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Abstract

Breast cancer patients diagnosed within five years following pregnancy have increased metastasis 

and decreased survival. A hallmark of postpartum biology that may contribute to this poor 

prognosis is mammary gland involution, involving massive epithelial cell death and dramatic 

stromal remodeling. Previous studies show pro-tumorigenic properties of extracellular matrix 

(ECM) isolated from rodent mammary glands undergoing postpartum involution. More recent 

work demonstrates systemic ibuprofen treatment during involution decreases its tumor-

promotional nature. Utilizing a proteomics approach, we identified relative differences in 

composition of mammary ECM isolated from nulliparous rats and those undergoing postpartum 

involution, with and without ibuprofen treatment. GeLC-MS/MS experiments resulted in 20,327 

peptide identifications that mapped to 884 proteins with a <0.02% false discovery rate. Label-free 

quantification yielded several ECM differences between nulliparous and involuting glands related 

to collagen-fiber organization, cell motility and attachment, and cytokine regulation. Increases in 

known pro-tumorigenic ECM proteins osteopontin, tenascin-C, and laminin-α1 and pro-

inflammatory proteins STAT3 and CD68 further identify candidate mediators of breast cancer 

progression specific to the involution window. With postpartum ibuprofen treatment, decreases in 

tenascin-C and three laminin chains were revealed. Our data suggest novel ECM mediators of 
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breast cancer progression, and demonstrate a protective influence of ibuprofen on mammary ECM 

composition.
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INTRODUCTION

The mammary gland is a dynamic organ that undergoes extensive morphological and 

functional changes with pregnancy, lactation and weaning. There is a dramatic expansion of 

the mammary alveoli during pregnancy as epithelial cells proliferate and differentiate in 

preparation for lactation. After parturition in the absence of nursing, or upon weaning, a 

highly regulated cascade of programs, referred to as postpartum involution, are induced to 

eliminate the milk-producing epithelial cells and repopulate the gland with stroma. At the 

completion of involution the gland is histologically similar to the pre-pregnant organ. 

Pregnancy and postpartum involution both impact a woman’s risk for breast cancer. While 

early age pregnancy reduces a woman’s lifelong risk for developing breast cancer [1], the 

postpartum period is associated with a transient 5-10 year period of increased risk [2, 3]. 

Moreover, women diagnosed in the postpartum window have decreased survival rates 

compared to women diagnosed during pregnancy or women who have never been pregnant 

(nulliparous) [4-8]. These observations implicate the postpartum period as being pro-

tumorigenic, and consistent with these data, mouse xenograft models show that the 

mammary microenvironment during postpartum involution enhances tumor cell progression 

and metastasis [9-12]. Postpartum mammary gland involution displays numerous wound 

healing characteristics including fibrillar collagen deposition, active ECM remodeling, and 

activation of several immune pathways [9, 10, 13-16]. As wound healing, immune 

programs, and fibrillar collagen have previously been shown to be tumor promotional in 

several different contexts [17-19], these aspects of postpartum involution are anticipated to 

contribute to the poor prognosis of breast cancer patients diagnosed during this period.

During postpartum involution, significant remodeling occurs in the ECM [20, 21]. There is 

differential ECM protein synthesis across various cells within the organ and several secreted 

proteases become activated resulting in active matrix remodeling [15, 22, 23]. ECM can be 

biochemically isolated from the mammary gland and utilized both in vitro and in vivo to 

assess effects on tumor cell behavior [24]. ECM isolated from actively involuting mammary 

glands consistently promotes an invasive tumor cell phenotype in 3D culture assays and 

tumor growth and metastasis in xenograft tumor models when compared to ECM isolated 

from nulliparous rats [10, 11, 13]. However, ECM isolated from mammary glands of rats 

treated with ibuprofen during involution demonstrated reduced tumor promoting attributes; 

phenocopying mammary ECM of the nulliparous rather than the involuting gland [13]. 

These functional differences in mammary ECM from nulliparous verses involution, as well 

NSAID treated rats, suggest unique mammary ECM protein profiles between nulliparous, 

involution, and involution with NSAID treatment. To date, collagen I and tenascin-C have 
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been identified as ibuprofen-responsive ECM proteins in the involuting gland [9, 13]. 

However, mammary ECM composition is coordinately regulated [20], suggesting additional 

ECM changes contribute to mammary tumor cell progression by postpartum involution as 

well as to the protection demonstrated with NSAID treatment.

