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Abstract
Secreted and plasma membrane glycoproteins are considered excellent candidates for disease
biomarkers. Herein we describe the identification of secreted and plasma membrane glycoproteins
that are differentially expressed among a family of three breast cancer cell lines that models the
progression of breast cancer. Using two-dimensional liquid chromatography-tandem mass
spectrometry we identified more than 40 glycoproteins that were differentially expressed in either
the premalignant (MCF10AT) or the fully malignant (MCF10CA1a) cell lines of this model
system. Comparative analysis revealed that the differentially expressed breast cancer progression-
associated glycoproteins were among the most highly expressed in the malignant (MCF10CA1a)
breast cancer cell line; a subset of these were detected only in the malignant line; and others were
detected in the malignant line at levels 25 to 50 times greater than in the benign (MCF10A) line.
Using the results from this model cell system as a guide, we then carried out glycoproteomic
analyses of normal and cancerous breast tissue lysates. Eleven of the glycoproteins differentially
expressed in the breast cell lines were identified in the tissue lysates. Among these glycoproteins,
collagen alpha-1 (XII) chain was expressed at dramatically higher (∼10-fold) levels in breast
cancer than in normal tissue.
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Introduction
Breast cancer is a slowly developing disease that involves the accumulation of genomic
aberrations including amplifications, deletions and rearrangements. These alterations occur
in genes associated with the growth, differentiation and death of cells and are critical for
tumor development and metastasis.1 Although much is known about the molecular changes
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associated with the development of breast cancer, the events leading to cellular
transformation and a metastatic phenotype have not been fully identified.

To elucidate the steps in breast cancer progression, model systems that reflect stages of
breast cancer initiation and progression have been developed. One such model is based on
the insertion of an activated Ha-Ras oncogene into a spontaneously immortalized human
breast epithelial cell line, MCF10A2, derived from a woman with fibrocystic disease. The
resulting cell line, MCF10AT, has many characteristics of a malignant phenotype including
anchorage-independent growth, growth in the absence of hormones or growth factors, and
limited tumorigenicity in immune deficient mice, and is therefore referred to as a
premalignant cell line.3 Additional cell lines, including MCF10CA1a with fully malignant
characteristics, have been developed from xenographs isolated from immune deficient mice
that were injected with the MCF10AT cell line. Our laboratory has been using this series of
MCF10A cell lines--MCF10A (a benign line); MCF10AT (a premalignant line); and
MCF10CA1a (a fully malignant line)--as a model system to investigate the changes that
occur during breast cancer progression.

To achieve an invasive phenotype, malignant cells must alter many of their biochemical
properties. These alterations often involve proteins that participate in cell-cell and cell-
extracellular interactions which are typically mediated by glycoproteins.4-5 Characterization
of the changes that occur in plasma membrane and secreted glycoproteins is a critical next
step in developing a means of monitoring tumor progression and identifying therapeutic
targets.

In the current study we have employed a well-established approach to identify cell surface
and secreted glycoproteins from three MCF10A cell lines that constitute a model system of
breast cancer progression. The glycoprotein profiles of each of the three cell lines reveal
alterations in the expression levels of cell surface and secreted proteins associated with each
stage in this progression series. After generating a list of candidates based on these profiles,
we conducted a comparative analysis of these differentially expressed glycoproteins in
normal breast tissue and breast cancer tissue. Our results demonstrate that collagen alpha-1
(XII) chain is a potential biomarker for breast cancer.

Experimental Methods
Cell Culture

Three breast cell lines -- a benign breast tumor cell line (MCF10A), and two derivatives
(MCF10AT; MCF10CA1a) -- were grown in 10 cm culture dishes with 10ml of culture
medium. The growth medium was composed of 1:1 DMEM: Ham's F12 with L-glutamine
and 15mM HEPES (Invitrogen), 5% NZ horse serum (Gibco), insulin (10ug/ml, Sigma),
human EGF (20ng/ml, Peprotech), hydrocortisone (0.5ug/ml, Sigma), and cholera toxin
(0.1ug/ml, Sigma). MCF10CA1a was cultured in medium containing 1:1 DMEM: Ham's
F12 with L-glutamine and 15mM HEPES (Invitrogen), 5% NZ Horse Serum (Gibco), and
1% antibiotics (100 units of Pen and 100 units of Strep, Hyclone). All three cell lines were
grown at 37°C with 5% CO2. Each sample (12ml lysate) for analysis was prepared from 15
culture dishes, yielding 1.17±0.58 mg of total protein.

