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Simple Summary: Extracellular matrix within the tumor microenvironment influences signaling,
controls molecular diffusion of nutrients and growth factors, alters immunogenicity, and contributes
to disease progression and therapeutic response. ECM is secreted by multiple cell types, including
tumor cells, fibroblasts, and immune cells, yet there are limited approaches that link the cell type
to the ECM proteins within the heterogeneous tumor microenvironment. Here, we show that
integrating immunohistochemistry (IHC) with extracellular matrix (ECM) imaging mass spectrometry
allows ECM proteomic profiling based on patterns of diverse cell types and proteins in tissue. The
developed approach is demonstrated using phosphatase and tensin homolog (PTEN) staining and
ECM imaging/proteomics on the same tissue sections in normal breast and in a tissue microarray
of breast tumor and normal adjacent tissue. The data suggests that PTEN expression in tumor
and in normal adjacent tissue may be associated with different collagen types and regulation by
post-translational sites of modification.

Abstract: Breast stroma plays a significant role in breast cancer risk and progression yet remains
poorly understood. In breast stroma, collagen is the most abundantly expressed protein and its
increased deposition and alignment contributes to progression and poor prognosis. Collagen post-
translation modifications such as hydroxylated-proline (HYP) control deposition and stromal or-
ganization. The clinical relevance of collagen HYP site modifications in cancer processes remains
undefined due to technical issues accessing collagen from formalin-fixed, paraffin-embedded (FFPE)
tissues. We previously developed a targeted approach for investigating collagen and other ex-
tracellular matrix proteins from FFPE tissue. Here, we hypothesized that immunohistochemistry
staining for fibroblastic markers would not interfere with targeted detection of collagen stroma
peptides and could reveal peptide regulation influenced by specific cell types. Our initial work
demonstrated that stromal peptide peak intensities when using MALD-IMS following IHC staining
(αSMA, FAP, P4HA3 and PTEN) were comparable to serial sections of nonstained tissue. Analysis
of histology-directed IMS using PTEN on breast tissues and TMAs revealed heterogeneous PTEN
staining patterns and suggestive roles in stromal protein regulation. This study sets the foundation
for investigations of target cell types and their unique contribution to collagen regulation within
extracellular matrix niches.

Keywords: imaging mass spectrometry (IMS); immunohistochemistry (IHC); PTEN; stroma; ECM;
tumor microenvironment; breast cancer
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1. Introduction

Breast cancer affects one in eight women in the United States; in 2016, for every
100,000 women, 124 females reported to have breast cancer and of those, 20 women
died [1,2]. Among women in the US, breast cancer is the second leading cause of cancer
death, following lung cancer [2]. Progress has been made in early detection of breast cancer
leading to optimistic outcomes with a five-year survival rate of 99% for localized breast
cancers [3]. However, once the tumor has metastasized, treatments become limited and
the five-year survival rate significantly drops to about 27% [3]. Emerging research have
found that breast stroma plays a crucial role in breast cancer development, progression and
outcome [3], yet the breast stroma remains poorly understood.

The crosstalk between stromal cells and the tumor stroma involved in cancer progres-
sion has been widely recognized as related to outcome and therapeutic resistance [4–7].
Tissue stroma includes extracellular matrix connective tissue, blood vessels, and fibroblasts,
somatic, and immune cells that maintain tissue homeostasis [8]. The interaction between
tumors and their stroma determines the tumor phenotype and is critical for tumor survival
and growth [8,9]. Tumors have been described as “a wound that never heals” as cancer
stroma formation and maintenance mimics normal tissue undergoing wound healing
eventually creating densely collagenous scar-like connective tissue [7–10]. Breast density,
defined by higher proportion of stromal and epithelial cells, is significantly correlated with
increased collagen deposition [5,7,11–13] and contributes to breast cancer risk and progres-
sion [3,5,7,14,15]. Once the tumor has developed, collagen realignment at the leading edge
of the tumor border aids tumor growth and is predictive of patient survival [13,14].

Previous studies have associated the stromal reorganization involving stiffened col-
lagen with higher probability of metastasis [3,15]. Collagens are a large family of fibrous
proteins with triple helical structures that play important roles in scaffolding, cell adhesion
and migration, tissue morphogenesis, and cancer [16]. Changes in collagen within the
tumor and stromal boundary have been characterized as mammary carcinoma progression
markers known as tumor associated collagen signatures (TACS) [3,13]. There are three
known types of TACS: TACS-1, TACS-2, and TACS-3, which consist of increased collagen
deposition localized near the tumor lesion, straighter collagen fibers that are aligned par-
allel to the tumor boundary, and collagen reorientation such that the collagen fibers are
bundled and aligned perpendicularly to the tumor boundary, respectively [13]. Cancer-
activated fibroblasts have been earmarked as generating the invasive collagen “highways”
that aid in metastasis [15,17].

Cancer stroma plays a critical role in influencing tumors and is affected by tumor
suppressors such as phosphatase and tensin homolog deleted on chromosome 10 (PTEN);
stromal depletion of PTEN has been shown to increase tumorigenesis [15,18]. Tumor
suppressor PTEN is located in different subcellular locations of cells and may be secreted
into stroma [19]. PTEN can antagonize pathways, particularly the phosphoinositide 3-
kinase (PI3K) pathway that is involved in cell proliferation, differentiation, growth, and
survival [20–22], making PTEN a critical component in cancer signaling [23]. Mechanis-
tically, PTEN works to dephosphorylate phosphatidylinositol-3,4,5-trisphosphate (PIP3)
to phosphatidylinositol-4,5-bisphosphate (PIP2), negatively regulating the PI3K signaling
pathway. Decreases in PTEN result in RAS activation that enhance migration, invasion
and increase AKT2 phosphorylation [24–28]. PTEN is commonly lost in sporadic cancers
including prostate, lung, endometrial, and breast [28–31].Loss of PTEN activity occurs
through mutations, deletion, or silencing and is found in germlines with a predisposition
to cancer. Interestingly, PTEN decreases have been associated with regulating matrix
remodeling leading to stromal expansion and tumor progression [15]. In breast cancer,
PTEN depletion has been shown to result in increased collagen alignment parallel to the
mammary ducts compared to normal tissue [15]. PTEN is expressed in normal breast
tissue and decreases result in oncogenic realignment of collagen in the stroma [15,32]. Its
loss in tissues has been proposed as a biomarker in diseases such as triple-negative breast
cancer [20,23,33].
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PTEN localizes to the cell nucleus and is heterogeneously expressed by the stromal
cells that may have different roles in regulating collagen that facilitates oncogenic signaling.
In this study, we hypothesized that immunohistochemistry could be combined with ex-
tracellular matrix targeted imaging proteomics [34–37] to understand collagen regulation
related to PTEN positive or negative cells from normal breast tissue or the breast tumor
microenvironment. ECM imaging was completed after staining and documenting tissue
distribution of breast cancer driven cell markers, fibroblast activated protein (FAP), alpha
smooth muscle actin (αSMA), and prolyl-4-hydroxylase subunit alpha 3 (P4HA3). Detec-
tion of collagen peptides on IHC-stained tissue was found to fall within the 10% variation
detected in serial sections of breast tumor. Evaluation of PTEN-scored normal breast tissue
from reductive mammoplasty by both ECM imaging proteomics and chromatography
coupled to tandem mass spectrometry suggested that very specific sites of collagen hydrox-
ylated prolines may be influenced by PTEN expression levels [38]. Further evaluation of
a PTEN-stained tissue microarray of invasive ductal carcinoma, adjacent to tumor, and
normal adjacent further demonstrated site-specific proline hydroxylation may differ within
the tumor microenvironment compared to normal adjacent tissue. This method increases
our capacity to understand extracellular matrix niches produced by specific cell types from
both the normal tissue microenvironment to tumor microenvironment.

