for disease progression. The ready identification of

target biomarkers representative of the various stages of breast cancer would help improve

early detection, diagnosis and prognosis of breast cancer, and such markers could then be
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analyzed on clinical samples, offering an individual interpretation of disease status and likely

progression.

Secreted proteins play a critical role in tumor metastasis as they are involved in cell-cell

communications, cell adhesion, motility and invasion. We analyzed secreted proteins from a

series of MCF10 breast cancer cell lines, following our previously described method for

secreted protein preparation and analysis [3]. The results presented were obtained using

isogenic cell lines that represent progression from non-tumorigenic breast epithelial cells

(MCF10A) to the tumorigenic and metastatic MCF10CA cl. D cells. This research was

designed to exploit large scale secreted protein profiles with up- or down-regulated expression

associated with aggressive versus non-aggressive phenotypes. The methods for secreted

protein preparation and analysis following the described approach were reproducible and

consistent within all the cell lines investigated.

Mass spectrometry-based proteomics has the capability of identifying hundreds of proteins in

a single experiment [17]. Within complex LC-MS/MS analyses, major peptides may be hit

uniformly. However, less abundant peptide ions may be missed in one run and hit during

another and the use of combined data from repeat runs may lead to the identification of different

peptides, and increased coverage. To assist in these analyses and to provide reliable proteomic

profiling, three independent secreted protein preparations from each cancer cell line were

prepared and analyzed by MS/MS, two of these in duplicate. Each proteome preparation was

fractionated using an increased acetonitrile gradient on a reverse phase C2 column to provide

better MS/MS coverage of the peptides in each fraction’s digest, followed by 180 minute LC-

MS/MS analyses. While a 2-dimensional LC analysis or enhanced fractionation by LC may

have improved the coverage and number of proteins identified, the approach used repeatedly

identified the major secreted proteins and their change in abundance across the cell lines, while

minimizing instrument time. As the objective of this research was to identify significantly

secreted proteins which may serve as biomarkers, a more in-depth coverage of the proteome

was not necessary. Within the major proteins identified, the numbers of peptides hit were

relatively constant and certainly indicated significant changes in abundance between the cell

lines (e.g. see Table 1). Minor changes were observed, but these did not alter the trend observed.

As different peptides may be identified in each run, to provide the highest reliability in the data

and profiling of the changes in abundance, the data from all analyses of each cell line were

combined into a single search file. This was then searched with Mascot against the NCBI

reference sequence (RefSeq, restricted to human) database. This database contains validated

gene sequence derived proteins, and has approximately 26,600 human sequences, and provides

signal sequences for functional prediciton. Because of the limited size of the database and the

absence of variable names, a direct comparison of the proteins found in each proteome was

enabled. A partial list of proteins is shown in Table 2, largely selected based on high secretion

in one of the cell lines.

Validation of the LC-MS data

To validate the MS/MS results, we selected five proteins for examination based on their

position in the Mascot score list, their change in expression across cell lines and the vital role

they play in many cancers. Western blot analysis (Figure 2) was performed on these five

proteins and the results confirmed the MS-based analyses (Figure 1). These proteins are

discussed below:

Galectin-3-binding protein (LGALS3BP; 90K) was strongly expressed in the aggressive cell

lines MCF10 DCIS.com and MCF10CA cl. D, and is one of the most significant metastatic

markers detected in these analyses. LGALS3BP is a large oligomeric glycoprotein first

identified by Iacobelli et al. as a tumor-associated antigen in breast cancer [18]. Although its

functions are not well clarified, it was recently demonstrated to induce promatrilysin (matrix
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metalloproteinase 7) expression in prostate [19] and colon cancers [20]. LGALS3BP was also

highly significant when we examined the secreted proteome of three unrelated metastatic cell

lines, MA11 in breast cancer, OHS in osteosarcoma and WM266-4 in melanoma [3], and in

the secretome of the unrelated MT-1 breast cancer cell line (Table 3).

