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Abstract

Purpose—We recently reported a new method accessing proteins from extracellular matrix by 

imaging mass spectrometry (ECM IMS). ECM IMS was evaluated for use in exploring breast 

tissue pathologies.

Experimental Design—A tissue microarray (TMA) was analyzed that had 176 cores of 

biopsies and lumpectomies spanning breast pathologies of inflammation, hyperplasia, 

fibroadenoma, invasive ductal carcinoma and invasive lobular carcinoma and normal adjacent to 

tumor (NAT). NAT was compared to subtypes by area under the receiver operating curve (ROC) 

>0.7. A lumpectomy was also characterized for collagen organization by microscopy and stromal 

protein distribution by IMS. LC-based high-resolution accurate mass (HRAM) proteomics was 

used to identify proteins from the lumpectomy.

Results—TMA analysis showed distinct spectral signatures reflecting a heterogeneous tissue 

microenvironment. Ninety-four peaks showed a ROC >0.7 compared to NAT; NAT had overall 

higher intensities. Lumpectomy analysis by IMS visualized a complex central tumor region with 

distal tumor regions. HRAM LC-based proteomics identified 39 stromal proteins. Accurate mass 

matches between image data and LC-based proteomics demonstrated a heterogeneous collagen 

type environment in the central tumor.

Conclusions—Data portray the heterogeneous stromal microenvironment of breast pathologies, 

including alteration of multiple collagen type patterns. ECM IMS is a promising new tool for 

investigating the stromal microenvironment of breast tissue including cancer.

Keywords

breast cancer; extracellular matrix; imaging mass spectrometry; proteomics; peptide imaging; 
formalin-fixed; paraffin-embedded tissue imaging; tissue imaging; MALDI imaging mass 
spectrometry

Corresponding Author: Peggi M. Angel, 173 Ashley Ave, BSB358, Charleston, SC 29425, angelp@musc.edu Phone: (843) 792-8410 
Fax: (843) 792-0481. 

HHS Public Access
Author manuscript
Proteomics Clin Appl. Author manuscript; available in PMC 2020 January 01.

Published in final edited form as:
Proteomics Clin Appl. 2019 January ; 13(1): e1700152. doi:10.1002/prca.201700152.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Breast stroma is a highly organized composition of collagens and other extracellular matrix 

(ECM) proteins with a significant role in regulation of breast health.[1] Dense breast stroma 

has a significantly higher risk of developing cancer with tumors likely to form in regions of 

increased collagen.[2] Generally, in breast cancer progression, stroma composition becomes 

denser through excessive extrusion of ECM proteins. This is due to a combination of 

aberrant myoepithelial-luminal regulation of stroma and later altered regulation of fibrillary 

collagen by macrophage cells.[1, 3] Increased stroma density has been shown to be a 

predictor of localized recurrence after radiotherapy.[4] For metastatic cancers, stroma shows 

pathological distributions of increased collagen deposition near the tumor, linear collagen 

organization, and stiffening through crosslinking and post-translational modifications 

(PTMs).[5, 6] Breast cancer stromal regulation thus has use as a predictive risk factor, as a 

prognostic indicator, and in the diagnoses of tumor progression. However, a major limitation 

to understanding the role of stroma in breast cancer has been a lack of tools that can 

precisely define the biochemical aspects of stromal composition from increased stromal 

density to tumor metastasis.[1, 7, 8]

Microscopic imaging has been a main analytical tool for the study of breast stroma. 

Microscopy methods use an assortment of stains and physical properties to report on stromal 

collagen fiber organization, quantity, alignment, and length in relationship to breast cancer 

progression.[1, 7] Movat’s pentachrome or the trichrome stain histological stain reports 

collagen distribution in relationship to other tissue components such as elastin, 

glycosaminoglycans and muscle, but does not give information on fiber arrangement. The 

picrosirus red stain (PSR) as visualized with a circularly polarized light filter (CPLF) 

demonstrates collagen organization and fiber detail but cannot report on collagen type or 

potential PTMs.[9] The gold standard for quantitative assessment of collagen changes in 

breast cancer is second harmonic generation (SHG) microscopy.[6] SHG uses processes of 

light scattering and photon absorption to report nonlinear polarization properties of 

biological materials for high resolution images of collagen organization.[10] SHG 

observations termed tumor associated collagen signatures (TACS) relate collagen 

organization to breast tumor stage and prognosis in human and mouse models. [1, 6] These 

studies show that increased deposition of collagen occurs near the tumor in early tumor 

formation (TACS-1), forms linear fibers parallel to tumor boundaries as tumor increases 

(TACS-2) with multiple fibers oriented perpendicularly to the tumor border (TACS-3). 