2. Materials and Methods
2.1. Overview

Collagenase type III (COLase3) (Clostridium histolyticum) was obtained from Wor-
thington (Lakewood, NJ, USA). PNGaseF PRIME™ was obtained from N-Zyme Scientific
(Doylestown, PA, USA). Sigma Aldrich (St. Louis, MO, USA) was the source used for
acetonitrile, α-cyano-4-hydroxycinnamic acid (CHCA), trifluoroacetic acid (TFA), ammo-
nium bicarbonate, ammonium phosphate monobasic, and calcium chloride. Dewaxing
(xylenes, 200-proof ethanol, methanol) solvents and high-performance liquid chromatogra-
phy (HPLC)-grade water were purchased from Fisher Scientific (Pittsburgh, PA, USA).

2.2. Tissues

Liver and breast tissue use was approved by the Medical University of South Carolina
Institutional Review Board. Liver tissue and breast tissue sections were obtained from
MUSC Hollings Cancer Center (HCC) Biorepository. Technical replicates of breast cancer
tissues (n = 5) were used to investigate breast tissue heterogeneity among serial sections.
Groups of technical replicates of liver (n = 3) and breast tissue slides (n = 3) were used
for different stains that were then compared to their nonstained counterparts (n = 3).
Certain PTEN-stained normal breast tissues categorized as low PTEN (n = 3; biological
replicates) and high PTEN (n = 4; biological replicates) were archival tissues from Michael
Ostrowski [38]. Two tissue microarrays (US Biomax, Rockville, MD, USA) created in 2014
and graded by the WHO 2012 guidelines were composed of 134 cases and 144 cores with
invasive ductal carcinoma as the malignant tumor, adjacent to tumor (AT) and normal
adjacent to tumor.

2.3. Immunohistochemistry (IHC) Tissue Preparation

Formalin-fixed paraffin embedded (FFPE) tissues were heated, dewaxed, and antigen-
retrieved at pH 6 using sodium citrate buffer following validated protocols (proteinatlas.org
accessed on August 2020) [39]. Breast tissues were stained using nuclear Mayer’s hema-
toxylin (Electron Microscopy Sciences, Hatfield, PA, USA), hematoxylin and eosin (H&E,
Cancer Diagnostics, Inc. and FisherBrand, Pittsburgh, PA, USA), prolyl 4-hydroxylase
subunit-alpha 3 (P4HA3, Novus Biologicals, LLC, Centennial, CO, USA), fibroblast activa-
tion protein (FAP, Novus Biologicals, LLC, Centennial, CO, USA), alpha smooth muscle
actin (α-SMA, Novus Biologicals, LLC, Centennial, CO, USA) and phosphatase and tensin
homolog (PTEN, Cell Signaling Technology, Inc., Boston, MA, USA). For different tissue
staining, Mayer’s hematoxylin was incubated for 1 min, hematoxylin was incubated for
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2 min and eosin for 1 min. P4HA3 (1:100), FAP (1:100) and α-SMA (1:1000) were incu-
bated overnight and PTEN (1:200) was autostained by the Cancer Tissue and Pathology
Shared Resource at Emory Winship Cancer Institute. Stains were digitally scanned at 40×
(Nanozoomer, Hamamatsu; Shizuoka, Japan). H-scores for PTEN in reductive mammo-
plasty were calculated using the relative intensity of staining and number of stained cells
as previously described [38].

PTEN staining (1:200) of human breast TMAs was quantified using Fiji ImageJ (Java 8,
Bethesda, MD, USA) [40]. The files of the TMAs scanned were exported from Nanozoom
software as a JPEG file. The JPEG was opened in Fiji ImageJ and each punch biopsy was
saved as an individual tiff file, by selecting the area of the biopsy and then “Duplicate” to
make a single file. The file was color-deconvoluted (Image > Color > Color Deconvolution)
and the vector DAB, Color 2 (brown color) file was used to report the mean area of stain
per core after color inversion [41,42].

2.4. Imaging Mass Spectrometry (IMS) Preparation

Tissue was prepared as previously with minor modifications [34,35,43,44]. Previously
stained tissues were incubated in xylene for 24–72 h to remove coverslips. Tissues were
then destained with xylene and ethanol washes, heat-induced epitope retrieved with
10 mM citraconic buffer, pH 3 for optimal deglycosylation. An automated sprayer was
used to apply PNGaseF PRIME enzyme using an automated sprayer (M3 TM-Sprayer,
HTXImaging, Chapel Hill, NC, USA) to remove N-glycans [45]. Tissues were washed to
remove N-glycans [46], then heat-induced epitope retrieved using 10 mM Tris buffer, 1 mM
CaCl2, pH 9 for optimal collagenase access. Tissues were sprayed with COLase3 enzyme
using an automated sprayer with parameters of 45 ◦C, 10 psi, 25 µL/min, 1200 velocity,
and 15 passes. Tissues were digested in ≥80% relative humidity at 37.5 ◦C for 5 h fol-
lowed by spraying CHCA matrix (7 mg/mL CHCA in 50% acetonitrile, 1% trifluoracetic
acid). For matrix spraying, parameters were 79 ◦C, 10 psi, 100 µL/min, 1300 velocity and
10 passes. To limit matrix clusters, slides were rapidly dipped in cold 5 mM ammonium
phosphate monobasic and dried in desiccator prior to IMS data acquisition. Control tis-
sues were processed through the same methods minus the staining components following
previous protocols.

2.5. IMS Data Acquisition

Serial breast cancer tissue sections were analyzed by a Fourier Transform Ion Cyclotron
Resonance mass spectrometer (FT-ICR) (solariX Legacy 7.0 Tesla, Bruker, Bremen, Germany)
equipped with a matrix-assisted laser desorption/ionization (MALDI) source using positive
ion mode over m/z range of 700–2500. Laser settings used were 200 laser shots per pixel
with a step size of 125 to 200-µm between pixels. Time of flight was set to 1.050 ms and
transient length was 0.8389 s. The [Glu1]-Fibrinopeptide B human (m/z 1570.6768; Sigma)
was used as an internal standard and lockmass for peptide IMS studies.

All images were visualized in FlexImaging v5.0 and analyzed by SCiLS Lab software
2021b Premium 3D Build 9.01.12514 (Bruker Scientific, LLC, Bremen, Germany) with linear
interpolation without denoising normalized to total ion count. SCiLS Lab settings for
visualizing the peak intensities were set to a 99% quantile. Exported peak intensities were
transformed using natural log. Statistical significance of all extracted peak intensities
compared between regions were determined using exact p-values calculated by student
t-test using GraphPad version 9.0.2 (San Diego, CA, USA).

2.6. Proteomics

After imaging, matrix was removed from the breast tissue sections using ethanol
washes as previously described [46]. Each tissue section was scraped into individual
centrifuge tubes and digested with COLase3 overnight [35]. A C18 StageTip (Thermo
Fisher Scientific, San Jose, CA, USA) was used to desalt peptides prior to loading onto
a trap column for separation. Peptides were analyzed by an Orbitrap Fusion Lumos
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Tribrid mass spectrometer (Thermo Fisher Scientific) with instrumental control software
v. 4.2.28.14. A UHPLC (EASY nLC 1200 System, Thermo Fisher Scientific) was used to
separate peptides on a C18 reverse phase column (Acclaim PepMap RSLC, 75 µm × 50 cm
(C18, 2 µm, 100 Å), Thermo Fisher Scientific). A solvent gradient of 2–35% in 180 min at a
flow rate of 300 nL/min was used for separation with Solvent A (0.1% FA); Solvent B (80%
ACN/ 0.1% FA). A high-resolution (60,000) FTMS survey scan using a mass range of m/z
375–1575 was followed by tandem mass spectra (MS/MS) of the most intense precursors
(charge states +1 through +5) with a cycle time of 3 s. An automatic gain control target
value of 4.0 × 105 was used for the survey MS scan. A precursor isolation window of
1.6 m/z was used with max injection time of 22 ms, and HCD collision energy of 35% with
maximum; fragments were detected in the Orbitrap at a 15,000 resolution. Monoisotopic-
precursor selection was set to “peptide” and Apex detection was not enabled. Precursors
were dynamically excluded for 15 s and a mass tolerance of 10 ppm. Advanced peak
determination was not enabled.