Alpha-1-antichymotrypsin (AACT) and alpha-1-antitrypsin (AAT) were elevated in the

aggressive cell lines, in concordance with their association with tumorigenicity in patients with

various types of cancer [21,22]. Both proteins are serine proteinase inhibitors produced by

various tumor cells. While AAT is primarily secreted by the liver [23], it is also secreted by

monocytes and certain types of tumors [24–26], and is associated with inflammation, infection

and other malignant diseases. Its C-terminal fragment can potentiate proliferation, invasiveness

and NF-κB (nuclear factor kappa B) activity in breast cancer cells [27]. Kuvibidila and Rayford

[28] demonstrated a correlation between AAT and the prostate cancer marker prostate-specific

antigen (PSA), and both AAT and AACT bind PSA [29]. AAT is known to down regulate

tumor necrosis factor-induced apoptosis, elevated levels may therefore promote cell survival

and growth of tumors [30]. AACT expression in lung adenocarcinomas was significantly

higher in advanced tumors with a higher rate of mitosis [31], and was inversely correlated with

shorter disease free survival (DFS) and prognosis. Both Higashiyama, et al. [31], and Laursen

and Lykkesfeldt [32] concluded that AACT acts as a minor growth factor-like substance in

breast cancer, in concordance with its association of poor prognosis in breast cancer patients.

Somewhat contrasting to these reports are the clinical use of chymotryptic protease inhibitors

(e.g. AACT) as cancer suppressing agents [33].

SPARC or osteonectin (secreted protein, acidic, rich in Cysteine; BM40) is a 32 kDa

glycoprotein that interacts with extracellular matrix (ECM) proteins to promote adhesion of

cells to the matrix, thereby inducing a biological state conducive to cell migration. SPARC is

also thought to play an important role in tissue remodelling, angiogenesis, embryonic

development and tumorigenesis. The levels of SPARC in breast tumor tissues were

significantly higher compared to normal background breast tissue, which has been previously

reported in advanced breast cancers and node-positive tumors [34]. Likewise, our analysis

revealed that secretion of SPARC was elevated in the relatively aggressive MCF10 DCIS.com

and MCF10CA cl. D cell lines. High expression of SPARC has also been associated with

frequent microcalcification deposition in the breast cancer lesion [35]. Functionally, SPARC

promotes invasiveness [36], motility [37] and activity of matrix metalloproteinases [38] in

breast and prostate cancer cells. SPARC was previously observed in our secreted proteome

analysis of a melanoma and an osteocarcoma cell line [3].

Mesothelin (MSLN) is a differentiation glycoprotein antigen present on the cell surface of

normal mesothelium and is highly expressed in mesothelia-derived tumors, including

epithelioid-type mesotheliomas, most ovarian cancers and pancreatic cancer [39–45].

Proteolytic cleavage of the 69-kDa mesothelin precursor protein yields MSLN, a cell

membrane–associated 40-kDa glycosylphosphatidylinositol-linked glycoprotein [46].

Another cleavage product is megakaryocyte potentiation factor (MPF), a 33-kDa soluble

protein originally identified as a polypeptide from the culture supernatant of a pancreatic cancer

cell line [47]. We have validated that the expression of MSLN is the highest in the non-

tumorigenic MCF10A cells. The other three cell lines showed significantly reduced levels of

MSLN by both mass spectrometry and immunoblotting (Table 2;Figure 1). The biological

functions of MSLN and MPF are not clear. MSLN binds CA125 (MUC16) that is present on

many ovarian cancer cells [48,49], eluding to the suggestion that it might have a role in the

metastatic spread of ovarian cancer in the peritoneal cavity [50]. Yen et al. [51] recently

provided new evidence that diffuse MSLN expression is associated with prolonged patient

survival.
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Proteomic analysis revealed other secreted proteins of relevance in cancer that fluctuated, or

were expected to flucuate with metastatic potential. While these were not validated by Western

blot, they were selected for discussion based on their correlation with disease progression, and/

or their appearance in our previous secreted proteome analyses [3]. They validate the secreted

proteome profiles determined during this research.