TACS-3 is associated with metastasis and tumor cells are frequently observed migrating 

along the aligned collagen fibers. Both PSR-CPLF and SHG define that breast cancer has 

quantitative collagen metrics characteristic for staging[11]; however, these methods cannot 

report on biochemical content driving stromal expression that results in a tumor permissive 

environment.

MALDI IMS is an established imaging modality that uses mass spectrometry to probe 

molecular features of histology beyond what can be visualized by microscopy. MALDI IMS 

may be used to detect molecular patterns from hundreds to thousands of metabolites, lipids, 

peptides, intact proteins, including potential PTMs corresponding to histological features 

from thin tissue sections.[12] This highly multiplexed information is used to further 
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characterize pathology by providing additional molecular details such as biomarkers or 

signatures of disease stage.[13, 14] MALDI IMS may be used for spatially localized 

proteomics analogous to LC-based proteomic strategies by spraying a thin molecular layer 

of trypsin onto the tissue to release tryptic peptides without delocalization.[15, 16] After 

digestion in a controlled temperature, high humidity chamber, the tissue is sprayed with a 

chemical matrix to facilitate peptide ionization. A laser is then systematically stepped across 

the tissue, desorbing and ionizing peptides at ordered, discrete locations for detection. 

Typically hundreds to thousands of peptides are detected from a single tissue section and 

each peptide can be visualized as a heatmap distribution across the tissue features. MALDI 

IMS of tryptic peptides in breast cancer tissues has shown that this imaging modality can 

define protein features of breast cancer including estrogen-receptor positive versus estrogen-

receptor negative tumors[17], invasive ductal carcinoma[18], metastatic signatures[16], and 

stromal activation.[13] A disadvantage in using trypsin to access proteins by MALDI IMS is 

that this approach has limited reporting of collagen types and ECM content from 

inaccessibility due to the PTMs, especially of lysines, and/or the highly organized collagen 

suprastructures.

Recently, we developed a MALDI IMS approach that reports on collagens and other stromal 

proteins from thin tissue sections.[19] The method, which we term ECM IMS, uses a 

bacterial matrix metalloproteinase (MMP), collagenase type III (COLase3), to target ECM 

proteins for digestion to peptides, which are then mapped as 2D distributions by MALDI 

IMS. Compared to mammalian MMPs which target specific collagens for degradation, 

bacterial MMPs are unbiased to collagen types and tissue origin.[19, 20] Previous evaluation 

of the COLase3 proteome by high resolution accurate mass (HRAM) LC-based proteomic 

methods identified that the method pulls down not only multiple collagen types, but also the 

collagen interactome. In the current work, we use the method to explore breast pathologies 

as a proof of concept towards breast cancer studies. We apply the method to a tissue 

microarray (TMA) defined for breast tissue pathologies including invasive cancers, as well 

as a lumpectomy characterized for collagen organization. Data are reported in the context of 

parallel HRAM proteomic studies done on the breast cancer tissue lumpectomy, coupled 

with protein interaction analysis. This approach provides a new tool for understanding 

stromal features of breast tissue including cancer progression.

Materials and Methods

Experimental

Materials—Acetonitrile, α-Cyano-4-hydroxycinnamic acid (CHCA), trifluoroacetic acid 

(TFA), and Trizma® base were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Collagenase type III (COLase3) (C. histolyticum) was purchased from StemCell 

Technologies (Cambridge, MA, USA). Xylenes, 200 proof ethanol, methanol, citraconic 

anhydride were purchased from Fisher Scientific (Pittsburgh, PA, USA).