MS/MS data was searched using Mascot (Matrix Science, London, UK; version Mascot
in Proteome Discoverer 1.4.0.288) and Sequest (Thermo Fisher Scientific, San Jose, CA,
USA; version IseNode in Proteome Discoverer 1.4.0.288). A database was extracted from
Uniprot for homo sapiens using keywords and gene ontology for extracellular matrix
and collagen, dated 05052017 with 945 entries. This was appended with a contaminants
database and concatenated with the reverse database of both the ECM proteome and the
contaminants. Mascot and Sequest were set up to search assuming nonspecific enzymatic
digestion. Deamidation of asparagine and glutamine and oxidation of lysine, methionine
and proline were specified in Mascot and Sequest as variable modifications. Scaffold
(version Scaffold_4.11.1, Proteome Software Inc., Portland, OR, USA) was used to report
MS/MS-based peptide and protein identifications. Peptide identifications were accepted
if they could be established at greater than 97.5% probability by the Peptide Prophet al-
gorithm [47] Scaffold delta-mass correction. Protein identifications were accepted if they
could be established at greater than 99.0% probability and contained at least two identi-
fied peptides. Protein probabilities were assigned by the Protein Prophet algorithm [48].
Proteins that contained similar peptides and could not be differentiated based on MS/MS
analysis alone were grouped to satisfy the principles of parsimony. The false discovery rate
for protein identification was 0.47%.

2.7. Statistical Analysis

GraphPad version 9.0.2 was used for the Anderson–Darling normal distribution test,
the Spearman’s rank correlation coefficient (ρ) and receiver operating characteristic (ROC)
curve analysis. The p-values < 0.05 were used to evaluate correlation between data. A
ROUT analysis, a method based on the false discovery rate (FDR) with a maximum desired
FDR of 1%, was used to identify outliers among peak intensities from stained data. Two
peaks maximum were identified as outliers among 167 peaks from stained tissue data.
Relative percent differences between stained and nonstained tissue were calculated by
stained tissue peak intensity divided by nonstained tissue peak intensity. The Mann–
Whitney U test was used to calculate p-values using GraphPad with p-values of <0.05
reported as significant results.

3. Results
3.1. Overview

To test that immunohistochemistry staining for cell markers would not interfere with
detection of stromal peptides by IMS, a workflow was developed towards investigating
imaging mass spectral data of previously immunohistochemistry-stained breast tissue
(Figure 1). This approach allows an exact comparison of cell marker distribution compared
to extracellular matrix patterns of the same tissue section. Relative percent change of H&E,
nuclear stain, and antibody stains were compared to nonstained tissue to assess the method.
Initial tests were done using hepatocellular carcinoma stained for trichrome, SOD2, and
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glypican. The approach was further developed for breast cancer studies comparing imaging
mass spectra of peptide peaks between fibroblastic IHC stains (αSMA, FAP, P4HA3) and
a control nonstained tissue of breast tumor. Imaging was followed by chromatography
coupled to tandem mass spectrometry on the same tissue section to analyze peptides from
normal breast tissue based on PTEN staining histology score (H-score) [37]. The study is
concluded by evaluating a PTEN-stained tissue microarray of normal adjacent to tumor,
adjacent (adenosis) and malignant breast tumor (invasive ductal carcinoma).
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3.2. MALDI-IMS Following IHC Staining Allows Comparable Detection of ECM Peptides

To understand cell and extracellular matrix heterogeneity within the complex tissue
microenvironment, we integrated the IHC workflow with tissue proteomic approaches
(Figure 1). Previously, we demonstrated that targeting the stromal proteome on hema-
toxylin and eosin (H&E)-stained tissue by IMS produces nearly identical results when
compared to nonstained tissue (Figure S1a). For IHC staining of cell markers, there are
two main dyes used for detection: the chromophore label of the primary antibody and the
contrasting nuclear dye. Preliminary testing done on hepatocellular carcinoma showed
that only nuclear staining (no chromophore) compared to the nonstained tissue produced
similar results with peak intensities varying by <6% (Figure S1b). Combined nuclear and
chromophoric stains were tested on hepatocellular carcinoma (HCC) tissues using relevant
antibodies. Staining done in triplicate on HCC tissue using stains trichrome, SOD2, and
glypican independently demonstrated a <10% relative change when compared to a non-
stained control tissue (Figure S1c–e). These data suggested that targeted ECM IMS after
IHC was a promising approach towards understanding cell-specific ECM proteomes from
the same tissue.

3.3. Nonstained Breast Tissues Reveal Minimal Intrinsic Peak Intensity Variation between Serial
and Distant Sections

An overall goal was to develop the approach towards understanding stromal hetero-
geneity in breast cancer risk and progression, therefore further studies focused on breast
tissue. To understand the potential variation of peak intensity attributed to the hetero-
geneity among tissue serial sections, we first compared peak intensities of five nonstained
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breast tissue serial sections. All serial sections were simultaneously prepared for mass
spectra acquisition using the workflow as described [35]. The same peak list was used
for evaluation of reproducibility per consecutive tissue section (Table S1). Neighboring
(~5 µm in distance) and distant slides (~30 µm in distance) labeled A-D were compared to
each other to determine the relative percent change in peak intensity based on increasing
distance between two tissue sections (Figure 2a). The distribution of relative standard
deviations (RSD) from the relative peak intensities had a mean of 1.44 ± 0.79 (Figure 2b).
The overall relative percent change for each peak intensity between neighboring and distant
sections were determined (Figure S2) with the mean relative percent change from each pair-
wise serial section comparison varying by <5% (Figure 2c). Representative images of the
imaging mass spectra show similar stromal patterns across all tissue sections (Figure 2d).
Lastly, Spearman correlation analysis shows significant positive correlations between each
pairing section with high rho (rs) values (rs > 0.80, p-values < 0.0001) (Figure S3). Over-
all, MALDI-IMS analysis demonstrated limited variation of relative peak intensity and
high reproducibility of technical replicates between nonstained breast tissue serial and
distant sections.

After observing relatively low peak intensity variability based on histology stains
and breast serial sections, we performed IHC staining for breast tissue markers including
fibroblast-activated protein (FAP), alpha smooth muscle actin (αSMA, activation of fibrob-
lasts), prolyl 4-hydroxylase subunit alpha 3 (P4HA3, addition of hydroxylated proline to
collagen) and phosphatase and tensin homologue deleted on chromosome 10 (PTEN, tumor
suppressor protein) (Figure 3 and Figure S4a–c). Data from αSMA, P4HA3, and FAP stains
demonstrate that when comparing each stain to a control nonstained tissue the mean rela-
tive percent change was <8% for all stains (Figure 3a). Additionally, Spearman correlation
analysis demonstrates high correlation between stained and nonstained tissue with values
of rs ≥ 0.98 (Figure S5). PTEN staining followed by stromal-targeting IMS, as depicted
in the schematic workflow (Figure 1), resulted in peak intensity variation of <3.5% when
compared to nonstained control breast tissue (Figure 4a). Overall, histology-directed IMS
allows for targeted stromal analysis on the same tissue section with comparable stromal
peptide intensities as seen in nonstained tissue sections.