The expression of ECM proteins in the mammary gland has long been studied by 

immunostaining of tissue sections and tissue homogenates. Limitations to this approach 

include poor ECM antibody availability and specificity, in addition to the inherent difficulty 

of quantifying ECM protein levels. ECM has also proven to be difficult to evaluate by 

proteomics, due to its insolubility under denaturing conditions. To address these limitations 

and to improve ECM protein sequence coverage, we recently employed a dual-digestion 

method to analyze ECM from a mouse tumor and from rat mammary gland tissue using 

tandem mass spectrometry [25]. This approach allowed for the identification of a large 

number of ECM proteins and led to a better understanding of the proteins required for 

mammary epithelial cells to obtain a tissue specific phenotype in culture. Despite the several 

advantages of in-solution digestion approaches, the methods present a challenge with protein 

quantification. To improve on this, here we used a label-free GeLC-MS approach to obtain 

relative quantification data in order to globally identify matrix induced changes during 

involution and response to ibuprofen. ECM protein changes associated with mammary gland 

involution, with and without ibuprofen treatment, were evaluated using this semi-

quantitative proteomics approach to identify differences in mammary ECM preparations 

from day 6 post-weaning rats (involution or inv.), day 6 post-weaning rats administered 

ibuprofen from time of weaning (inv-ib.), and age-matched rats that had never been pregnant 

(nulliparous or np.). As hypothesized, several tumor promotional proteins increase in 

abundance in the mammary gland during postpartum involution, with reversion toward 

nulliparous levels observed with ibuprofen treatment. This detailed characterization of the 

protein composition of mammary gland ECM provides new insights into the tumor 

promotional nature of involuting matrix and its regulation by NSAIDs.

EXPERIMENTAL PROCEDURES

Reagents

Ammonium bicarbonate (ABC), dithiothreitol (DTT), iodoactamide (IAM) and ibuprofen 

were all purchased from Sigma-Aldrich (St. Louis, MO). Formic acid (FA), trifluoroacetic 

acid (TFA) and potassium chloride were obtained from Fluka (Buchs, Switzerland), and 

acetonitrile (ACN) was from Burdick & Jackson (Morristown, NJ). Trypsin (Sequencing 

grade, TPCK treated) was from Promega (Madison, WI).

Rat ECM Isolation

All animal work was performed in accordance to the NIH guidelines for the care and use of 

laboratory animals and approved by the University of Colorado IACUC committee. Rats 

were bred and mammary tissue obtained at distinct reproductive states as previously 

described [13]. ECM enriched fractions were isolated from rat mammary glands from never 

pregnant (nulliparious, np.) or age-matched litter mates at involution day 6, which is the 

active stromal remodeling phase of weaning-induced gland regression, in the absence 
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(Involution, inv.) or presence of ibuprofen treatment (inv-ib.) with six rats per group. 

Ibuprofen treatment group received 30 mg/kg body weight of drug for 6 days post-weaning, 

with drug delivered in rodent chow. Mammary gland ECM was isolated as recently reported 

[24]. Briefly, abdominal and inguinal rat mammary glands 4–6 from 16 week old Sprague 

Dawley rats were isolated and the lymph node region removed. Two rounds of mammary 

gland homogenization in the presence of high salt and centrifugation to isolate the insoluble 

pellets was followed by a urea extraction with additional homogenization. Centrifugation 

was used to separate the urea soluble ECM fraction from the pellet and the soluble fraction 

dialyzed three times in a low salt buffer containing protease inhibitors and antibiotic and 

then against sera-free media (DMEM/F12 media with 15 mM HEPES and L-glutamine 

(Hyclone), supplemented with 10 mg/mL insulin (Gibco) and 20 ng/ml EGF (BD 

Biosciences) and 1 mg/mL Gentamicin) at 4°C for ECM utilized in cell culture assays.

3D Cell Culture Assay

Matrix from the three experimental groups was used in a 3D cell culture coating assay to 

determine the effects of matrix on mammary epithelial cell phenotype, as previously 

described [24]. 96 well plates were coated with 100 μl of Matrigel (BD Biosciences) diluted 

1:1 with base media and 5% horse serum. Ras-transformed MCF12A cells were resuspended 

in 200 μl/well of 600 μg/ml mammary ECM, diluted in sera-free media, at 15,000 cells/well. 

Images were acquired on a Nikon inverted microscope at 50X magnification after 48 hours 

of incubation at 37 °C, 5% CO2.

1D Gel Sample Preparation

Extracted ECM preparations were run on a 4-12% gradient gel at an equal protein load of 20 

μg (20-25μL null. and 5-10μL inv. & inv-ib.) based on micro BCA analysis and validated by 

coomassie staining. Each lane was cut into 17 equally sized gel bands from the loading well 

to the dye front using a 25 band gel cutter, except when noted below. Each of these gel 

bands was diced into ~1 × 1 mm cubes and subjected to in-gel trypsin digestion procedure. 