Periodate Oxidation
Intact cells were treated with periodate to oxidize monosaccharides within the carbohydrate
chains of secreted and cell surface glycoproteins. These glycoproteins were then enriched
using hydrazide modified magnetic beads and identified by LC/MS/MS analyses as
previously described.6-8 Briefly, the cell lines were grown to ∼90% confluence and cells
were oxidized with 10mM NaIO4 in the dark at 25°C for 1 hour, after which they were lysed
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with a pH 5 sodium acetate buffer of 1% octyl-β-D-1-thioglucopyranoside and 1% protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). The cell residue was scraped from the
dishes and homogenized by multiple passes through a syringe with a series of different
needle sizes ranging from 19 to 27½ gauge. The lysates were clarified by centrifugation at
14,000 rpm for 8 minutes at 4°C, and the supernatant collected. Total protein content was
determined using the Bradford assay, and the supernatant was frozen at −20°C until the
samples were enriched for glycoproteins using hydrazide magnetic beads.

Glycoprotein Enrichment Reduction, Alkylation, Denaturation and Trypsin Digestion
Cell lysates were spiked with 5μg of periodate oxidized chicken ovalbumin (Sigma-Aldrich,
St. Louis, MO) and coupled to hydrazide modified magnetic beads (30mg, 1μm size,
Bioclone, San Diego, CA) using an Eppendorf thermomixer at 700 rpm at 25°C for 12-18h.
The beads were washed twice with NaCl (1.5M), 50% methanol/water, 50% acetronitrile/
water and 8M urea. Proteins were reduced with 50mM dithiothreitol for 40 minutes at 40°C,
and alkylated with 1ml of 50mM iodoacetamide for 30 minutes at 25°C in the dark. The
glycoproteins were digested with 0.5ml of trypsin (20ng/μl; Promega, Madison, WI) in
50mM ammonium bicarbonate buffer at 37°C with constant mixing for 12h. After digestion,
the tryptic fraction was collected, and the hydrazide magnetic beads were washed with 3ml
of 50mM ammonium bicarbonate to collect any remaining tryptic peptides. The combined
eluate was processed by solid phase extraction (SPE), dried using a Speed-Vac apparatus,
and stored at 4°C prior to mass spectrometric analysis.

N-Glycopeptide Release from the Hydrazide Resin with N-Glycosidase F
N The N-linked glycopeptides bound to the hydrazide magnetic beads were released from
the beads with N-glycosidase F (PNGase F, Glyco N-Glycanase 200mU diluted 4-fold,
Prozyme) (4μl in 0.5ml of 50mM ammonium bicarbonate buffer) by incubating the solution
overnight at 37°C with constant mixing. O18 water was included in the PNGaseF reaction—
resulting in the incorporation of O18 rather than of O16 during hydrolysis—to increase the
level of confidence in glycopeptide identification.9-10

The released N-linked glycopeptide fraction was collected and the beads were rinsed with
3ml of 50mM ammonium bicarbonate buffer. The ammonium bicarbonate rinse solution
was collected and combined with the PNGase F released fraction, processed by SPE, dried
using a Speed-Vac apparatus, and stored at 4°C prior to mass spectrometric analysis.