Tissue Procurement—Tissue use was in accordance with protocols approved by the 

Medical University of South Carolina Institutional Review Board. The tissue microarray 

(TMA) was purchased from Biomax (Rockville MD, USA) as defined breast tissue 
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pathology with 176 cases of breast pathologies from normal adjacent to tumor, 

inflammation, hyperplasia, fibroadenoma, invasive ductal carcinoma, intraductal carcinoma, 

and lobular carcininoma. The TMA was created in 2014 and used the WHO 2012 guidelines 

for grading. The Nottingham modification of the Scarff-Bloom-Richardson (NSBR) 

histological grading system was used for invasive breast cancer (IBC). Each core was further 

evaluated by a collaborating pathologist for tumor, stroma, glandular, inflammation and read 

to determine status of adenosis, inflammation, fibroadenoma and squamous cell carcinoma 

(rare). Tissue sections including the lumpectomy used for proteomics were procured via the 

Biorepository & Tissue Analysis Shared Resource at the Hollings Cancer Center, Medical 

University of South Carolina with Institutional Review Board (IRB) approval.

Tissue Preparation—The formalin-fixed, paraffin-embedded (FFPE) tissues and TMA 

were prepared as previously described.[19] Briefly, tissues were heated, dewaxed, antigen 

retrieved at pH 9, and sprayed with a thin molecular layer of collagenase type III (COLase3; 

StemCell Technologies) using an automated sprayer (M3 TM-Sprayer, HTXImaging, Chapel 

Hill, NC, USA). COLAse3 was sprayed onto tissues with the same automated sprayer using 

parameters of 45°C, 10 psi, 25 μL/min, 1200 velocity, and 15 passes with a 3.0 mm offset. 

Samples were digested in high humidity at 37.5°C for five hours followed automated 

spraying of CHCA matrix prepared as 7 mg/mL in 50% acetonitrile, 1% TFA with a spiked 

standard of 200 femtomole/microliter [Glu1]-Fibrinopeptide B human (Glufib) (Sigma-

Aldrich), St. Louis, MO, USA). CHCA was sprayed onto tissues with the same automated 

sprayer using parameters of 77°C, 10 psi, 100 μL/min, 1300 velocity, and 10 passes with a 

2.5 mm offset.

Imaging Mass Spectrometry—Samples were analyzed by MALDI-FT-ICR (solariX™ 

Legacy 7.0 Tesla, Bruker, Bremen, Germany) in positive ion mode, collecting 300 laser 

shots per pixel using the SmartWalk feature to raster the laser in a 25 μm diameter. 

Transients of 1 megaword were acquired in broadband mode over m/z 700–5000, with a 

calculated on-tissue mass resolution at full width half maximum of 81,000 at m/z 1400. 

Lockmass on Glufib peptide was maintained at 5 ppm during tissue imaging. Data were 

visualized in flexImaging 4.0 and analyzed by SCiLS Lab software 2017a both from Bruker 

Daltonics, Bremen, Germany. All images are shown normalized to total ion current. Image 

segmentation is reported using the Euclidean metric for segmentation. Extracted peak areas 

were exported from SCiLs and are shown visualized with MultiExperiment Viewer (http://

www.tm4.org), a cloud-based freeware for large data.[21] Hierarchical clustering of peak 

areas used the Manhattan method with average linkage as a distance metric selection. Area 

under the receiver-operating curve (AUC) was used to explore the potential of peaks that 

discriminated between cancer types, subtypes and staging. In these studies, cancer types that 

had few cores (squamous, cores= 2; lobular in situ, cores=3) were removed from the 

analyses.

Proteomics—Sections of cancer tissue were treated as described previously[19], digesting 

with COLase3 overnight. Quantitation reported an average of 25 μg collected from 15 mm x 

15mm x 5μm breast sections. From these, 4μg of COLAse3 peptides was dried down, 

cleaned up by solid phase extraction using a C18 Ziptip (EMD Millipore, Darmstadt, 
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Germany) following the manufacturer’s protocol. Peptides were analyzed by data dependent 

acquisition (data exclusion enabled) on an Orbitrap Elite mass spectrometer equipped with a 

LC Packings U3000 nano LC system (Thermo Scientific). A single Fourier transform mass 

spectrometry survey scan acquired in the orbitrap followed by collision-induced dissociation 