Four gels were run in total (one gel with 15 bands only, 12 analyzed; all others 17 bands 

with all 17 analyzed).

Gel Band Reduction, Alkylation, and Standard Overnight Digestion

Gel bands were washed with of 25mM ABC/50% ACN and vortexed for 15 minutes each. 

The solution was taken out and the previous step was repeated. Reduction of disulfide bonds 

was achieved by addition of 5mM DTT and incubating for 30 minutes at 70°C. After 

cooling to room temperature, the DTT solution was taken off the gel. IAM was added (15 

mM) and the samples were incubated in the dark at room temperature for 45 minutes 

followed by the removal of the IAM solution. The gel bands were further washed with 

double distilled water, vortexing for 15 minutes and removal of the solution. Washing was 

repeated with a 25 mM ABC/50% ACN solution and followed by 100% ACN. The gel 

bands were then dried under vacuum using a speed vacuum system. Standard overnight 

digestion was carried out by adding 0.16 μg trypsin to each gel band and incubation at 4°C 

for 45 minutes followed by room temperature incubation.
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Electrospray Ionization Mass Spectrometry

Samples were analyzed on a LTQ-FT Ultra hybrid mass spectrometer. Peptide desalting and 

separation was achieved using a dual capillary/nano pump HPLC system (Agilent 1200, 

Palo Alto, CA). On this system 8 μL of sample was loaded onto a trapping column 

(ZORBAX 300SB-C18, 5 × 0.3 mm, 5 μm) and washed with 5% ACN, 0.1% FA at a flow 

rate of 15 μL/min for 5 minutes. Next the trapping column was put online with the nano-

pump at a flow rate of 350 nL/min. An 85 minute gradient from 8% ACN to 40% ACN was 

used to separate and elute peptides. The column was made from an in-house pulled 360/100 

μm (outer/inner diameter) fused silica capillary packed with Jupiter C18 resin (Phenomenex; 

Torrance, CA). The column was kept at a constant 40°C using an in-house built column 

heater. Data acquisition was performed using the instrument supplied Xcalibur (version 

2.0.6) software. The LC runs were monitored in positive ion mode by sequentially recording 

survey MS scans (m/z 400-2000), in the ICR cell, while three MS2 were obtained in the ion 

trap via CID for the most intense ions. After two acquisitions of a given ion within 45 

seconds, the ion was excluded for 150 seconds.

Data Analysis

The rat international protein index (IPI) database was used due to the absence of several key 

ECM proteins in better annotated protein databases such as the SwissProt or NCBInr. 

Additional common lab contaminate proteins were added to this database (human 

cytokeratins, bovine albumin and porcine trypsin). Peak lists were created for each LC-

MS/MS run using PAVA (UCSF) and searched against the IPI.Rat (v3.39.fasta) database 

(39,946 protein sequences) using Mascot server (Version 2.3, Matrix Science). Precursor 

mass tolerance was set to +/- 8 ppm and +/- 0.8 Da for fragment ion tolerances. Trypsin 

specificity was used allowing for 1 missed cleavage. The modifications of Met oxidation, 

Pro oxidation (hydroxylation), protein N-terminal acetylation, and peptide N-terminal 

pyroglutamic acid formation were allowed for, and Cys carbamidomethylation was set as a 

fixed modification. Scaffold was used to collate protein identifications and calculate spectral 

intensities (MS2) report for all LC-MS/MS runs from the 4 replicates (supplementary files). 

Identifications required a minimum protein confidence (Proteinprophet algorithm [26, 27]) 

of > 95%, 2 or more peptides identified per mapped protein and peptide confidence > 90%. 

Label-free semi-quantification was performed using a slightly modified normalized spectral 

intensity (SIN) method as reported by Griffin et al [28]. The total product spectra intensity 

(MS2) for all peptides mapped to a given protein, for all of the gel bands, were summed and 

normalized based on protein molecular weight. Some proteins with extracellular matrix gene 

ontology annotations are excluded from the tables presented here based on their abundance 

in plasma; serum albumin, vimentin, Annexins, von Willebrand factor, fibrinogens, etc. For 

spectral integration the raw LC-MS/MS files were loaded into the Non-linear LC-MS 

software for alignment of corresponding bands across the samples. Once aligned, a 

de5isotoped and centroided mass list of all ms/ms scans was created for all three states, per 

band, in mascot generic file format (“mgf”). These files were search as described above 

(first round search). The mascot results were exported as .xml files filtering values of protein 

p value < 0.005, ion score of 20 and top spectra match (bold red peptides) required. The .xml 

file was imported back into the Non-linear software to assign peptide matches. 
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Quantification based on ion peak integration were exported for summation of band 

intensities for proteins of interest (supplementary files). A standard t-test was performed on 

the peptide counts and normalized spectral intensities independently to determine statistical 

significance. For the spectral integration data the t-test was performed on the natural log of 

the ratios for a given protein. Values of P < 0.05 were considered statistically significant (*). 