Peptide/Protein Identifications by ESI-MS/MS Analysis
Tryptic peptides and the deglycosylated N-linked peptides derived from each cell lysate
were separately analyzed using an extensive set of LC/MS/MS conditions to maximize
glycoprotein identification and to improve the reproducible detection of low abundance
glycoproteins. The tryptic peptides and the PNGase F treated N-linked glycopeptides were
analyzed by liquid chromatography/electrospray ionization-tandem mass spectrometry (LC/
ESI-MS/MS) using a Thermo LTQ ion trap mass spectrometer with dual Thermo Surveyor
HPLC pump systems (Thermo Fisher, San Jose, CA) for varying periods (30, 45, 60 and
90s) of dynamic exclusion (DE) and using three different gas phase fractionation settings.
LC/ESI-MS/MS analyses were conducted using a C18 column (75μm × 130mm). In the
reverse phase chromatography, a solution of 0.1% HCOOH in water was used for mobile
phase A and 0.1% HCOOH/acetonitrile for mobile phase B. A four-step, linear gradient was
used for nanoLC separation (5% to 35% B in the first 65 min; 35% to 80% B in the next 10
min; held at 80% B for 5 min, and returned to 5% B during the final 10 min). The ESI-MS/
MS data acquisition software was set to collect ion signals from the eluted peptides using an
automatic, data-dependent scan procedure with top 4 triple plays. The full scan mass range
was set from m/z 400 to 1800. Additionally, on-line 2D-LC/ESI-MS/MS analyses were
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conducted to analyze the trypsin-digested fraction. Seven fractions were eluted from a SCX
column (Thermo Fisher, BioBasic SCX column, 320μm × 100mm) using various
concentrations of NH4Cl (0, 20, 40, 60, 80, 200, 400mM, and a 2nd wash 400mM). The
resulting fractions were desalted in-line with dual C18 trap columns (300μm × 5mm,
Agilent); each fraction was chromatically resolved by 1D-LC with DE=1 at 45s and the LC
elution time increased 120min. Two algorithms (Mascot v2.311 and X!Tandem
2007.01.01.112) were employed to identify peptides from the resulting MS/MS spectra by
searching against the combined human protein database (total 22673 proteins) extracted
from SwissProt (v57.14; 2010 February) using taxonomy “homo sapiens” (22670 proteins).
Search parameters were set as follows: parent and fragment ion tolerances of 1.6 and 0.8 Da,
respectively; carbamidomethyl (+57 Da) modification of Cys as a fixed modification;
deamidation (+1 Da) of Asn or Gln, and oxidation of Met as variable modifications; and
trypsin as the protease with a maximum of 2 missed cleavages. Scaffold (Proteome
Software) was used to merge and summarize the data obtained from the twenty-four runs of
LC/MS/MS protein identification analyses for each cell lysate preparation (8 × 1D-LC/MS/
MS acquisition for the PNGaseF released sample; 8 × 1D-LC/MS/MS acquisition and 8 ×
2D-LC/MS/MS acquisition for the tryptic digested sample). Protein identifications were
based on a minimum detection of 2 peptides with 99% protein identification probability
using the algorithm ProteinProphet. 13 Each peptide had a minimum peptide identification
probability of 95% using the algorithm PeptideProphet. 14 Peptides identified from four
biological replicates of each of the three MCF10A cell lines are listed in Supplemental Table
1. The average false positive rate for peptide identification in this study was 2.65 ± 2.42%,
based on results obtained with PeptideProphet. ProteinID Finder (Proteome Solutions) was
used to determine whether the peptide was derived from a glycoprotein and to extract
protein information (e.g., subcellular location) from the UniProt database for each identified
protein.

Breast Tissue Lysates
Lysates (100 micrograms of protein) from normal and cancerous breast tissue were obtained
from Origene Technologies (Rockville, MD). The glycoproteins within the lysates were
oxidized with 20mM NaIO4 in the dark at 25°C for 1 hour. Oxidation was terminated by
adding sodium sulfite at a final concentration of 40mM. Glycoprotein enrichment was
carried out by the procedures described above.

The glycoprotein fraction from each lysate was analyzed by LC/ESI-MS/MS using a hybrid
quadrupole orbitrap mass analyzer (Thermo QExactive, Bremen, Germany) coupled with a
Thermo-Dionex HPLC system (Germering, Germany). LC/MS/MS analysis was employed
using a data-dependent acquisition with a cycle of MS/MS on the 10 most abundant
precursors. The mass resolution was set as 70,000 at m/z 200 for the full scan (400-1,800
Th), and 17,500 or 35,000 for the MS/MS scan, respectively. The maximum ion
accumulation time was 100s and the dynamic exclusion was 10s. The HCD collision energy
was set at 27%. Protein identification was carried out using Proteome Discoverer 1.4 with
Sequest HT at a false discovery rate less than 1%.

Statistical Analyses
Significance analysis for microarrays (SAM)15 was performed using the
MultiExperimentViewer (MeV, v4.7) program.16 A value of 0.5 spectral counts was added
to avoid the log2 calculation problem derived from a zero value for glycoproteins that were
undetected in some samples.
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Western blot analysis
Five or 10μg of cell lysate was loaded per lane on a 4-12% NuPAGE bis-Tris gel
(Invitrogen) under reducing (30mM beta-mercaptoethanol) or non-reducing conditions. A
voltage of 200V was applied to the gel for 35 min. The proteins in the gel were transferred
to a nitrocellulose membrane using the iBlot Dry Blotting System (Invitrogen). The
membrane was blocked with 0.01% BSA in PBS and then incubated with one of the
following primary antibodies: rabbit anti-tissue factor (1:500 dilution of Genetex antibody
#GTX100808), chicken anti-CEACAM5 (1:2000 dilution of ProSci, Inc. antibody
XW-8078), goat anti-lipocalin 2 (1:1000 dilution of ProSci, Inc. antibody 45-838) or mouse
anti-cathepsin D (1:500, Pro-Sci Inc. 48-051). After washing with TBS containing 1%
Tween 20, the blots were incubated with the appropriate secondary antibodies: anti-rabbit-
alkaline phosphatase (1:500), anti-chicken-alkaline phosphatase (1:1000), anti-goat-alkaline
phosphatase (1:500), or anti-mouse-alkaline phosphatase (1:500), respectively. Detection
was achieved using the nitro blue tetrazolium chloride/5-Bromo- 4-chloro-3-indolyl
phosphate, toluidine salt alkaline phosphatase substrate reaction.