MS/MS of the top 10 most intense ions in the ion trap. Tandem mass spectra were searched 

using both MASCOT (Version 2.4.01) and SEQUEST HT via Proteome Discoverer 1.4 

(Thermo Scientific, Waltham, MA, USA) against a subset of human protein sequences 

downloaded on May 7, 2017 from UniProtKB (SwissProt) containing 1,783 entries 

(keywords used: collagen, elastin, aggrecan, gelatin, osteonectin, perlecan, plasminogen, and 

fibronectin). Search parameters were unspecified enzyme, precursor mass tolerances of ± 20 

ppm, and fragment mass tolerances ± 0.8 Da. Methionine oxidation, asparagine and 

glutamine deamidation were used as variable modifications. Data were uploaded into 

Scaffold v4.8.1 (Proteomesoftware, Portland OR, USA) and a peptide probability of 99% 

was used to report peptide identifications. Protein localization was determined using Uniprot 

and Genecard. Accurate mass comparisons between image data and proteomic data were 

done by calculating accurate mass of a peptide using Protein Prospector version 5.22.0 

(Baker, P.R. and Clauser, K.R. http://prospector.ucsf.edu, University of California at San 

Francisco, San Francisco CA, USA).

Network Analysis—The upstream regulator networks were generated using Ingenuity 

Pathways Analysis (IPA) (QIAGEN Inc., https://www.qiagenbioinformatics.com/products/

ingenuity-pathway-analysis). Protein identifications were uploaded into IPA to identify 

regulators of the protein dataset. Mechanistic networks were calculated using a p-value 

<1.0E-12 for inclusion in the network, filtering all predicted relationships between 

regulators by p-value ≤0.01.

Results and Discussion

Overview

A commercially prepared TMA and a breast cancer tissue were used to demonstrate 

evaluation of breast stroma by ECM IMS. The TMA was composed of 176 needle core 

biopsies and lumpectomies from individual cases associated with a spectrum of breast 

pathologies ranging from normal adjacent to invasive carcinomas (Table 1, Supplement 

Table 1). Data for each core includes estrogen receptor (ER), progesterone receptor (PR) and 

human epidermal growth factor receptor 2 (HER2) status (Supplemental Figure 1; 

Supporting Material). A tissue section of a lumpectomy was analyzed by microscopy, ECM 

IMS and HRAM proteomics to demonstrate obtainable stroma data in the context of 

collagen organization. HRAM-identified peptides were mapped by high mass accuracy in 

both the lumpectomy and the TMA data to illustrate known stromal patterns in the complex 

tumor microenvironment relative to pathological progression.

Heuristic Analysis of the TMA

A goal of MALDI IMS is to identify novel molecular patterns of pathology; therefore we 

started our evaluation with exploratory approaches on unidentified peaks using image 

segmentation and data visualization. Image segmentation is a method that groups similar 
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spectral features into regions, labeling and color coding them to identify molecular patterns 

across a tissue.[22] A total of 3,575 peaks found in various TMA cores were used to visualize 

overall spectral patterns linked to tissue features (Figure 1, Supplemental Figure 2). NAT 

was labeled as having distinct spectral features from adenomas, fibroadenoma, and cancer 

pathologies, as well as one normal breast tissue core derived from a patient without breast 

cancer. Interestingly, eight patient cores diagnosed as inflammation showed overlap with 

NAT tissue. Examination of inflammatory cell content in each core did not reveal a 

differences due to numbers of inflammatory cells (Supplemental Table 2, Supporting 

Material). Extracted peptide images from segments highlighted distinctive images related to 

breast pathologies (Figures 1E–G). Although image segmentation gave a good overview of 

potential differences in proteomes, it appeared that the patterns found by ECM imaging were 

more complex than could be described by regionalized spectral clustering compared to 

cellular content, tissue or tumor type.