Lysyl oxidase (LOX) is an extracellular matrix protein upregulated in highly invasive,

metastatic breast cancer cells [52], and promotes migration and invasion of invasive breast

cancer cell lines [53]. Based on the MS analysis, the non-tumorigenic MCF10A cells do not

secreted appreciable LOX, whereas the more aggressive cells do. LOX may be also required

to create a niche permissive for metastatic growth. Functionally, inhibition of LOX eliminated

metastasis in mice with orthotopically grown breast tumors. Clinically, elevated LOX levels

correlate with metastatic disease [54]. LOX expression is upregulated in distant metastatic

breast cancer tissues compared with primary cancer tissues. Patients with high LOX-expressing

tumors have poor distant metastasis-free and overall survivals [55].

Zinc alpha-2-glycoprotein 1 (ZAG) is secreted by a variety of normal epithelia. Serum levels

of ZAG are elevated in men with ZAG-expressing prostate tumors. Interestingly, high-grade

prostate tumors expressed significantly less ZAG than moderate grade tumors [56]. In contrast,

in patients with node positive breast cancer, serum concentrations of ZAG were significantly

higher than controls [57]. Further, women with advanced breast cancer had higher serum ZAG

levels than those with earlier disease. In our study, the most aggressive MCF10CA cl. D line

did not secrete appreciable ZAG. It is possible that we may encounter a different scenario in

clinical samples.

Cathepsin D is an aspartic endo-protease that is ubiquitously distributed in lysosomes [58].

In addition to its classical role as a major protein-degrading enzyme in lysosomes and

phagosomes, cathepsin D also activates precursors of biologically active proteins in pre-

lysosomal compartments of specialized cells [59]. In most breast cancers cathepsin D is over-

expressed from 2- to 50-fold compared to its concentration in other cell types such as fibroblasts

or normal mammary glands [60] and several independent clinical studies have shown that the

level in primary breast cancer cytosol is an independent prognostic parameter correlated with

the incidence of clinical metastasis and shorter survival times [61,62]. Our profiling reveals

that cathepsin D becomes more abundant in the aggressive cell lines. While it functionally

stimulates metastasis, it also acts as a mitogen for cancer cells and promotes angiogenesis

[63], and induces stromal proliferation in tumors. In turn, the stromal fibroblasts produce

proteases that aid in the degradation of the extracellular matrix [64–66].

S100 Proteins

The S100 family of calcium binding proteins has been shown to be involved in a variety of

physiological function, such as cell proliferation, extracellular signal transduction, intercellular

adhesion, motility as well as cancer metastasis [67,68]. Molecular analysis of breast tumors

has revealed that several S100s exhibit altered expression levels during breast tumorigenesis

and/or progression. From our analyses, we see that the S100 proteins did not show a consistent

increase in abundance with the acquisition of an aggressive phenotype.

Non-classical secretion

While actin and tubulin proteins (freely available in lysed cells) were low on the Mascot list,

during these analyses several proteins, which may be considered to be cytosolic due to the

absence of a signal sequence, were near the top of the list. These include annexin A2, enolase

1 and peptidylprolyl isomerase isoform 1, which were actually 3 of the top 5 proteins in the

secreted proteome of MCF10A cells. These proteins do not contain a traditional signal sequence
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and when analyzed using the CBS SignalP software

(http://www.cbs.dtu.dk/services/SignalP/), they are not considered as secreted by the normal

pathways. However, these proteins are all predicted to undergo non-classical protein secretion

as predicted by (http://www.cbs.dtu.dk/services/SecretomeP/), and it is therefore likely that

these proteins are secreted by non-traditional mechanisms and not arise from cell lysis, and

this has been confirmed for annexin A2 [69–71]. Enolase 1 (α-enolase) also lacks a signal

sequence and is an enzyme that converts 2-phospho-D-glycerate to phosphoenol-pyruvate in

the glycolysis pathway, and is overexpressed in breast cancer cells that constitutively express

the anti-apoptotic protein, Bcl-xL [72]. It is a multifunctional enzyme that also plays a role in

various processes such as growth control, tolerance to hypoxia, and allergic responses [73].