Western blotting was also used to analyze breast tissue lysates for the expression of collagen
alpha-1(XII) chain using a mouse monoclonal antibody (sc-166020, Santa Cruz
Biotechnology, Santa Cruz, CA) at a 1:500 dilution in Li-Cor Blocking Buffer (Li-Cor
Biosciences) with 0.1% Tween-20. The membrane was then treated with IRDye CW 800
Anti-Mouse (926-32212, Li-Cor Biosciences) antibody at a 1:15,000 dilution. The blot was
imaged using the Odyssey CLx (Li-Cor Biosciences, Lincoln, NE) infrared scanner and
viewed using ImageStudio software (Li-Cor Biosciences).

Results and Discussion
Breast cancer progression-related alterations in cell surface and secreted glycoprotein
expression profiles

Cell surface and secreted glycoproteins from the three MCF10A cell lines were identified
using a well-established approach: periodate oxidation of intact cells and covalent capture of
the glycoproteins via their oxidized glycan chains.17-18 Tryptic peptides and the
deglycosylated N-linked peptides derived from each cell lysate were separately analyzed
using a set of 24 LC/MS/MS conditions to maximize glycoprotein identification and to
improve the reproducible detection of low abundance glycoproteins.19-21

We analyzed four biological replicates of each cell line. The combination of tryptic peptides
and PNGase F released N-linked glycopeptides, which resulted in the identification of 363
glycoproteins exclusive of HLA antigen sequences (Supplemental Table 2). On average, 259
glycoproteins were detected per cell line. The relative quantity of each protein was measured
using a label free method to calculate the total number of matched MS/MS spectra (spectral
counts) for the tryptic- and PNGase F-released peptides associated with each identified
glycoprotein. As previously established, comparison of the spectral counts for one
glycoprotein across each of the different samples provides a reliable estimate of their
relative abundances.22-24 At least 60% of the glycoproteins observed with more than 10
spectral counts were identified in all 4 biological replicates for each cell line, and more than
80% of these glycoproteins were identified in 3 out of 4 of the replicates. Given that cell
lines MCF10AT and MCF10CA1a are derived from MCF10A, significant overlap among
the identified glycoproteins in this family of cell lines is not surprising. Additionally, as
shown in Figure 1, the correlation between the identified glycoproteins among the cell lines
in the MCF10A family is significantly greater than the correlation between the glycoproteins
from any cell lines in this family and those from an unrelated basal breast cell line (e.g.
HCC1143).
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Differential expression of glycoproteins in the tumor progression model
Although the glycoproteomic profiles of the three MCF10A cell lines (MCF10A,
MCF10AT, MCF10CA1a) are qualitiatively similar, statistically significant differences were
detected among the glycoproteins identified from these three lines. Significance analysis for
microarrays (SAM)15 was used to determine which glycoproteins were differentially
expressed by first calculating a modified t statistic for the difference in the means of the
groups for each glycoprotein and then using a permutation test to determine significance
levels.

Comparison of the glycoprotein profiles of the benign (MCF10A) vs. the malignant
(MCF10CA1a) cell lines revealed 38 differentially expressed glycoproteins (with a false
discovery rate ∼ 0.0006). Of these, 33 were more highly expressed in the malignant line,
and 5 were more highly expressed in the benign line. Further, of the 33 that were more
highly expressed in the malignant line, 12 were undetected in the benign line; and none of
the 5 that were more highly expressed in the benign line were detected in the malignant line
(see Figure 2).

Many of the glycoproteins differentially expressed in the malignant line (MCF10CA1a)
were also among the glycoproteins most highly expressed in this line, with spectral counts
putting them within the top 8-20% of all glycoproteins identified. Tissue factor (gene name
F3) has the highest level of expression, with more than 130 spectral counts, and its
identification is based on a sequence coverage of 71%.

To independently verify that tissue factor is differentially expressed in the MCF10A cell
lines, cell lysates from the three lines were analyzed with an anti-tissue factor antibody by
Western blotting. As illustrated by Figure 3, no bands for tissue factor appear in the lane
containing lysate from MCF10A, whereas the lane containing lysate from MCF10CA1a has
a major band migrating at ∼50kD. These results independently confirm the results of the
mass spectrometry.

We also carried out Western blot analyses with commercially available antibodies against
two other glycoproteins--carcinoembryonic antigen-related cell adhesion molecule 5
(CEACAM5), and neutrophil gelatinase-associated lipocalin 2 (LCN2)--that are among the
proteins which were significantly overexpressed in the malignant (MCF10CA1a) line. In
each case, results obtained by Western blotting substantiated the mass spectrometry results
(Figure 3). Cathepsin D, expressed at significant levels but varying levels
(MCF10A<MCF10AT<MCF10CA1a) in each of the cell lines, is shown for comparison.