Area under the receiver-operating curve (AUC) was used to define discriminating peaks 

from the TMA. A total of 94 peaks distinguished tissue pathologies in comparison to NAT 

using AUC ≥0.7. The peak areas of the 94 discriminating peptides were extracted and 

assembled as a heatmap of peak areas (Figure 2). This suggested that NAT generally had 

higher expression values. This is consistent with stromal proteins actively regulating tumor 

status via the tissue microenvironment surrounding the tumor.[7, 23] Some m/z appeared to 

align with ER status in NAT, forming clusters of higher intensity. Evaluation of cores with 

no tumor and low inflammatory cells (<20% cell content) compared to cores with no tumor 

and high numbers of inflammatory cells (>20% content) revealed 20 peaks that could 

discriminate between low and high percentage inflammatory infiltrate (Table 2). Invasive 

subtypes showed dramatic decreases in a subpopulation of the peptides, with high variation 

overall. We were unable to assess stromal proteins based on survival status and the treatment 

regiment, since these parameters were unknown. There were comparisons that discriminated 

between receptor types at same stage or between stages. This was likely due to the much 

smaller cohorts of each stage that also included heterogeneous receptor status. Ongoing 

work investigates larger cohorts as well as contrasting active tumors with benign tumors 

such as fibroadenomas and phyllodes tumors. Comparison of Stage 0 tumors which are non-

invasive without metastatic potential (n=22) and Stage I-III invasive tumors with metastatic 

potential (n=98) showed peaks trending towards discriminatory values (m/z 954.4944 AUC 

=0.67; m/z 1001.5136 AUC=0.65; m/z 1208.6345 AUC=0.67). Additionally, comparison of 

samples stratified by cancer type rather than stage showed discriminating peaks (Table 3). 

Comparisons made between intraductal carcinoma (cores=23), invasive lobular carcinoma 

(cores=22) and invasive ductal carcinoma (cores= 68) resulted in a total of 14 peaks that 

could distinguish between cancer types. Taken together, the analysis showed that the method 

may be used to define changes in breast pathologies.

Breast Lumpectomy Analysis by Microscopy and ECM IMS

A lumpectomy was characterized by multiple methods to understand IMS data relative to 

collagen organization (Figure 3). Picrosirius red stain (PSR) viewed under a circularly 

polarized light filter on the breast tumor (Fig 3B) characterized the tumor collagen as having 

thick fibers with linear arrangements parallel to the tumor border, suggestive of a TACS-2 
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tumor type.[6] Examination of distal regions showed normal adjacent tissue (NAT) having 

homogenous distribution of short thin fibers (Fig 3C). In the distal region, parallel collagen 

deposition was also observed surrounding a region within 0.5 mm between NAT and surgical 

boundaries, suggesting the presence of a TACS-1 type tumor. A serial section analyzed by 

ECM IMS reported 2,210 peaks. Image segmentation demonstrated the tumor as a primary 

pattern distinguished from surrounding fatty tissue (Figure 3D, E). Fatty tissue patterns were 

heterogeneous. Corresponding with PSR staining studies, the NAT region showed a pattern 

matching primary tumor located between defined NAT and surgical marked tumor border. 

Further expansion of spectral clusters in the tumor region resulted in detailed structure 

emerging with complex patterning (Supplemental Figure 2). Overall, ECM IMS appeared to 

accurately report the breast tumor microenvironment correlating with that obtained by 

microscopy of collagen alignment. In particular, ECM IMS was able to highlight that a distal 

region of tumor existed between NAT and the surgical boundaries.

Proteomics

To increase our understanding of what types of peptides are detected from breast tissue by 

COLase3 digestion, we performed HRAM proteomics on the same breast cancer tissue used 

for IMS. This resulted in a total of 38 proteins with two or more unique peptides 

(Supplemental Table 3). A total of 34 (90%) proteins were annotated as localized to ECM, 

13 of which were collagen types. Protein function changes according to cellular localization.
[24] Several proteins had literature reporting differential localization (ENOA, PDIA1, 

PRDX5, TLN1), showing the potential for differential functions in breast cancer. Proteins 

were assessed for functional annotation and potential regulators using predictive and 

literature supported protein interactions (Table 3, Figure 4). Functional annotations showed 

that the proteins identified have a strong association with progressive processes of breast 

cancer, reflecting the heterogeneous tumor microenvironment (Table 4). Networked 

interactions identified FAS, AHR, Brd4, SPDEF, IGFBP2, TP53, COLQ and TGFB1 as 

among the main potential regulators of this distinct collection of proteins (Figure 4). Most 

interactors were known regulators of breast cancer. For instance, IGFBP2 has a pleitropic 

influence on tissue regulation and elevated levels are associated with aggressive breast 

cancer phenotypes.[25] Likewise, aryl hydrocarbon receptor (AhR) is a multipotent 

xenobiotic interactor that drives tumorigenic processes in advanced breast cancer.[26] 