3.4. Proteomics Demonstrate Heterogeneous PTEN Expression on Tissue Regulate Extracellular
Matrix (ECM) Proteins

To understand the influence that PTEN staining patterns may have on normal breast
stroma, the developed workflow (Figure 1) was used to qualitatively analyze ECM peptide
regulation. In normal breast tissue, histology scores (H-scores) of PTEN staining were
used in order to analyze the relationship between low and high categorized PTEN staining
expression and ECM proteins. PTEN H-scores were previously calculated based on cell
staining intensity and number of cells stained as described [37]. Tissues were categorized
as high PTEN (H-scores 120.3–143.1) or low PTEN (H-scores 4.5–11.9) (Figure S6). A
representative peak (1406.7363 m/z) shows heterogeneous peak expression and distinct
distributions between low and high PTEN tissues (Figure 4a). Low PTEN tissue demon-
strated lower peak intensity patterns compared to high PTEN (p < 0.05) (Figure 4b). Of the
peaks that positively correlated, 21 out of 33 peaks were found to be significantly correlated
with PTEN H-scores (p < 0.05) (Figure 4c). An exception was one low PTEN tissue with an
H-score of 11.9 which showed peak expression patterns that more closely resembled the
high PTEN group patterns. This tissue was observed to show overall low PTEN but had
a small number of intensely staining PTEN regions. High and low PTEN tissues showed
relative distinct peptide peak expression treads when comparing the two groups with low
PTEN samples having downward trends (Figure 4d). To further identify the specific ECM
proteins and their associated post-translational modifications that may be regulated by
PTEN, high-resolution accurate mass (HRAM) LC-MS/MS proteomics was conducted for
high and low PTEN tissue profiles. Peptides from the same tissues were compared by accu-
rate mass back to the high mass accuracy imaging data. Peptides belonging to COL5A1,
COL1A1, COL14A1, COL16A1 and HSPG2 proteins showed downregulated peptide peak



Cancers 2021, 13, 4419 8 of 20

intensities in low PTEN compared to high PTEN tissue (Figure 4d, Table 1). Overall, PTEN
H-scores appear to be associated with distinct peptide peak intensity patterns with specific
peptides trending in the same direction as PTEN scores.
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Figure 2. Breast tissues reveal minimal peak intensity variability between serial sections. (a) Breast cancer tissue stained with
H&E with tumor region annotated. (b) Distribution of relative standard deviation of nonstained serial sections. (c) Percent
change between 5 µm nonstained serial sections (A, B, C, D, and E) for all peaks were identified. Peaks (n = 176 peaks)
compared were putative peptide peaks based on mass defect (0.3–0.9 Da) and comparison to peptide databases from
collagenase digestion. Almost all peptide data points were ≤10% peak intensity. All five breast sections were compared to
one another to obtain the average relative percent change in peak intensities: A/B (0.93 ± 1.79%), A/C (0.34 ± 2.11%), A/D
(1.45 ± 1.77%), A/E (1.85 ± 1.89%), B/C (−0.57 ± 2.49%), B/D (0.53 ± 1.72%), B/E (0.93 ± 2.12%), C/D (1.14 ± 2.25%), C/E
(1.54 ± 2.44%), D/E (0.41 ± 2.18%). (d) Imaging mass spectra of peaks: 847.4532, 919.4466, 1019.5178, 1211.6325, 1242.6099,
1399.6745 m/z. (Mann–Whitney U test, p-value < 0.05). Breast cancer tissue samples n = 5.
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Figure 3. Imaging experiments after IHC stained (FAP, P4HA3, and αSMA) breast tissues show peak intensities are
comparable with nonstained breast tissue. (a) Breast tissues were IHC stained with FAP, P4HA3, αSMA. Dashed line
represents the regions that were imaged using MALDI IMS. (b) Relative peak intensity (111 peaks) differences between
stained and nonstained tissue varied by −5% to +10%. (c) Mean relative percent change of stained compared to nonstained
breast tissue. FAP, 2.78 ± 2.18%; P4HA3, −0.57 ± 3.18%; αSMA, 3.42 ± 3.54. (d) Representative imaging mass spectra of
peaks from pre-stained and nonstained control tissue. Data are shown normalized to an internal standard. Step size was
150 × 150 µm by MALDI FT-ICR. (e) Tumor region annotated on an H&E stained breast tissue.
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Matrix (ECM) Proteins 
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stroma, the developed workflow (Figure 1) was used to qualitatively analyze ECM pep-
tide regulation. In normal breast tissue, histology scores (H-scores) of PTEN staining were 
used in order to analyze the relationship between low and high categorized PTEN stain-
ing expression and ECM proteins. PTEN H-scores were previously calculated based on 
cell staining intensity and number of cells stained as described [37]. Tissues were catego-
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Figure 4. ECM peptides positively correlated with PTEN H-scores have a downward trend in Low PTEN tissues. (a) PTEN
breast tissue staining showed comparable peak intensity (111 peaks) variance with nonstained breast tissue. Mean and
interquartile range was determined for PTEN stained/nonstained breast tissues (−1.35 ± 1.30%). (b) Representative image
of normal breast tissues scored by PTEN staining categorized as low and high PTEN from H-scores. (c) Heat map shows
correlation of peaks (m/z) based on high and low PTEN categories. Peaks that were significantly correlated with PTEN
H-score are annotated (*). (d) Putatively identified peptides that positively correlated with PTEN H-scores have lower peak
intensities in low PTEN tissues relative to high PTEN tissues. (Mann–Whitney U test, p-value < 0.05). Low PTEN n = 3
biological replicates; high PTEN n = 4 biological replicates.
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Table 1. ECM peptides with corresponding m/z, sequence, amino acid (AA) positon and Spearman r value. In parentheses is the probability of the post translational modification on the
corresponding amino acid residue. (PX = hydroxylation of proline). The p-value for Spearman’s correlation was ≤0.005. * Putative identification. Sequences with hydroxyproline site
probabilities in parenthesis a, Proline site modification b, and Peptide score (−log probability) c.

Gene Name Sequence a Modified b AA Position Peptide Score c Theoretical M + H Observed m/z PPM H-Score Correlation

COL5A1 GPx(0.015)Px(0.985)GEVIQPLPIQASR 1568; 1569 1567–1582 321.03 1674.9173 1674.9173 0.03 0.92
*HSPG2 LVASQPALQGPERR No 1444–1457 104.41 1521.8496 1521.8200 *19.5 0.87
COL1A1 FLPQPPQEKAHD No 1200–1211 80.98 1406.7063 1406.7063 0 0.83
COL1A1 GGPx(1)GSRGFPx(1)GADGVAGPK 490; 496 488–505 62.20 1615.7823 1615.7823 0 0.73

COL14A1 VKWDISDSDVQQ No 753–764 95.57 1419.6750 1419.6750 0.04 0.73
COL5A1 GPx(0.5)Px(0.5)GTMLMLPFRFGGGGDA 515; 516 514–532 75.09 1925.8884 1925.8899 −0.76 0.73

COL16A1 MQFPx(1)MEMAAAPx(0.436)GRPx(0.564) 1465; 1472; 1475 1462–1475 75.29 1597.6807 1597.6807 0.03 0.71
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Overall, the HRAM proteomic analysis revealed 66 putatively identified proteins from
breast tissue that were classified as collagen (53%), ECM (30%), secreted (6%), membrane
(6%), nuclear (3%) and cytoskeletal (2%) proteins (Figure 5a). The proteins were ranked
based on intensity (Ln) and then the top 20 proteins from each category (high PTEN
and low PTEN) were determined and displayed based on relative abundance (Figure 5b).
Log fold change of relative protein abundance was calculated and graphed based on pro-
tein classification: fibril-forming collagens, fibril-associated collagens with interrupted
triple helices (FACIT) collagens, network-associated collagens and noncollagen proteins
(Figure 5c). A negative fold change represents protein upregulation in low PTEN while
a positive fold change represents protein upregulation in high PTEN. Of the total 66 pro-
teins, 10 were found to be differentially regulated based on PTEN expression (Figure 5c).
Proteins COL1A1, COL11A1, COL4A4, COL19A1, DCHS1 and LRP8 were significantly
upregulated in low PTEN tissue profiles (p < 0.05) (Figure 5c). Proteins COL6A3, COL6A1,
COL12A1 and TGFB1 were significantly upregulated in high PTEN tissue profiles (p < 0.05)
(Figure 5c). To conclude, HRAM proteomics suggested that certain ECM proteins, and in
particular specific collagen types, may be differentially regulated based on PTEN expression
patterns in normal breast tissue.