Glycoprotein expression change associated with stages of tumor progression
For some glycoproteins, the change in expression level was greatest in the first step of our
model of breast cancer progression, from benign (MCF10A) to pre-malignant (MCF10AT).
In others, the greatest change occurred in the second step, from pre-malignant (MCF10AT)
to fully malignant (MCF10CA1a). Table 1 compares the level of each of the 38 identified
glycoproteins (Figure 1) across the three breast cell lines. Among these 38 glycoproteins, 3
(CEACAM5, NGFR, CD164) were detected exclusively in MCF10CA1a, suggesting that
their expression correlates with a fully malignant cell phenotype. Several additional
glycoproteins that were detected at high levels in MCF10CA1a were also found in MCF10A
and MCF10AT at the lower limit of detection (1-2 spectral counts), suggesting that their
expression also correlates with a fully malignant phenotype. Further substantiating this
assignment, four glycoproteins (F3, ECE1, CEACAM1 MFI2) associated with the fully
malignant phenotype were detected in MCF10CA1a at levels 25 to 50-fold greater than in
MCF10A, the benign cell line.
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As shown in Table 1 (Higher Expression in MCF10AT and MCF10CA1a), SAM analysis
revealed that 5 (LYPD3, ITGB6, SPINT1, CD97 and PROM2) of the 38 differentially
expressed glycoproteins were expressed at dramatically higher levels in the premalignant
(MC10AT) than in the benign (MCF10A) stage. In contrast, these 5 glycoproteins were
expressed at only a slightly higher level (an increase of less than 2fold) in the fully
malignant (MCF10CA1a) than in the premalignant (MCF10AT) stage. We conclude,
therefore, that the expression of these 5 glycoproteins is primarily correlated with RAS
transfection-mediated changes that convert the benign line into a premalignant line.

Differential expression of glycoproteins associated with premalignant to malignant
transistion, MCF10AT vs. MCF10CA1a

In addition to the glycoproteins listed in Table 1, six additional glycoproteins (labeled with
an asterisk in Figure 4) were determined by SAM analysis to be differentially expressed at
significant levels in the premalignant cell line MCF10AT vs. the malignant cell line
MCF10CA1a. These six glycoproteins include three protease inhibitors: metalloproteinase
inhibitor 1 (TIMP1), alpha-1-chymotrypsin, and alpha-2-macroglobulin-like protein 1. Our
results show that TIMP1 and alpha-1-chymotrypsin are expressed at significantly higher
levels in the malignant cell line, whereas alpha-2-macroglobulin-like protein 1 is expressed
at significantly lower levels in the malignant line. Although proteases are often associated
with cancer and particularly with invasiveness, studies have also found associations between
some protease inhibitors, including TIMP1, and cancer. In fact, higher levels of TIMP1 have
been shown to predict poor outcomes in breast cancer (reviewed in 25). While no prior
studies have demonstrated an association between alpha-1-chymotrypsin and alpha-2-
macroglobulin-like protein 1, and breast cancer, limited data have shown a relationship
between steroid hormones and secretion of alpha-1-chymotrypsin.26

Our results indicate that mucin-1 expression was significantly reduced in the transition from
the premalignant (MCF10AT) to the malignant state (MCF10CA1a). This finding contradict
prior reports that mucin-1 is overexpressed in many cancers including breast cancer.27-28

Other studies29 in animal models report variable levels of mucin-1 expression in breast
cancer cell lines without correlation to the potential malignancy of these lines. In contrast to
mucin-1, we found that sialomucin (CD164) was significantly overexpressed in the
malignant (MCF10CA1a) compared to the pre-malignant (MCF10AT) cell lines in our
model system.

Comparison with other work on glycoproteins of the MCF10A family of cell lines
Mbeunkui et al.30 evaluated the secretome of four MCF10A derived cell lines, including two
(MCF10A and MCF10AT) reported on here. They reported the identification of more than
200 proteins and provided information on ∼40 proteins, of which less than half are
glycoproteins. Among the glycoproteins they reported, we identified only one, lipocalin 2,
as being significantly differentially expressed among the MCF10A cell lines; it was most
highly expressed in the malignant cell line MCF10CA1a. Mbeunkui et al.30 did not detect
lipocalin 2 in either MCF10A or MCF10AT; however, they did identify it in the
tumorigenic, locally-invasive cell line MCF10DCIS.