Additionally, Brd4 is associated with drug resistant HER2+/ErbB2+ breast cancer types.[27] 

On the other hand, we were unable to find an association with breast cancer for COLQ 

(Collagen Like Tail Subunit of Asymmetric Acetylcholinesterase). Therefore, COLase3 

proteomics on single FFPE tissue sections both accurately reports tissue regulators of breast 

cancer and may also predict new topics for breast cancer research. This suggests that 

COLase3 proteomics on larger cohorts may yield information on common regulators of 

specific breast cancer subtypes.

Identified Peptide Expression Patterns by IMS

Peptides identified by HRAM LC-based proteomics were mapped by high mass accuracy on 

the TMA and lumpectomy data (Supplemental Table 4). There were some challenges with 

matching between electrospray ionization LC-based proteomics and MALDI IMS, likely 

due to differences in ionization. Figure 5 shows examples of specific collagen peptides 
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mapped across the lumpectomy and the TMA. Many collagen peptides showed higher 

expression in NAT, again, corresponding to the stromal proteins regulating tumor status via 

the tissue surrounding the tumor.[7, 23] Many had partial expression in the distal TACS-1 

type tumor tissue near surgical boundaries, but appeared with altered expression in the 

TMA. An exception was COL14A1, which had higher intensity in the mixed invasive tumor 

cores by TMA and appeared in the main tumor near the TACS-2 signatures in the 

lumpectomy. This expression pattern follows a previous report that collagen XIV is highly 

expressed in metastatic breast tissues by quantitative proteomic studies.[28] Interestingly, one 

of the two peptides previously used for MRM by Goto et al[28] partially matched with a 

COLase3 peptide ITGPPTELITSEVTARS (underscore highlights sequence homologous to 

the tryptic peptide found by Goto et al[28]), validating the ECM method and providing 

independent evidence of the role of collagen type XIV in advanced breast cancer. Further 

work is being done to determine the link between heterogeneous expression patterns shown 

on current TMA, along with additional TMAs that have highly defined patient populations. 

Overall, the ECM method illustrates targeted multiplexed targeted imaging of collagen 

sequences relevant to breast pathologies.

Conclusion

In the current study, we demonstrated a novel IMS method to access stromal proteins of 

breast cancer progression. The use of collagenase type III to access ECM peptides produced 

several thousand peaks from both TMA and breast tissue biopsies. Heuristic analysis of the 

peaks depicted progressive breast cancer processes and reported a heterogeneous stromal 

microenvironment associated with breast cancer. HRAM LC-MS/MS proteomics on 

COLase3 peptides reported known functions and regulators of breast cancer. Specific 

peptides linked to COL14A1 were found to have higher levels in invasive type tumors, 

which correlated closely with previous reports. Larger cohorts with well-defined patient data 

are needed to assess if the method can distinguish a stromal signature based on receptor 

status. Significant work remains in targeted identification of COLase3 peptides for 

informative image distribution linked to subtype status. Post translationally modified 

peptides are of interest and work is being done to enhance detection of these peptides. 

Continual efforts query different breast cancer subtypes using COLase3 to expand databases 

of cancer relevant stromal proteins. This work demonstrates that ECM IMS is a valid 

technique capable of accurately probing the breast stroma microenvironment. Integration of 

this method with current microscopy techniques will enhance our understanding of how 

stromal proteins regulate tumor expansion. This may lead to new therapeutic avenues for 

resistant and aggressive breast cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Clinical Relevance

Stromal proteins, which are primarily extracellular matrix (ECM) proteins, play a 

significant role in regulating all types of breast cancer progression, but tools that can 

report molecular details of ECM proteins are limited. We examine a new imaging mass 

spectrometry method that targets and reports ECM proteins using a commercially 

produced tissue microarray (TMA) containing 176 patient samples of breast tissue. 