All results shown are the average of the four independent experiments unless otherwise 

indicated. In addition, one-way ANOVA was used to determine association between animal 

model group and protein levels (SAS v9.2, PROC MIXED) and is reported in the 

Supplementary file “Protein Report”. The three groups (nulliparous, involution, and 

involution with ibuprofen treatment) were used as class predictor variables. An overall F-test 

was used to determine if groups differed from one another. A False discovery rate was used 

to correct for multiple testing comparisons. For those proteins achieving a FDR < 0.05 a 

difference in estimate means t-test was used to determine statistical significance for all 

pairwise comparisons between the treatment groups. The estimated log10 fold change, 95% 

confidence interval for this estimate, t-statistic and p-value is reported for these proteins.

RESULTS and DISCUSSION

ECM enriched fractions were isolated from rat mammary glands from nulliparous (np.) or 

age-matched littermates at day 6 of involution, in the absence (inv.) or presence of ibuprofen 

treatment (inv-ib) using a standard differential solubilization and centrifugation method [24]. 

To observe the functional attributes of the experimental matrices, 3D culture studies using a 

pro-tumorigenic mammary epithelial cell line were performed. Ras-transformed human 

mammary epithelial MCF12A cells (Ras-MCF12A) were mixed with experimental 

mammary ECM preparations and plated in a short term 3D motility assay. As previously 

reported [10, 13], the involution matrix promoted a more aggressive cell phenotype as 

determined by increased organoid size and the appearance of numerous filopodia when 

compared to cells plated in nulliparous matrix, which remain as non-motile structures 

containing 1-2 cells (Fig. 1A,B). Matrices from mammary glands of involution stage 

animals treated with ibuprofen have recently been reported to support a non-motile, non-

invasive phenotype that is more similar to the phenotype observed on nulliparous ECM [13], 

which we observe here (Fig. 1C.). These results confirm that the ECM utilized here for 

proteomic analyses functionally performed as previously reported.

Our GeLC-MS/MS approach involved running 20 μg of protein from each ECM enriched 

fraction on neighboring lanes by 1D SDS-PAGE gel. We chose to run equal protein 

concentration for the three samples, rather than correct for absolute levels, to highlight 

relative protein differences between nulliparous and involuting mammary glands. The 

complete lanes were cut into equal sized pieces and each band (Fig. 2A) was subjected to in-

gel digestion and LC-MS/MS analysis on a hybrid LIT-ICR mass spectrometer using a data 

dependent acquisition method. The peptide identification results are the average of four 

experiments for bands 1-12 and three experiments for bands 13-17. A total of 884 proteins 

were identified across samples with a false discovery rate of approximately 0.01% 

(Supplementary Protein Report). To assess the overall relative differences in the three ECM 

samples, select proteins were analyzed by band (Fig. 2). The majority of protein 

identifications are well aligned between experiments. For example, despite being identified 
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in every band, the vast majority of albumin (69 kDa) was identified in band 7, which closely 

corresponds to its intact molecular weight (Fig. 2A). To assess accuracy of the label-free 

methods, proteins with predicted expression patterns were analyzed, including whey acidic 

protein and κ-casein, two representative milk proteins (Fig. 2B,C). As expected, the milk 

proteins are present at low levels in samples from the nulliparous mammary gland and 

elevated in samples isolated at day 6 of involution, while ibuprofen treatment had minimal 

influence on these proteins.

Extracellular matrix protein identifications from our samples account for the highest number 

of peptide identifications as well as integrated peptide peak area (Fig. 3). Several classes of 

ECM proteins associated with the basement membrane and interstitial matrix are present, 

including structural and adhesion components from the small and large proteoglycan 

families, both membrane anchored and transmembrane proteoglycans, elastic and collagen 

fiber components, and many classes of glycoproteins. With the aim of providing a 

comprehensive overview of the identified proteins and their potential interactions, we 

performed a protein-protein interaction analysis and present a network diagram organized by 

cellular and tissue location (Fig. 4). For each category of proteins identified, we report 

quantitative changes with regard to reproductive state, and discuss how our results align 

with previously reported mammary ECM constituency and tumorigenesis.