Wang et al.31 used the MCF10AT and MCF10CA1a cell lines as protein sources in a study
evaluating the comparative effectiveness of two cell lysate approaches for isolating
membrane proteins. These investigators utilized two (ConA and WGA) lectin
chromatography columns to enrich for glycoproteins that were posttranslationally modified
with different N-linked glycans. In comparing the two MCF10A cell lines, Wang et al.31

reported the identification of a number of glycoproteins that were differentially expressed,
defined as a two-fold change.
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There was no correlation between the list of glycoproteins reported by Wang et al.31 and the
glycoproteins identified as being differentially expressed in the present study. Since the
approaches used in these two studies differ substantially, the lack of correlation between the
results is unsurprising. For example, Wang et al.31 identified and quantified only
glycoproteins that contained a glycan bound by one of the two lectins used, and only that
portion of each glycoprotein that contained a glycan bound by the lectins. We identified and
quantified only glycoproteins that are secreted or found in the plasma membrane. Further,
most of the glycoproteins we identified were not part of the set reported by Wang et al.31;
our glycoprotein set was larger than their reported set by a factor of eight. Each analytical
approach produced a unique set of differentially expressed glycoproteins. We specifically
targeted cell surface and secreted glycoproteins because these are the proteins most likely to
be of diagnostic and therapeutic value.

Recently, Boersema et al.32 employed a lectin (ConA and WGA used together) capture
technique to obtain glycoprotein profiles from conditioned media generated by primary
cultures of normal human mammary epithelia and cell lines derived from benign (including
MCF10A) and malignant human breast tumors. Based on an hierarchical cluster analysis of
the N-linked glycopeptides they identified and quantified, Boersema et al.32 observed that
the cell lines belonging to the same cancer stage (II, III or metastatic) were grouped
together. Clusters of glycoproteins that trended significantly up or down in correlation with
cancer stage were identified as potential breast cancer markers. Although our study differed
from that of Boersema et al.32 in methodology, majority of cell lines used, and approaches to
data analyses, both studies identified CEACAM1 as a breast cancer associated marker.

We then reanalyzed the expression data from Boersema et al.32 (their supplemental Table 4)
for glycoproteins that were differentially expressed between their malignant and non-
malignant cell lines. Of the five glycoproteins identified that fit this criteria, four
(CEACAM5, LCN2, GOLM1, SEZ6L2) showed significantly increased expression among
their malignant cell lines, and one (CPVL) showed significantly decreased expression
among their malignant lines, consistent with the results of our study. The consistency of
these observations across two independent studies of breast cancer progression strongly
suggests that this glycoprotein set contains promising markers of breast cancer.

Finally, Lai et al.33 compared the secretome (conditioned medium) and total lysates of
MCF10A with that of two breast cancer lines (MCF7 and MB-MDA-231) using two
dimensional differential gel electrophoresis and MALDI-TOF mass spectrometry. Of the
proteins that were reported by these authors to be secreted and differentially expressed
among the three cell lines only five are listed as glycoproteins in the UniProt database. Ten
additional glycoproteins were reported in the total lysates from the three cell lines. Ten of
the glycoproteins reported in the Lai et al. study were also identified in our study. However,
none of these glycoproteins were found to be differentially expressed among the MCF10A
family of cell lines. This variation in outcomes is unsurprising given the distinctive
differences between our experimental design and that of Lai's group. In fact, these findings
underscore the benefits of applying a variety of experimental designs and proteomic
analyses in the search for potential biomarker candidates.

Many of the glycoproteins associated with the malignant phenotype are important in
breast cancer and tumor aggressiveness

A review of the literature shows that 17 of the 22 glycoproteins differentially expressed in
MCF10CA1a have been implicated as important in breast cancer. At least five of the
glycoproteins in this group have also been associated with cancer progression (Table 1).
Several studies (reviewed in van den Berg et al.34) have demonstrated that tissue factor is
highly expressed in solid tumors including breast tumors and that tissue factor levels are
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correlated with tumor aggressiveness. For example, in a study using immunohistochemistry
to examine breast tumors from more than 200 women, Ueno et al.35 found tissue factor
expression to be associated with breast tumors in more than 90 percent of the samples
analyzed and, further, that patients with tumor associated tissue factor expression had poorer
prognoses than those of patients with tissue factor negative tumors. In addition, Versteeg et
al.36 have shown that tissue factor is associated with beta 1 integrin in aggressive breast
cancer cells. Knockdown of beta 1 integrin via RNA interference has been found to reduce
tumor take, growth and angiogenesis in triple-negative breast cancer.37