3.5. PTEN Stained Breast Cancer Tissue Microarrays Reveal Distinct Peptide Peak Expression
Patterns Based on Staining and Tumor Region

Application of the histology-directed IMS was done on human breast TMA cores
characterized as normal adjacent to the tumor (NAT), adenosis adjacent to tumor (AT) and
malignant tumor (Tumor) (Figure 6a). Autostained PTEN demonstrated heterogeneous
tissue patterns among tumor, AT and NAT cores (Figures 6b and S7). IMS analysis revealed
specific peaks that significantly differed based on TMA core type (Figure 6c). Peaks were
assigned putative identifications based on the described proteomics done on normal breast
with high/low PTEN patterns. Collagen peptides demonstrated differential peak intensities
between the three groups with tumor cores consistently having significantly lower peak
intensities compared to AT cores and most of NAT cores (Figure 6c). Comparison of PTEN
staining from NAT cores demonstrated significant positive correlation with only one peak,
while tumor cores positively correlated to eight peaks (Figure S8a,c). PTEN staining area
of AT cores showed significant negative correlation with four peptide peaks (Figure S8b).
Lastly, receiver operating characteristic (ROC) curve analysis revealed significant area
under the curve (AUC) values (AUC ≥ 0.70, p < 0.05) for unique peaks (Table 2 and
Figure S9). Overall, histology-directed IMS analysis of PTEN stained TMA cores further
suggests differential collagen peptide regulation that may be influenced by PTEN and
tumor regions in breast tissue.
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Figure 5. Identified proteins from LC/MS proteomic analysis demonstrate PTEN regulated expression patterns of ECM
proteins in breast tissue. (a) Sixty-six proteins identified and ranked based on relative intensity. The proteins identified were
collagens (53%), ECM (30%), secreted (6%), nuclear (3%), membrane (6%) and cytoskeleton proteins (2%). (b) Proteins ranked
by peak intensity based on PTEN expression (high and low PTEN). Top 20 ranked proteins expressed were identified and
relatively compared. (c) Negative ∆Log2 represent protein upregulation in low PTEN and positive ∆Log2 represent protein
upregulation in high PTEN. Proteins that were statistically significantly regulated (two-tailed student t-test p-value < 0.05)
are annotated (*) such as COL19A1, COL12A1, COL1A1, COL11A1, COL4A4, COL6A3, COL6A1, LRP8, DCHS1 and TGFB1.
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Figure 6. PTEN-stained human breast TMA datasets demonstrate unique peptide peak intensity patterns based on distinct
tumor regions. (a) Outline of breast tumor microarrays (TMAs). (b) Representative images of PTEN (1:200) stained breast
TMA cores. (c) Illustration of estimated location of putatively identified peptide sequence on collagen chain using a normal
breast tissue proteomic database. LN transformed peak intensity data are demonstrated via scatter plots. Two-tailed
student t-test (p-value < 0.05) was used to compare mean intensity of specific peptide peaks. HYP = hydroxylated proline.
(Mann–Whitney U test, p-value < 0.05). Breast TMAs include 134 cases and 144 cores.

Table 2. Comparison of breast cancer TMAs from malignant tumor, normal adjacent to the tumor
(NAT), and adjacent to the tumor (AT) using area under the receiver operating curve (AUC) ≥0.70.
(p-value < 0.0001 indicated by *).

Peak m/z NAT vs. Tumor AT vs. Tumor NAT vs. AT

941.4615 0.90 * 0.88 * 0.52
954.5003 0.54 0.78 * 0.74 *
1082.632 0.87 * 0.84 * 0.56

1360.6604 0.90 * 0.86 * 0.51
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4. Discussion

Understanding the heterogeneity of the tumor microenvironment is essential towards
more targeted cancer therapeutics and better prognostic tools. Previous studies have
focused on hallmarks of cancer such as the ability of cancer cells to sustain proliferative
signaling, evade growth suppressors and activate invasion and metastasis [49,50]; however,
the tumor-associated stroma has also been shown to have critical implications in tumorige-
nesis, invasion, and metastasis [5,51–53]. The current study shows the feasibility of linking
the identification of cellular heterogeneity based on IHC staining patterns and to their
associated ECM regulation within a tumor microenvironment.

Within the breast cancer stroma, the connective tissue components are all involved in
orchestrated interactions important for regulation of cell survival, proliferation and cell
death. In cancers such as breast carcinomas, cancer-associated fibroblasts (CAFs) are the
most prominent stromal cell type [54]; CAFs have been shown to significantly deposit
and regulate stromal components such as collagen proteins, which have the potential to
promote tumor progression and therapeutic resistance [52,55,56]. However, less is known
about the influence that specific fibroblasts have on altering the dysregulated stroma
composition and signaling seen in cancer. However, a significant challenge is studying the
stromal components of the complex tumor microenvironment that may be influenced by
cellular components with unique staining patterns.

To connect imaging strategies with cell specific signaling, we adapted an approach
that integrates immunohistochemistry with mass spectrometry studies on the same tissue
section for better understanding of fibroblast specific control of the ECM. Matrix-assisted
laser desorption/ionization imaging mass spectrometry (MALDI IMS) can be utilized to
generate both spatial and quantitative analysis of the vast variety of ECM proteins found
on tissue [34–36,45,46]. In addition to obtaining map localization of proteins with respect to
specific cells and the tumor, this imaging modality can also report putatively identified post-
translational modifications of these proteins [35,36,43,45–47]. The developed workflow
used in this study was aimed to investigate proteomic acquired stromal analysis of formerly
immunohistochemistry stained breast and hepatocellular carcinoma tissue with markers
FAP, αSMA, P4HA3 and PTEN.

In a proof-of-concept experiment, we tested the aforementioned approach of integrat-
ing IHC and imaging using PTEN-stained tissues from normal breast. PTEN is a negative
regulator of the phosphoinositide 3-kinase (PI3K) pathway and downregulation of PTEN
is a common feature of activated tumor-associated stroma [15,18,20]. PTEN depletion
has been found to promote collagen alignment and remodeling of collagen at the tumor
edge [15,18]. The ECM in the tumor stroma constantly undergoes structural changes char-
acterized by collagen degrading, redepositing, cross-linking and stiffening during cancer
invasion [3,13,14,57–60]. More specifically, collagens types I, II, VI, and XI, have been
associated with poor prognosis and tumorigenesis in different cancers [58]. The specific
collagen subtypes and their protein regulation are highly dependent on the tissue type,
fibroblast subtype and the ECM microenvironment. Thus, observing differential collagens
associated with high PTEN (tumor-suppressing) or low PTEN (tumor-promoting) suggests
that fibroblast subtypes designated by PTEN status express unique collagen proteomes.
Currently, classification of “tumor-promoting” and “tumor-suppressing” collagen subtypes
is an area that demands more research. Here, we show that ECM proteins including colla-
gen subtypes (fibril-forming, network-associated and FACIT) and other ECM proteins are
differentially expressed in breast tissue based on high and low PTEN expression patterns.

To further investigate PTEN staining expression patterns and their relation to stromal
proteins, PTEN H-scores were used to evaluate peptide peak intensity expression. Based
on our findings, there is differential peptide peak intensities based on PTEN suggesting a
potential role for PTEN in regulating stromal proteins. While we classified PTEN stained
breast tissue as “low” or “high”, it is important to note that these binary terms represent
the averaged stained score for the whole tissue, which may limit information regarding
localized “hot spots” of higher PTEN intensity expression in specific areas. For example, a
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breast tissue sample with a PTEN H-score of 11.9 categorized as low PTEN demonstrated
highly localized similar peak intensities as those categorized as high PTEN, suggesting
diverse PTEN staining expression patterns on the tissue. Lastly, human breast TMAs
were used to study the relationship between PTEN expression patterns and peptide peak
intensities based on different tumor regions (NAT, AT and tumor). Our findings illustrate
distinctive PTEN staining patterns based on tumor region, emphasizing the heterogeneity
seen within the tumor microenvironment. Additionally, PTEN staining area was shown to
significantly correlate with unique collagen peptide peaks suggesting differential collagen
peptide regulation may be influenced by PTEN as well as tumor region. This gives rise
to future considerations for PTEN stromal analysis such as focusing on evaluating tissues
based on sections to account for PTEN intensity variability per area of tissue.