Intracellular proteins

While the majority of all peptides identified are from previously described extracellular 

matrix proteins, intracellular and soluble extracellular proteins were identified in our ECM 

samples. This finding is consistent with previous studies reporting proteomic analysis of 

ECM preparations, including matrices derived from EHS tumor (Matrigel), mammary gland, 

lung, colon and heart tissues [25, 29, 30]. Cytoplasmic proteins are the major source of non-

ECM identifications based on total spectral counts (~16%), followed by extracellular 

“plasma” proteins (9%), and mitochondrial proteins (~8%) (Fig. 3). Structural cytoskeleton 

proteins make up approximately 80% of the cytoplasmic category, with components of thin 

filaments, intermediate filaments and microtubules present (Fig. 3). Further, the enrichment 

of integrins (Table 1) and other components of focal adhesions above levels typically 

identified in general tissue-based proteomic experiments suggest that some cellular 

components are being enriched through known protein-protein interactions responsible for 

cell-ECM communication.

Consistent with a pro-apoptotic state during involution, the number of total intracellular 

proteins was increased in the involution group ECM and several lysosomal components 

were significantly more abundant, including cathepsins -B, -D and –Z (Table 1). The overall 

increase in intracellular components in the involution group samples could be explained by 

inefficient removal of apoptotic debris during the ECM isolation procedure or by the 

increased cellular content in the mammary gland during involution in comparison to 

nulliparous glands. At this time we cannot distinguish which proteins should be considered 

contaminants, those that are due to robust cell-ECM complexes, and/or those integrated into 

the matrix in vivo. Efforts to reduce the amount of non-ECM proteins are an active area of 

research in our lab and others.
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Basement membrane

Within the basement membrane fraction of ECM, laminins are one of the main cell 

attachment and differentiation proteins, influencing numerous cell behaviors including cell 

shape/polarity, differentiation, motility, and survival. Laminins are trimers composed of α-, 

β-, and γ-chain members with the nomenclature laminin-αβγ. Our data contain peptide 

identifications that support the presence in mammary ECM of all five α-chains, three of the 

four β-chains, and one of the three γ-chains (β4, γ2 and γ3 are absent). Based on unique 

spectra identified or percent coverage, the most abundant chains observed from nulliparous-

derived ECM are α2, followed by α4 and α5, β2 followed by β1, and γ1 leading to six 

possible combinations with the most abundant laminin forms likely being −221 (laminin-4, 

old nomenclature) and −421 (laminin-9, old nomenclature) (Table 2). During involution 

there appears to be a significant increase in α-chains 1 and 5, and the β1-chain, while 

decreases in β2 are observed, yielding a possible increase in laminins −111, −511 and a 

decrease in −421. Figure 2, panels D-F, show the normalized peak areas by band for the α1 

and the β1 and β2 chains. In a study of 45 breast cancer patients, the β2 chain was detected 

in normal tissue and carcinomas in situ but not invasive carcinomas or brain metastases [31]. 

As the α2 chain is decreased in involution ECM, this is consistent with the model that 

involution matrix supports or promotes tumors. Again, consistent with the involution 

environment acting in a tumor promotional manner, β1 and laminin-511 expression have 

previously been reported to increase with breast tumor progression and these two proteins 

were elevated in involution ECM (Table 2) [31]. Of potential interest, ibuprofen treatment 

appears to slightly lower laminin chains α2, β1, γ1 (Table 2), thus indicating a decrease in 

laminin-211 (merosin), which has been identified in vascular basement membranes of 

invasive carcinomas and metastases [31].

Agrin is a heparan sulfate proteoglycan that is commonly found in the basal lamina. 

Leukocytes have been identified to express agrin, which may explain why this protein is 

elevated in ECM from involuting mammary glands compared to nulliparous glands (Table 

3), as leukocyte infiltration is a hallmark of the involuting gland [14-16]. Agrin is also 

expressed on blood vessels, which are highly remodeled and reduced in abundance during 

involution [32]. The contribution, if any, of agrin to tumor progression is unclear, as agrin-

positive vasculature is thought to be protective against disorganized angiogenesis in 

glioblastomas, but is used as a marker of tumor angiogenesis in liver cancer [33].

ECM-connectivity proteins

Tenascin-C (TN-C) is a hexameric glycoprotein that is expressed during embryogenesis in 

the mouse mammary gland, downregulated in the adult gland, but commonly unregulated in 

rodent mammary carcinogenesis as well as in human tumors of the breast, endometrium, and 

prostate [34]. Elevated TN-C in breast cancer patients correlated with increased tumor 

grade, larger tumor size, decreased estrogen-receptor expression, and increased mortality 

risk [35, 36]. Overexpression of TN-C isoforms in both normal and transformed breast cell 

lines led to increased proliferation and invasion in 2D and 3D culture studies, and to 

metastasis in vivo [37-39]. TN-C expression has previously been shown to be elevated in the 

mammary gland during postpartum involution and implicated as tumor promotional in this 

microenvironment [13, 20]. Ibuprofen treatment limited to the postpartum window 

O’Brien et al. Page 8

J Proteome Res. Author manuscript; available in PMC 2015 January 13.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



decreased TN-C expression in mammary ECM, as previously reported [13], and suggests 

therapeutic benefits of NSAIDs in the prevention of postpartum mammary tumor 

progression may be mediated through tenascin-C regulation.