Endothelin-converting enzyme 1 is another protein that is expressed at dramatically higher
levels in the MCF10CA1a cell line than in MCF10A cell line. Endothelin-converting
enzyme 1 and neprilysin regulate the level of endothelin-1, which affects cells through two
G coupled receptors. Activation of these receptors has been reported to result in tumor
invasion and to increase proliferation, angiogenesis and inhibition of apoptosis. Our results
demonstrate that whereas MCF10CA1a cells have much higher levels of endothelin-
converting enzyme 1 than MCF10A cells, neprilysin is expressed only in MCF10A cells
(see bottom of Table 1). The expression levels of endothelin-converting enzyme 1 and
neprilysin in MCF10CA1a cells would be expected to result in high levels of expression of
endothelin-1. A study by Smollich et al.38 evaluating the levels of endothelin-converting
enzyme 1 and neprilysin in 600 breast cancer tissue samples showed that patients with
tumors in which endothelin-converting enzyme 1 was over expressed had more frequent
disease recurrence, whereas patients with tumors in which neprilysin was over expressed
experienced less frequent metastasis and higher rates of disease-free survival. Thus, findings
from our work using the MCF10A family of cell lines as a model system match in vivo
observations of changes in endothelin-converting enzyme 1 and neprilysin that occur in
breast cancer.

As shown in Table 1, most of the glycoproteins that are differentially expressed in the
MCF10A family of cell lines have biological properties that are hallmarks of cancer1 and
many of these glycoproteins--approximately two-thirds--have been directly associated with
breast cancer. In some instances we found no information in the published literature
substantiating a specific association between breast cancer and the glycoproteins we
identified in Table 1, but abundant evidence associating these glycoproteins with other
cancers (e.g., seizure 6-like protein 2 associated with lung cancer39). Our results thus
provide new information on the relationship of several glycoproteins and breast cancer. It is
important to point out that while the majority of changes we observed in glycoprotein
expression within the MCF10A family of cell lines are correlated with previous observations
in the literature, some of our findings contrast with those previously reported. For example,
Schroder et al.40 demonstrated that ICAM-1 expression is associated with a more aggressive
breast tumor phenotype, whereas we detected ICAM1 in only the benign (MCF10A) cell
line. The absence of a correlation between ICAM1 levels in the MCF10A family of cell
lines and those in breast tumors is understandable because cell lines do not experience the
microenvironmental influences to which breast tumors are exposed. The relevance of the
tumor microenvironment as a factor in breast tumor ICAM1 expression is supported by the
findings of Ogawa et al, 41 who showed that patients with ICAM1-positive tumors had
better outcomes (i.e., fewer relapses and higher survival rates) than patients with ICAM-1
negative tumors. Ogawa et al. speculate that ICAM1 expression on tumor cells may have a
role as a suppressor of tumor progression modulated by the host immune system.
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Breast Cancer Tissues Expression of Glycoproteins with Altered Expression Levels in the
MCF10A Model System

As described in preceding paragraphs, the expression level of several of the glycoproteins
differentially expressed among the MCF10A cell lines have been evaluated in breast tissues
via antibody-mediated studies. To further investigate the expression of these glycoproteins
in breast tissue using our glycoproteomic approach, we analyzed small (100 micrograms
total protein) quantities of lysates from normal and breast cancer tissues. LC/MS/MS
analysis was employed using a high resolution hybrid quadrupole orbitrap mass analyzer to
assure protein identification with the highest confidence. More than 400 glycoproteins
(spectral counts 2 or more) were identified from tissue lysates (Supplemental Table 2). As
shown in Table 2, we detected a total of 11 glycoproteins which we identified as
differentially expressed among the MCF10A cell lines: nine glycoproteins that were more
highly expressed in the malignant MCF10A lines (MCF10AT and MCF10ACA1a) and two
that were more highly expressed in the benign (MCF10A) line. Of the nine glycoproteins
that were more highly expressed in the malignant cell lines, six were identified only in
tumor tissue lysates. A seventh (collagen alpha-1(XII) chain) was expressed at significantly
higher (>10-fold on average) levels among all of the tumor lysates compared to lysates from
normal breast tissue. These initial results show that for 7 glycoproteins, the results obtained
from the glycoproteomic analyses of the MCF10A cell line model are consistent with those
obtained with tissue samples. Of these seven glycoproteins, collagen alpha-1(XII) chain was
consistently and highly expressed in the tumor lysates (see Supplemental Table 3 for a list of
identified peptides). Although this glycoprotein does not appear to have been previously
associated with breast cancer, there is evidence that it is over expressed in colon cancer 42.
Further work is required to identify the cellular source of collagen alpha-1(XII) chain in
breast tumor tissue.

Collagen alpha-1(XII) chain is a large protein composed of >3,000 amino acids, thought to
be glycosylated with both N- and O-linked glycans, that generates a highly complex banding
pattern on Western blots 43. To examine the molecular weight distribution of this
glycoprotein in lysates from normal and tumorous breast tissue, we conducted comparative
Western blot analyses (Figure 5). The normal lysates (lanes 4 and 5) produced a distinctive
pattern in which the band of maximum intensity occurs at ∼250,000 kD with a series of
lower molecular weight bands. In contrast, the tumor lysates had patterns containing highly
stained bands that ran at molecular weights above 250 kD, plus all of the bands observed in
the normal lysates. Thus, the spectral counts (shown in Table 2) demonstrate breast tumor
lysates contained quantitatively (spectral counts as shown in Table 2) more collagen
alpha-1(XII) chain than lysates from normal breast tissue and the molecular weight
distribution of bands differed significantly between lysates from normal breast tissue and
those from tumorous breast tissue.