With breast cancer tissue being highly diverse, techniques with the potential to cap-
ture the impact of complex stroma, especially the regulation of the extracellular matrix,
are critical for understanding the stroma’s roles in breast cancer risk and progression.
Different staining techniques such as H&E and immunohistochemistry (IHC) have been
advantageous for characterizing breast histology and histopathology; meanwhile, mass
spectrometry represents a useful translational tool for proteomic analysis. In the current
study, we report the combination of chromophoric immunohistochemistry to define cell
types and their ECM niches. Additional methods may be easily adapted to this workflow.
For instance, in histology-directed MALDI mass spectrometry, a tissue section is stained
with H&E and then annotated for specific cells of interest [37]. On a serial section, the laser
is then guided to target the specific cell types using the annotations from the serial stained
section and pixel coordinates for accuracy. Here, the identical IHC stained section could be
used for targeting not only specific cell types, but their surrounding niche. Combinations
of multiplexed IHC with targeted proteomic access could greatly expand our knowledge of
cell subtypes in cancer [61]. Current quantitative approaches in imaging mass spectrometry
include on-tissue spotting of standards, internal standards and the mimetic models [62–66].
An additional advancement to this method could be made by utilizing synthesized peptide
standards of the ECM components to obtain quantitative information. Overall, integrating
immunohistochemistry of cell markers with imaging mass spectrometry is a growing, yet
challenging, field that can greatly expand on proteomic studies in relation to cancer risk
and progression.

5. Conclusions

In conclusion, our study demonstrates that acquisition of ECM data by targeted
imaging mass spectrometry after IHC staining results in comparable changes in peak
detection relative to replicate analysis of nonstained controls. Our developed method
can generate qualitative and relatively quantitative proteomics analysis of ECM peptides
that may be potentially regulated by stromal markers such as PTEN. The approach will
also be useful in understanding other cell types such as immune cells and their ECM
program within the tumor microenvironment. Overall, this study increases the clinical
significance of ECM stromal proteins found within the tissue microenvironment. The
combined data will be useful towards understanding patient specific responses to therapies
and for prognostic or diagnostic stratification.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13174419/s1, Figure S1. Stained hepatocellular carcinoma sections with H&E,
nuclear stain, trichrome, SOD2 and glypican demonstrate relatively low peak intensity variability
compared to nonstained tissue, Figure S2. Scatter plots of serial breast sections show low variation in
peak intensity in consecutive tissue sections of unstained breast tissue, Figure S3. Serial unstained
breast sections demonstrate reproducibility of technical replicates using consecutive tissue sections,
Figure S4. αSMA-, FAP- and P4HA3-stained breast cancer tissues, Figure S5. IHC-stained breast
sections with αSMA, FAP, and P4HA3 demonstrate high correlation with unstained tissue, Figure S6.
Normal breast tissues were stained with PTEN and scored, Figure S7. PTEN-stained human breast
TMAs, Figure S8. PTEN-stained human breast TMA datasets demonstrate significant correlation
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between PTEN staining area and peak intensity, Figure S9. ROC analysis of PTEN-stained human
breast TMA datasets, Table S1. List of peaks used for evaluation of reproducibility per consecutive
tissue section.

Author Contributions: Conceptualization, D.R. and P.M.A.; methodology, D.R., J.E.S., S.P., P.M.A.;
software, D.R., J.E.S., P.M.A.; validation, D.R. and P.M.A.; formal analysis, D.R., J.E.S., P.M.A.;
investigation, D.R., J.E.S., M.C.O., P.M.A.; resources, J.L., L.S., J.R.B., L.E.B., A.S.M., R.R.D., P.M.A.;
data curation, D.R., J.E.S., P.M.A.; writing—original draft preparation, D.R. and P.M.A.; writing—
review and editing, M.C.O., P.M.A.; visualization, D.R. and P.M.A.; supervision, P.M.A.; project
administration, P.M.A.; funding acquisition, D.R., R.R.D., P.M.A. All authors have read and agreed to
the published version of the manuscript.

Funding: P.M.A. appreciates support by NIH/NCI R21 CA240148, R01 CA253460 and in part by pilot
research funding from the Hollings Cancer Center Support Grant from NIH/NCI P30 CA138313 at the
Medical University of South Carolina. D.R. is grateful for support from NIH/NIGMS R25GM072643.
Additional support to R.R.D. provided by the South Carolina Centers of Economic Excellence
SmartState program. The MUSC Imaging Mass Spectrometry Research Resource is supported in part
by the NIH/NIDDK Digestive Disease Research Core Center P30DK123704 and is a division of the
Mass Spectrometry Facility is supported by the University and P20GM103542 (NIH/NIGMS).

Institutional Review Board Statement: Ethical review and approval were waived for this study.
This project meets the Not Human Research criteria set forth by the Code of Federal Regulations
(45CFR46) of: a. The Specimens and/or private information/data were not collected specifically for
the currently proposed research project through an interaction/intervention with living individuals
AND b. The investigator(s) including collaborators on the proposed research cannot readily ascertain
the identity of the individual(s) to whom the coded private information of specimens pertains.
Therefore, this project has been deemed not to be human research and is not subject to oversight by
the Medical University of South Carolina IRB.

Informed Consent Statement: Not applicable for studies not involving humans.

Data Availability Statement: Data are contained within the article or supplementary material. The
mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org, publicly accessible: 31 August 2022) via the PRIDE
partner repository [67] with the dataset identifier PXD028107.

Acknowledgments: Research reported in this publication was supported in part by the Cancer Tissue
and Pathology shared resource of Winship Cancer Institute of Emory University and NIH/NCI under
award number P30CA138292. The authors appreciate review by C.R. Edge.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. American Cancer Society, Inc. Available online: https://www.cancer.org/cancer/breast-cancer/understanding-a-breast-cancer-

diagnosis/breast-cancer-survival-rates.html (accessed on 21 January 2021).
2. DeSantis, C.E.; Ma, J.; Gaudet, M.M.; Newman, L.A.; Miller, K.D.; Sauer, A.G.; Jemal, A.; Siegel, R.L. Breast cancer statistics, 2019.

CA Cancer J. Clin. 2019, 69, 438–451. [CrossRef] [PubMed]
3. Fang, M.; Yuan, J.; Peng, C.; Li, Y. Collagen as a double-edged sword in tumor progression. Tumor Biol. 2014, 35, 2871–2882.

[CrossRef]
4. Pein, M.; Oskarsson, T. Microenvironment in metastasis: Roadblocks and supportive niches. Am. J. Physiol.-Cell Physiol. 2015, 309,

C627–C638. [CrossRef]
5. Conklin, M.W.; Keely, P.J. Why the stroma matters in breast cancer: Insights into breast cancer patient outcomes through the

examination of stromal biomarkers. Cell Adhes. Migr. 2012, 6, 249–260. [CrossRef] [PubMed]
6. Littlepage, L.E.; Egeblad, M.; Werb, Z. Coevolution of cancer and stromal cellular responses. Cancer Cell 2005, 7, 499–500.

[CrossRef]
7. Insua-Rodríguez, J.; Oskarsson, T. The extracellular matrix in breast cancer. Adv. Drug Deliv. Rev. 2016, 97, 41–55. [CrossRef]
8. Connolly, J.L.; Schnitt, S.J.; Wang, H.H.; Longtine, J.A.; Dvorak, A.; Dvorak, H.F. Tumor Structure and Tumor Stroma Generation.