Osteopontin, otherwise known as secreted phosphoprotein 1 (SPP1) or early T-lymphocyte 

activation protein, is a member of the small integrin-binding ligand, N-linked glycoprotein 

(SIBLING) family and has a known role in the mineralization of bone. SPP1 increased in 

the involution ECM sample, and appeared to decrease upon ibuprofen treatment, as SPP1 

peptides were identified in all four inv samples and only two of the four inv-ib samples, and 

resulted in a 67% decrease by normalized spectral intensity calculations, but this trend did 

not reach statistical significance (Table 3). Stimulation of SPP1 expression occurs upon 

exposure to hypoxic conditions and to pro-inflammatory cytokines [40-42]. SPP1 can act as 

a macrophage chemotactic factor for recruitment to inflammatory sites [43, 44]. In addition, 

SPP1 also functions as an adhesion protein, mediates cytokine production, promotes type I 

immune responses, and promotes cell survival by inhibiting apoptosis [43]. SPP1 is elevated 

in women with metastatic breast cancer, and these higher levels are associated with 

decreased survival times [45]. In vitro experiments have shown that SPP1 is tumor 

promotional [46]. Thus, osteopontin is a candidate mediator of many of the wound-healing 

like attributes of the involuting gland and a potential pro-tumorigenic factor in pregnancy-

associated breast cancer.

Tenascin-X is a glycoprotein expressed primarily in loose connective tissues such as the 

dermis and blood vessels, and has previously been identified in nulliparous mammary ECM 

(48; 49). Here we report a decrease in tenascin-X in involution mammary ECM, however 

ibuprofen treatment appears to restore levels to those observed in nulliparous ECM (Table 

3). Tenascin-X knockout mice display hyperelastic skin and alterations in density and 

alignment of collagen fibers, indicating a role for tenascin-X in fibrillar collagen 

organization [47]. Tenascin-X expression has been analyzed in the cancer setting with no 

clear pattern as its expression is increased in breast cancer patient sera [48] and in malignant 

mesothelioma [49], but decreased in neurofibromatosis type 1 associated tumors [50] and in 

melanoma [51]. Further, melanoma cell growth and metastasis is increased in tenascin-X 

knockout mice [52]. Distinct roles for tenascin-X in the progression of breast cancer have 

yet to be elucidated.

Periostin (POSTN) is a secreted glycoprotein recognized for its roles in development of the 

heart, bones and teeth, and also involved when injury to these tissues occurs [53]. Periostin 

decreases in abundance with involution and levels remain low in mammary involution ECM 

following postpartum ibuprofen treatment (Table 3). Potentially due to interactions with 

integrins that promote cell adhesion and spreading, POSTN has been shown to promote 

tumor growth and metastasis of breast and ovarian tumor cells in vitro [54]. Roles for 

POSTN in the normal mammary gland as well as with mammary tumor progression remain 

largely unknown.

Fibrillar ECM proteins

Collagens—A challenge of quantifying ECM proteins is that many of the proteins, 

especially the fibrillar collagens, are often crosslinked into insoluble protein networks. As a 
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result, in studies such as this, we are only quantifying detergent or chaotrope solubilized 

ECM and the relative ratios may not accurately reflect tissue levels. Regardless, results from 

spectral integration indicate that up to 40% of all peptide ion intensities from the MS runs 

are from collagen-derived peptides. The two most abundant proteins in our mammary ECM 

preparations, as determined by either spectral counts, normalized spectral intensity or 

spectral integration, are the fibrillar collagen I chains α1 and α2 (Table 4). Collagen III is 

also highly abundant, suggesting that collagen I and III comprise the major fibrillar 

collagens of the rat mammary gland. This is consistent with other soft tissues such as skin 

and lung, as opposed to bone and tendon that also have high levels of fibrillar collagen II, V, 

IX and XI.

Collagen I is a trimer of two α1 chains and one α2 chain and likely the single most abundant 

protein in the mammary gland. There is a discrepancy between the protein ratios reported 

here (Table 4), with collagen Iα1 (COL1A1) levels decreased in involution ECM compared 

to nulliparous ECM and collagen Iα2 (COL1A2) levels similar between the two groups, and 

previously reported imaging data using the collagen stain picro-sirius red and gene 

expression data that show upregulation of fibrillar collagen during postpartum involution 

[15, 55]. This is, at least in part, due to equal protein being used here for comparison. If the 

increased size of the involuting gland (approximately 33%) and the elevated concentration 

of the prepared involution ECM (approximately 3-5 fold higher) are accounted for, the true 

fold change for collagen I is on the order of 4-6 fold. However, we cannot exclude the 

possibility that collagen I organization between these states differs, resulting in differential 

extraction efficiencies that also confound the calculated relative protein ratios.