Breast pathologies include benign disease such as inflamed breast tissue, fibroadenoma, 

and non-invasive and invasive breast cancer. This new approach provides an approach to 

understand ECM protein regulation in breast pathologies.
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Figure 1. 
Image segmentation of a TMA of breast cancer progression after ECM IMS, done on 3,575 

peaks. A) Pathologist grading on TMA. B) Hematoxylin and eosin stain. C) Image 

segmentation of peaks detected across the cores by MALDI IMS. The data shows distinct 

separation of noncancerous and cancer stages; cancer types are heterogenous. D) Spectral 

clusters associated with the image segmentation. Color corresponds to that of spectral cluster 

in C). See Supplemental Figure 1 and Supplemental Table 1 for further information on TMA 

Grades and Supplemental Table 2 for cellular and tissue composition.
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Figure 2. 
Peak intensity heat map of 94 peaks with area under the receiver operating curve >0.7. Data 

demonstrates that NAT has higher intensity patterns than most tissues. Fibroadenoma (FB) 

has a unique peak intensity pattern. Invasive type carcinomas have heterogeneous peak 

intensities, likely reflecting variations in receptor status and potentially patient age. 

Abbreviations: NAT- normal adjacent to tumor; INF- inflammation; AD- adenoma; FB- 

fibroadenoma.
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Figure 3. 
Pathology of the lumpectomy. A) Overall lumpectomy shown with picrosirius red stain by 

brightfield highlighting regions in the central tumor or distal to tumor. Circles in the tumor 

and NAT region depicts location where a tissue core was collected by for other studies. B) 

Tumor region. Brightfield shows tumor structure and CPFL demonstrates linear organization 

of collagen near tumor boundaries. C) Distal region. Brightfield demonstrates tissue 

structure and CPFL highlights collagen organization. NAT shows homogenous distribution 

of short fibers. A tumor was found between the surgical border and NAT. This shows thick 
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fibers parallel with tumor boundaries. D) Image segmentation shows the central tumor 

colored in royal blue. The distal region is correctly identified as tumorous. E) Spectral 

clusters of the image segmentation. Yellow arrows mark regions of collagen alignment. 

Abbreviations: NAT- normal adjacent to tumor; CPFL- circularly polarized light filter.
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Figure 4. 
Network interactions of proteins identified by LC-MS/MS after collagenase type III 

digestion (gray circles), including predicted upstream regulators (blue circles). 

Abbreviations: Collagen alpha-1(I) chain, COL1A1; Collagen alpha-2(I) chain, COL1A2; 

Collagen alpha-1(III) chain, COL3A1; Collagen alpha-2(IV) chain, COL4A2;Collagen 

alpha-1(V) chain, COL5A1; Collagen alpha-2(V) chain, COL5A2; Collagen alpha-1(VI) 

chain,COL6A1; Collagen alpha-2(VI) chain, COL6A2; Collagen alpha-3(VI) chain, 

COL6A3; Collagen alpha-1(XII) chain, COL12A1; Collagen alpha-1(XIV) chain, 

COL14A1; Collagen alpha-1(XVI) chain, COL16A1; Asporin, ASPN; Biglycan. BGN; 

Decorin, DCN; Dermatopontin, DPT; Elastin microfibrillar interacting protein 1, EMILIN1; 

Alpha-enolase, ENO1; Fibrinogen alpha chain, FGA; Fibrinogen gamma chain, FGG; 

Isoform 14 of Fibronectin, FN1; Gelsolin, GSN;Galectin-3, LGALS3; Prelamin-A/C, 

LMNA; Lumican, LUM; Microfibril-associated glycoprotein 4, MFAP4;Protein disulfide-

isomerase, P4HB;Phosphatidylethanolamine-binding protein 1,PEBP1; Isoform 4 of Plectin, 

PLEC; Isoform 3 of Periostin, POSTN; Peroxiredoxin-5, mitochondrial, PRDX5; Prolargin, 

PRELP; Alpha-1-antitrypsin, SERPINA1;Transforming growth factor-beta-induced protein, 

TGFBI;Talin-1, TLN1;Tenascin-X, TNXB; Vimentin, VIM; X-ray repair cr,s-

complementing protein 5, XRCC5.
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Figure 5. 
Identified collagen peptides linked to the lumpectomy and tissue microarray by high mass 

accuracy. White arrow indicates distal region associated as tumor tissue by imaging mass 

spectrometry, situated between normal adjacent to tumor tissue and primary tumor. 