Within the tissue lysates, we also detected two glycoproteins (ICAM1 and Mucin 1) that we
had previously determined were more highly expressed in the benign than in the malignant
cell lines. However, in the case of the tissue samples these two glycoproteins were only
detected in lysates from breast tumor tissues. Thus, there was no correlation between the
expression pattern of ICAM1 and Mucin 1 between that observed in the MCF10A cell lines
and that seen in the breast tissue lysate samples. However, our glycoproteomic results with
breast tissue lysates are consistent with findings reported by others (see references and
discussion in preceding paragraphs) for the expression of these two glycoproteins in normal
vs. tumor tissues.

In summary, using a homogeneous family of cell lines to model the progression of breast
cancer, we have identified a potential list of candidate biomarkers for breast cancer and
applied this list to guide a glycoproteomic investigation of normal and tumor breast tissue.
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Our findings demonstrate that several of the glycoproteins differentially expressed in the
MCF10A cell line system are present in human breast tissue, that several of the differentially
expressed glycoproteins were found in breast tumor tissue, but not in normal breast tissue,
and most importantly that collagen alpha-1(XII) chain was differentially expressed in human
breast tumor tissue. Future analyses with an expanded sampling of human breast tissues will
be necessary to examine collagen alpha-1(XII), as well as other glycoproteins that are
differentially expressed in the MCF10A model system, as potential biomarkers of breast
cancer progression.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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SAM statistical analysis for microarrays

CD cluster of differentiation
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Biological Significance

Identifying glycoproteins differentially expressed during cancer progression results in
information on the biological processes and key pathways associated with cancer. In
addition, new hypotheses and potential biomarkers result from these glycoproteomic
studies. Our glycoproteomic analysis of this model of breast cancer provides a roadmap
for future experimental interventions to further tease apart critical components of tumor
progression
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Highlights

Cell lines modeling breast cancer progression were glycoprotemically characterized.

Differentially expressed glycoproteins have properties that are hallmarks of cancer.

Two-thirds of the glycoproteins have been directly associated with breast cancer.

Sets of the glycoproteins are altered in premalignant and fully malignant stages.

This cell line system offers a viable model of breast cancer progression.
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Figure 1.
Comparisons of glycoprotein profiles of breast cancer cell lines. Glycoprotein profiles from
MCF10A and its derivatives MCF10AT and MCF10CA1a show a greater correlation than
the correlation between MCF10A and the breast cancer cell line HCC1143. Plots are log10
spectral counts. (A) MCF10A vs. MCF10AT, R2 = 0.810 ; (B) MCF10A vs. MCF10CA1a,
R2 = 0.583; (C) MCF10AT vs. MCF10CA1a, R2 = 0.667; (D) MCF10A vs. HCC1143, R2
= 0.097.
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Figure 2.
Differentially expressed glycoproteins comparing glycoprotein profiles of benign
(MCF10A) and malignant (MCF10CA1a) breast cell lines. MCF10A-1 through MCF10A-4,
and MCF10CA1a-1 through MCF10CA1a-4 represent four glycoprotein profiles from four
biological replicates for each cell line. The bar at the top of the figure shows the range of
expression levels (log2).
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Figure 3.
Expression levels of tissue factor, CEACAM5 and lipocalin2 vary among the MCF10A
family of cell lines. Cathepsin D was expressed at significant levels in all three lines and is
shown as a positive control for sample loading. (10A = MCF10A, AT = MCF10AT and
CA1a = MCF10CA1a cell lysates).
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Figure 4.
Differentially expressed glycoproteins comparing glycoprotein profiles of premalignant
(MCF10AT) and malignant (MCF10CA1a) breast cell lines. MCF10AT-1 through
MCF10AT-4, and MCF10CA1a-1 through MCF10CA1a-4 represent four glycoprotein
profiles from four biological replicates for the premalignant and malignant cell lines,
respectively. The gradated bar at the top of the figure shows the range of expression levels
(log2). Glycoproteins labeled with an asterisk uniquely change in the transition from
premalignancy to malignancy.
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Figure 5.
Western blot of normal breast and breast cancer cell lysates for collagen alpha-1(XII) chain.
Lane 1, molecular weight standards (values shown on left are in kD). Lanes 2 (CP565628)
and 3 (CP552484) breast tumor cell lysates. Lanes 4 (CP565401) and 5 (CP565673) normal
breast tissue lysates.
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