As described above, we chose to analyze equal protein concentration rather than normalize 

based on absolute protein levels. Using this strategy, there appears to be a slight decrease 

with involution in COL6A1-3 and COL15A1 in addition to the COL1A1 chain as previously 

stated (Table 4). In endothelial cells, COL6 provides connectivity of the basement 

membrane to fibrillar matrix by anchoring basement membranes through interaction with 

type IV collagens [56]. Collagen VI has also been shown to interact with other matrix 

proteins such as proteoglycans and fibronectin [57]. COL15 is found at the border of the 

basement membrane and is reported to create a bridge to large COL1/COL3 fibrils [58]. 

COL15A1 contains the 22 kDa matrikine restin that has sequence homology and anti-

angiogenic properties similar to endostatin, which is derived from proteolytic cleavage of 

COL18A1 [59].

The anchoring fibril collagen COL7A1, which connects the external epithelia to the 

underlying stroma, and the transmembrane collagen COL17A1 increase with involution here 

(Table 4). Invasive areas of epithelial tumors have been shown to have increased COL17A1 

levels and the released ectodomain of COL17A1 has been shown to chemotactically attract 

invasive squamous carcinoma cell lines [60]. Figure 2, panels G and H show the normalized 

peptide peak area for both COL7A1 and COL17A1 in each of the gel bands analyzed. Our 

data suggests that we are detecting a homolog to the 97 kDa ectodomain of COL17A1 

reported in humans, based on the band location (Fig. 2H). Serial Analysis of Gene 

Expression shows a significant increase of this gene in breast cancer tissue versus control 
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[61]. Overall, the differences observed in the collagen protein family during mammary gland 

involution suggest large changes in cellular connectivity to fibrillar collagen.

Dermatopontin (DPT), alternatively known as tyrosine-rich acidic matrix protein (TRAMP), 

is involved in facilitating collagen fibril formation and stabilization, as DPT deficient mice 

exhibit decreased elastic modulus, increased skin elasticity, and irregular fibrils [62]. 

Dermatopontin is also thought to enhance the action of TGF-β through interaction with 

decorin [63]. Decreased DPT levels observed during involution (Figure 2I) are consistent 

with a previous report [64] and suggest that DPT may play a role in collagen organization 

changes associated with postpartum involution [9].

Fibrillin 1 is a large, glycosylated, multi-EGF-like domain protein with approximately 150 

disulfide bonds and is a structural component of matrix microfibrils. Fibrillin-1 (FBN1) can 

influence the extracellular availability of active TGF-β through latent TGF-β binding 

proteins (LBPs) and bone morphogenic proteins (BMP) [65]. FBN1 also supports cell 

attachment through interaction with cell-surface heparan sulphate proteoglycans [66]. Breast 

cancer lines MCF7 and MDA-MB-231 have low levels of FBN1 mRNA and produced 

negligible amounts of fibrillin-1 protein [67]. Our data suggests a 50% decrease of fibrillin1 

in involution matrix (Table 3).

Immune cell-related proteins—Involution of the mouse mammary gland is associated 

with an immune cascade that includes an acute-phase response, as LPS binding protein 

(LBP), CD14 and STAT3 transcripts are upregulated in the first four days of involution [16]. 

The upregulation of these genes in combination with 142 other immune related transcripts, 

illustrates a distinct immune response during involution involving neutrophil and 

macrophage activation, a local acute-phase response (APR) and a late B lymphocyte 

response that occurs in the absence of infection. Consistent with these microarray data, in 

our dataset, LBP, CD14, STAT3 and the macrophage marker CD68 were elevated during 

involution (Table 1). Several intracellular proteins that can act as potent ligands of toll 

receptors −2 and −4 [68, 69] were also identified in involution ECM, including HSP −27, 

−60 and −70 (Table 1), supporting the suggestion that innate immune cells are primed by 

“danger signal” proteins likely to be present during the major remodeling steps of 

involution. Unfortunately, too few peptides were identified to draw any conclusions with 

respect to ibuprofen treatment.