α-enolase is a plasminogen-binding protein and also appears to play a major role in the

promotion of plasminogen activation by leukocytic cells [74]. Peptidylprolyl isomerase

(cyclophilin A) has been associated with a number of cancer histiotypes including breast [75]

and pancrease [76,77], and has been implicated in cellular resistance to hypoxia- and Cisplatin-

induced cell death [78] and resistance to aplidin [79]. Its secretion from regressive tumor

masses has been previously been studied by MS [80] and it has been profiled as one of a number

of glycolytic enzymes increased in pancreatic cancerous tissues [76].

To our knowledge this is the first report of identifying potential secreted biomarkers of breast

cancer progression using an isogenic series of cell lines, although cell lysates were recently

profiled using gel-based analyses [81]. Our results have shown that there are significant

changes in the secreted proteome associated with cell aggressiveness within the MCF10 cell

series, and such changes may be useful in breast cancer for predicting the aggressiveness of a

patient’s tumor. Most significant was the increased secretion of alpha-1-antichymotrypsin and

galectin-3-binding protein in the more aggressive cell lines. Secreted proteins have the highest

potential of being found in the bloodstream, leading to the potential use of these markers being

used for the early detection of cancer, monitoring for reoccurrence, and an estimation of its

aggressiveness. The need to perform these analyses on a number of cell types was indicated

by the absence of the alpha-1-antichymotrypsin in the aggressing MA11 and MT-1 cell lines.

In contrast, galectin-3-binding protein was consistently highly secreted and was detected

previously as a major secreted protein from melanoma and osteosarcoma cells [3]. It has also

been identified in colon tumors [20]. Proteins were likely largely present in their intact form

(minus any signal sequences) based on the coverage of the major proteins and the Western blot

analyses performed. The secretome is thus a good indicator of target proteins for biomarker

analysis and validates their sampling in the blood stream or in the proximity of a tumor, such

as with a fine needle aspirate or ductal lavage. With several options possible in the treatment

of an early discovered breast lesion, histological studies directed by the results of secretome

analyses may provide rapid identification of highly specific markers for the disease.
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Figure 1.

The profile of the secreted proteome changes as the cells become progressively more

aggressive. Conditioned serum free media from the cell lines was concentrated and the total

protein estimated. Eight micrograms of total protein was resolved by SDS-PAGE and

immunoblotted for LGAL3BP (galectin-3-binding protein), AACT (alpha-1-

chymoantitrypsin), AAT (alpha-1-antitrypsin), SPARC (osteonectin) and MSLN (mesothelin).

NS represents a non-specific band used to show equal loading.
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Figure 2.

The profile of the secreted proteome remains unchanged even in the absence of any serum in

the growth medium for 16–18 hours. Conditioned media (containing 5% FBS (CM) as well as

serum free (SF) media) from the cell lines was concentrated eight-fold. Albumin was depleted

from the serum-containing samples. Eight micrograms of total protein was resolved by SDS-

PAGE and immunoblotted for galectin-3-binding protein (LGALS3BP). 10A corresponds to

MCF10A cells and 10CA to MCF10CA cl. D cells.
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Scheme 1.

View of the overall strategy for secreted proteome comparisons by LC-MS/MS with Mascot

searching and verification by western blotting.
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Table 3

Comparative data from the aggressive MA11 and MT-1 cell lines of major secreted proteins observed in the MCF10

isogenic series. For comparison, the data from the aggressive MCF10CA cl. D cell line are appended. Clearly the

galectin-3-binding protein is most consistently secreted in all three aggressive cell lines. SPARC was very weak in all

three lines and is thus not presented.

Protein name NCBI gi #
MA11 MT-1 MCF10CA cl. D

Mascot position Mascot position Mascot position

Alpha-1-antichymotrypsin 50659080 >100 >100 6

Alpha-1-antitrypsin 50363217 >100 >100 81

Galectin-3-binding protein 5031863 6 1 7

Mesothelin isoform 1 53988378 10 23 >100

Enolase 1 4503571 1 3 1

Peptidylprolyl isomerase isoform 1 10863927 3 2 9
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