Abbreviations: Collagen alpha-1(I) chain, COL1A1; Collagen alpha-2(I) chain, COL1A2; 

Collagen alpha-1(III) chain, COL3A1; Collagen alpha-2(VI) chain, COL6A2; Collagen 

alpha-3(VI) chain, COL6A3; Collagen alpha-1(XIV) chain, COL14A1.
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Table 1.

Characteristics of the TMA. Cores marked as squamous cell carcinoma (4 cores) were not used in statistical 

calculations.

Age (female) 46.7 ± 11.7 (range 19–82)

Pathology diagnosis Stage Cores

Normal adjacent tissue - 16

Plasma cell mastitis (inflammation) - 8

Acute mastitis - 1

Interstitial chronic inflammation - 7

Adenosis with hyperplasia of breast duct - 7

Hyperplasia (adenosis) - 7

Atypical hyperplasia (grade II) - 1

Fibroadenoma - 8

Intraductal carcinoma 0 19

Intraductal carcinoma IIA 4

Lobular carcinoma in situ 0 3

Invasive ductal carcinoma I 9

Invasive ductal carcinoma IIA 39

Invasive ductal carcinoma IIB 11

Invasive ductal carcinoma IIIA 11

Invasive ductal carcinoma IIIB 7

Invasive lobular carcinoma IIA 6

Invasive lobular carcinoma IIIA 3

Invasive lobular carcinoma IIB 11

Invasive lobular carcinoma IIIB 2

Squamous cell carcinoma I 2

Squamous cell carcinoma IIB 1

Squamous cell carcinoma IIIB 1
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Table 2.

Peptides discriminating between breast tissue with low inflammatory cells (<20%) and high inflammatory 

cells (>20%) using area under the receiver operating curve (AUC) ≥0.7.

AUC

797.1228 0.737

940.1782 0.754

1173.2105 0.741

1218.5471 0.740

1333.6134 0.756

1430.6268 0.730

1460.6842 0.707

1479.7339 0.781

1483.7305 0.798

1483.7759 0.705

1541.8232 0.725

1628.7326 0.715

1629.7506 0.822

1644.7354 0.765

1656.7866 0.722

1704.8474 0.866

1706.8619 0.802

1731.7600 0.755

1885.8586 0.778

2284.1428 0.730
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Table 3.

Comparison of breast cancer types using area under the receiver operating curve (AUC) ≥0.7. IDC- Invasive 

ductal carcinoma, ILC- Invasive lobular carcinoma.

IDC vs Intraductal IDC vs ILC ILC vs Intraductal

919.4189 0.67 0.77 0.77

954.4963 0.70 0.60 0.62

984.1856 0.61 0.74 0.74

1001.5145 0.70 0.66 0.44

1019.5862 0.75 0.81 0.81

1125.5283 0.61 0.74 0.74

1139.5955 0.60 0.71 0.71

1173.2105 0.60 0.74 0.74

1441.5933 0.75 0.78 0.57

1675.7846 0.56 0.71 0.65

1772.8118 0.53 0.72 0.72

1861.8117 0.54 0.73 0.73

2663.2051 0.53 0.68 0.70
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Table 4.

Functional annotations associated with the proteome.

Functional Annotation p-value Molecules

Cancer of secretory structure 1.56E-06 ASPN, BGN, COL12A1, COL14A1, COL1A1, COL1A2, COL3A1, COL4A2, COL5A1, 
COL5A2, COL6A1, COL6A2, COL6A3, EMILIN1, ENO1, FGA, FN1, GSN, HSPG2, 
LGALS3, LUM, PLEC, PRDX5, SERPINA1, TGFBI, VIM, XRCC5

Stage I-II cancer 7.06E-04 COL1A2, FGG, FN1

Incidence of malignant tumor 1.05E-03 DCN, LGALS3, TGFBI, XRCC5

Invasive breast carcinoma 1.06E-03 BGN, COL1A2, FN1, POSTN

Metastasis 5.92E-05 COL4A2, COL6A3, FGG, FN1, LGALS3, PLEC, SERPINA1, TLN1, VIM
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