CONCLUSONS

To characterize ECM protein changes associated with postpartum mammary gland 

involution, we have used a semi-quantitative proteomics approach to identify differences in 

the urea soluble fraction of mammary matrix preparations. Our 1D SDS-PAGE and RP-LC 

tandem separation method allowed us to identify a large number of proteins with high 

sequence coverage. We found that relative protein levels determined by spectral counting 

and spectral integration are fairly consistent. While spectral integration is anticipated to 

provide more accurate quantification due to superior dynamic range, difficulties in peak 

matching negate some of the advantage. Many of the LC-MS/MS runs have multiple and 

overlapping isotope envelopes over a chromatographic peak width and in some cases the 
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software fails to completely de-convolute the individual features. Improvements in 

automated data analysis workflows and peak assignment should improve analysis of large 

datasets, such as those reported here. A limitation of spectral counting includes the 

suppression of counts due to exclusion filters that are in place during data acquisition. This 

has the general effect of leading to an underestimation of the relative amount of the more 

abundant components within a sample. An additional limitation to our study is the exclusion 

of insoluble matrix proteins from analyses. We have previously reported that, within the 

mammary gland, this insoluble fraction is composed of a large percentage of collagen I [25].

In vitro 3D cell culture experiments confirmed that involution mammary ECM supports an 

increased aggressive mammary epithelial cell phenotype, and that this potential is attenuated 

when mammary matrix is from animals treated with ibuprofen during postpartum involution. 

Our differential proteomics analysis has identified several proteins elevated in involution 

matrix that may play a role in the tumor promoting attributes of involution observed by us 

and others. These include proteins that regulate angiogenesis (COL17A1, AGRN), activate 

and regulate cytokines (SPP1), and participate in cell-ECM communication (LAMA1, 

LAMA5, LAMB1, COL7A1, AGRN). Several of the proteins highlighted such as COL7A1, 

LAMB1, SPP1, & TNC correspond to increases observed in clinical carcinogenesis of the 

breast. Likewise, proteins that decrease were identified, including those that support cell 

attachment and adhesion (LAMA4, LAMB2, COL6, POSTN), growth factor and cytokine 

sequestration and availability (DPT, FBN1), and participate in collagen organization (DPT, 

TNX).

Many of the observed findings are consistent with involution matrix providing a pro-

tumorgenic environment and suggest participation of ECM proteins in the increased risk of 

breast cancer that occurs shortly after pregnancy. Future work is required to confirm 

differential abundance of the proteins identified, differences in the state of these proteins 

(i.e., post-translational modifications, cleavage products, splice forms, architecture, etc.) and 

to determine their functional significance. Challenges to accomplishing these goals include 

lack of available reagents, difficulties associated with isolating pure ECM components from 

animal sources, and limitations with recombinant expressed proteins including post-

translational modifications and proper 3-dimensional structure. Despite these limitations, 

translational research that addresses the role of involution-induced ECM contributions to 

PABC, such as described here, is needed in order to improve the diagnosis and treatment of 

this devastating subset of breast cancer.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Transformed mammary epithelial cells cultured with mammary ECM from rats 
treated systemically with ibuprofen for 6 days post-weaning phenocopy cells cultured in 
quiescent mammary ECM from nulliparous rats
Brightfield images of Ras-transformed MCF12A cells in 3D culture at 48 hours. (Coating 

assay, ECM at 200 μg/ml, images 50X)
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Figure 2. Relative abundance of select proteins based on normalized peak area for all peptides 
assigned per band
A) Colloidal coomassie blue stained SDS-PAGE image of matrix isolated from nulliparous, 

treated animals with approximate molecular weights based on molecular weight markers. 

Approximate location of the 17 gel bands is shown. Peptide identifications throughout the 

17 bands for A) Albumin (ALB), B) Whey acidic protein (WAP), C) κ-casein (CSN3), D) 

laminin α1 (LAMA1), E) laminin β1 (LAMB1), F) laminin β2 (LAMB2), G) collagen VII 

α1 (COL7A1), H) collagen XVII α1 (COL17A1), and I) dermatopontin (DPT). Calculated 

ion intensities normalized for each replicate to max intensity from the four samples. 

Nul=nulliparous, Inv=control involution, InvIb=ibuprofen involution
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Figure 3. Estimation of protein abundance based on spectral counts
Spectral counts were used to estimate the percentage of proteins from a given cellular 

component; results are presented for the top 25, next 75, 150, 250 and 488 proteins based on 

peptide counts. N=nulliparous, I=control involution, IIb=ibuprofen involution
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Figure 4. Protein-protein interaction network for proteins identified in our tandem mass 
spectrometry runs
ECM components and select ECM receptors were submitted for analysis of protein 

interactions (using STRING-DB.org). Components at the cell membrane are in the upper left 

corner, basement membrane moving down and right toward the fibrillar collagens at the 

bottom. Immune cell related proteins discussed in the text are diagramed in the upper right 

on a macrophage.
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