In Holland-Frei Cancer Medicine, 6th ed.; Kufe, D.W., Pollock, R.E., Weichselbaum, R.R., Bast, R.C., Jr., Gansler, T.S., Holland, J.F.,
Frei, E., III, Eds.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2003.

9. Mueller, M.M.; Fusenig, N.E. Friends or foes—Bipolar effects of the tumour stroma in cancer. Nat. Rev. Cancer 2004, 4, 839–849.
[CrossRef] [PubMed]

http://proteomecentral.proteomexchange.org
https://www.cancer.org/cancer/breast-cancer/understanding-a-breast-cancer-diagnosis/breast-cancer-survival-rates.html
https://www.cancer.org/cancer/breast-cancer/understanding-a-breast-cancer-diagnosis/breast-cancer-survival-rates.html
http://doi.org/10.3322/caac.21583
http://www.ncbi.nlm.nih.gov/pubmed/31577379
http://doi.org/10.1007/s13277-013-1511-7
http://doi.org/10.1152/ajpcell.00145.2015
http://doi.org/10.4161/cam.20567
http://www.ncbi.nlm.nih.gov/pubmed/22568982
http://doi.org/10.1016/j.ccr.2005.05.019
http://doi.org/10.1016/j.addr.2015.12.017
http://doi.org/10.1038/nrc1477
http://www.ncbi.nlm.nih.gov/pubmed/15516957


Cancers 2021, 13, 4419 18 of 20

10. Frantz, C.; Stewart, K.M.; Weaver, V.M. The extracellular matrix at a glance. J. Cell Sci. 2010, 123, 4195–4200. [CrossRef] [PubMed]
11. Nazari, S.S.; Mukherjee, P. An overview of mammographic density and its association with breast cancer. Breast Cancer 2018, 25,

259–267. [CrossRef]
12. Boyd, N.F.; Martin, L.J.; Yaffe, M.J.; Minkin, S. Mammographic density and breast cancer risk: Current understanding and future

prospects. Breast Cancer Res. BCR 2011, 13, 223. [CrossRef] [PubMed]
13. Conklin, M.W.; Eickhoff, J.C.; Riching, K.M.; Pehlke, C.A.; Eliceiri, K.W.; Provenzano, P.P.; Friedl, A.; Keely, P.J. Aligned collagen

is a prognostic signature for survival in human breast carcinoma. Am. J. Pathol. 2011, 178, 1221–1232. [CrossRef] [PubMed]
14. Xu, S.; Xu, H.; Wang, W.; Li, S.; Li, H.; Li, T.; Zhang, W.; Yu, X.; Liu, L. The role of collagen in cancer: From bench to bedside. J.

Transl. Med. 2019, 17, 1–22. [CrossRef]
15. Jones, C.E.; Hammer, A.M.; Cho, Y.; Sizemore, G.M.; Cukierman, E.; Yee, L.D.; Ghadiali, S.N.; Ostrowski, M.C.; Leight, J.L.

Stromal PTEN Regulates Extracellular Matrix Organization in the Mammary Gland. Neoplasia 2019, 21, 132–145. [CrossRef]
16. Kadler, K.E.; Baldock, C.; Bella, J.; Boot-Handford, R.P. Collagens at a glance. J. Cell Sci. 2007, 120, 1955–1958. [CrossRef]
17. Hompland, T.; Erikson, A.; Lindgren, M.; Lindmo, T.; de Lange Davies, C. Second-harmonic generation in collagen as a potential

cancer diagnostic parameter. J. Biomed. Opt. 2008, 13, 054050. [CrossRef]
18. Trimboli, A.J.; Cantemir-Stone, C.Z.; Li, F.; Wallace, J.A.; Merchant, A.; Creasap, N.; Thompson, J.C.; Caserta, E.; Wang, H.; Chong,

J.-L.; et al. Pten in stromal fibroblasts suppresses mammary epithelial tumours. Nature 2009, 461, 1084–1091. [CrossRef] [PubMed]
19. Hopkins, B.D.; Fine, B.; Steinbach, N.; Dendy, M.; Rapp, Z.; Shaw, J.; Pappas, K.; Yu, J.S.; Hodakoski, C.; Mense, S.; et al. A

secreted PTEN phosphatase that enters cells to alter signaling and survival. Science 2013, 341, 399–402. [CrossRef]
20. Leslie, N.R.; Downes, C.P. PTEN function: How normal cells control it and tumour cells lose it. Biochem. J. 2004, 382, 1–11.

[CrossRef] [PubMed]
21. Papa, A.; Pandolfi, P.P. The PTEN–PI3K Axis in Cancer. Biomolecules 2019, 9, 153. [CrossRef] [PubMed]
22. Noorolyai, S.; Shajari, N.; Baghbani, E.; Sadreddini, S.; Baradaran, B. The relation between PI3K/AKT signalling pathway and

cancer. Gene 2019, 698, 120–128. [CrossRef]
23. Xiong, G.; Stewart, R.L.; Chen, J.; Gao, T.; Scott, T.L.; Samayoa, L.M.; O’Connor, K.; Lane, A.N.; Xu, R. Collagen prolyl

4-hydroxylase 1 is essential for HIF-1α stabilization and TNBC chemoresistance. Nat. Commun. 2018, 9, 4456. [CrossRef]
24. Kim, M. Cooperative interactions of PTEN deficiency and RAS activation in melanoma metastasis. Small GTPases 2010, 1, 161–164.

[CrossRef] [PubMed]
25. Carnero, A.; Paramio, J.M. The PTEN/PI3K/AKT Pathway in vivo, Cancer Mouse Models. Front. Oncol. 2014, 4, 252. [CrossRef]
26. Fresno Vara, J.A.; Casado, E.; de Castro, J.; Cejas, P.; Belda-Iniesta, C.; González-Barón, M. PI3K/Akt signalling pathway and

cancer. Cancer Treat. Rev. 2004, 30, 193–204. [CrossRef]
27. Vasudevan, K.M.; Burikhanov, R.; Goswami, A.; Rangnekar, V.M. Suppression of PTEN expression is essential for antiapoptosis

and cellular transformation by oncogenic Ras. Cancer Res. 2007, 67, 10343–10350. [CrossRef]
28. Depowski, P.L.; Rosenthal, S.I.; Ross, J.S. Loss of expression of the PTEN gene protein product is associated with poor outcome in

breast cancer. Mod. Pathol. 2001, 14, 672–676. [CrossRef] [PubMed]
29. McMenamin, M.E.; Soung, P.; Perera, S.; Kaplan, I.; Loda, M.; Sellers, W.R. Loss of PTEN expression in paraffin-embedded

primary prostate cancer correlates with high Gleason score and advanced stage. Cancer Res. 1999, 59, 4291–4296. [PubMed]
30. Mutter, G.L.; Lin, M.C.; Fitzgerald, J.T.; Kum, J.B.; Baak, J.P.A.; Lees, J.A.; Weng, L.-P.; Eng, C. Altered PTEN expression as a

diagnostic marker for the earliest endometrial precancers. J. Natl. Cancer Inst. 2000, 92, 924–930. [CrossRef] [PubMed]
31. Soria, J.-C.; Lee, H.-Y.; Lee, J.I.; Wang, L.; Issa, J.-P.; Kemp, B.L.; Liu, D.D.; Kurie, J.M.; Mao, L.; Khuri, F.R. Lack of PTEN expression

in non-small cell lung cancer could be related to promoter methylation. Clin. Cancer Res. 2002, 8, 1178–1184. [PubMed]
32. Thies, K.A.; Lefler, J.E.; Leone, G.; Ostrowski, M.C. PTEN in the stroma. Cold Spring Harb. Perspect. Med. 2019, 9, a036111.

[CrossRef]
33. Wu, Y.; Sarkissyan, M.; Elshimali, Y.; Vadgama, J.V. Triple negative breast tumors in African-American and Hispanic/Latina

women are high in CD44+, low in CD24+, and have loss of PTEN. PLoS ONE 2013, 8, e78259. [CrossRef]
34. Angel, P.M.; Schwamborn, K.; Comte-Walters, S.; Clift, C.; Ball, L.E.; Mehta, A.S.; Drake, R.R. Extracellular Matrix Imaging of

Breast Tissue Pathologies by MALDI Imaging Mass Spectrometry. Proteom. Clin. Appl. 2019, 13, e1700152. [CrossRef]
35. Angel, P.M.; Comte-Walters, S.; Ball, L.E.; Talbot, K.; Mehta, A.; Brockbank, K.G.M.; Drake, R.R. Mapping Extracellular Matrix

Proteins in Formalin-Fixed, Paraffin-Embedded Tissues by MALDI Imaging Mass Spectrometry. J. Proteome Res. 2018, 17, 635–646.
[CrossRef]

36. Angel, P.M.; Spruill, L.; Jefferson, M.; Bethard, J.R.; Ball, L.E.; Hughes-Halbert, C.; Drake, R.R. Zonal regulation of collagen-type
proteins and posttranslational modifications in prostatic benign and cancer tissues by imaging mass spectrometry. Prostate 2020,
80, 1071–1086. [CrossRef] [PubMed]

37. Cornett, D.S.; Mobley, J.A.; Dias, E.C.; Andersson, M.; Arteaga, C.L.; Sanders, M.E.; Caprioli, R.M. A novel histology-directed
strategy for MALDI-MS tissue profiling that improves throughput and cellular specificity in human breast cancer. Mol. Cell
Proteom. 2006, 5, 1975–1983. [CrossRef]

http://doi.org/10.1242/jcs.023820
http://www.ncbi.nlm.nih.gov/pubmed/21123617
http://doi.org/10.1007/s12282-018-0857-5
http://doi.org/10.1186/bcr2942
http://www.ncbi.nlm.nih.gov/pubmed/22114898
http://doi.org/10.1016/j.ajpath.2010.11.076
http://www.ncbi.nlm.nih.gov/pubmed/21356373
http://doi.org/10.1186/s12967-019-2058-1
http://doi.org/10.1016/j.neo.2018.10.010
http://doi.org/10.1242/jcs.03453
http://doi.org/10.1117/1.2983664
http://doi.org/10.1038/nature08486
http://www.ncbi.nlm.nih.gov/pubmed/19847259
http://doi.org/10.1126/science.1234907
http://doi.org/10.1042/BJ20040825
http://www.ncbi.nlm.nih.gov/pubmed/15193142
http://doi.org/10.3390/biom9040153
http://www.ncbi.nlm.nih.gov/pubmed/30999672
http://doi.org/10.1016/j.gene.2019.02.076
http://doi.org/10.1038/s41467-018-06893-9
http://doi.org/10.4161/sgtp.1.3.14344
http://www.ncbi.nlm.nih.gov/pubmed/21686270
http://doi.org/10.3389/fonc.2014.00252
http://doi.org/10.1016/j.ctrv.2003.07.007
http://doi.org/10.1158/0008-5472.CAN-07-1827
http://doi.org/10.1038/modpathol.3880371
http://www.ncbi.nlm.nih.gov/pubmed/11454999
http://www.ncbi.nlm.nih.gov/pubmed/10485474
http://doi.org/10.1093/jnci/92.11.924
http://www.ncbi.nlm.nih.gov/pubmed/10841828
http://www.ncbi.nlm.nih.gov/pubmed/12006535
http://doi.org/10.1101/cshperspect.a036111
http://doi.org/10.1371/journal.pone.0078259
http://doi.org/10.1002/prca.201700152
http://doi.org/10.1021/acs.jproteome.7b00713
http://doi.org/10.1002/pros.24031
http://www.ncbi.nlm.nih.gov/pubmed/32687633
http://doi.org/10.1074/mcp.M600119-MCP200


Cancers 2021, 13, 4419 19 of 20

38. Sizemore, G.M.; Balakrishnan, S.; Thies, K.A.; Hammer, A.M.; Sizemore, S.T.; Trimboli, A.J.; Cuitiño, M.C.; Steck, S.A.; Tozbikian,
G.; Kladney, R.D.; et al. Stromal PTEN determines mammary epithelial response to radiotherapy. Nat. Commun. 2018, 9, 2783.
[CrossRef]

39. Uhlén, M.; Fagerberg, L.; Hallström, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, Å.; Kampf, C.; Sjöstedt, E.;
Asplund, A.; et al. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef] [PubMed]

40. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef] [PubMed]

41. Landini, G.; Martinelli, G.; Piccinini, F. Colour deconvolution: Stain unmixing in histological imaging. Bioinformatics 2020, 37,
1485–1487. [CrossRef] [PubMed]

42. Ruifrok, A.C.; Johnston, D.A. Quantification of histochemical staining by color deconvolution. Anal. Quant. Cytol. Histol. 2001, 23,
291–299.

43. Clift, C.L.; Su, Y.R.; Bichell, D.; Smith, H.C.J.; Bethard, J.R.; Norris-Caneda, K.; Comte-Walters, S.; Ball, L.E.; Hollingsworth, M.A.;
Mehta, A.S.; et al. Collagen fiber regulation in human pediatric aortic valve development and disease. Sci. Rep. 2021, 11, 9751.
[CrossRef] [PubMed]

44. Angel, P.M.; Bruner, E.; Bethard, J.; Clift, C.L.; Ball, L.; Drake, R.R.; Feghali-Bostwick, C. Extracellular matrix alterations in
low-grade lung adenocarcinoma compared with normal lung tissue by imaging mass spectrometry. J. Mass Spectrom. JMS 2020,
55, e4450. [CrossRef]

45. Clift, C.L.; Drake, R.R.; Mehta, A.; Angel, P.M. Multiplexed imaging mass spectrometry of the extracellular matrix using serial
enzyme digests from formalin-fixed paraffin-embedded tissue sections. Anal. Bioanal. Chem. 2021, 413, 2709–2719. [CrossRef]
[PubMed]

46. Angel, P.M.; Mehta, A.; Norris-Caneda, K.; Drake, R.R. MALDI Imaging Mass Spectrometry of N-glycans and Tryptic Peptides
from the Same Formalin-Fixed, Paraffin-Embedded Tissue Section. Methods Mol. Biol. 2018, 1788, 225–241. [CrossRef]

47. Keller, A.; Nesvizhskii, A.I.; Kolker, E.; Aebersold, R. Empirical statistical model to estimate the accuracy of peptide identifications
made by MS/MS and database search. Anal. Chem. 2002, 74, 5383–5392. [CrossRef] [PubMed]

48. Nesvizhskii, A.I.; Keller, A.; Kolker, E.; Aebersold, R. A statistical model for identifying proteins by tandem mass spectrometry.
Anal. Chem. 2003, 75, 4646–4658. [CrossRef]

49. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
50. Hanahan, D.; Coussens, L.M. Accessories to the Crime: Functions of Cells Recruited to the Tumor Microenvironment. Cancer Cell

2012, 21, 309–322. [CrossRef] [PubMed]
51. Pietras, K.; Ostman, A. Hallmarks of cancer: Interactions with the tumor stroma. Exp. Cell Res. 2010, 316, 1324–1331. [CrossRef]
52. Yamauchi, M.; Barker, T.H.; Gibbons, D.L.; Kurie, J.M. The fibrotic tumor stroma. J. Clin. Investig. 2018, 128, 16–25. [CrossRef]
53. Acerbi, I.; Cassereau, L.; Dean, I.; Shi, Q.; Au, A.; Park, C.; Chen, Y.Y.; Liphardt, J.; Hwang, E.S.; Weaver, V.M. Human breast

cancer invasion and aggression correlates with ECM stiffening and immune cell infiltration. Integr. Biol. 2015, 7, 1120–1134.
[CrossRef]

54. Dykes, S.S.; Hughes, V.S.; Wiggins, J.M.; Fasanya, H.O.; Tanaka, M.; Siemann, D. Stromal cells in breast cancer as a potential
therapeutic target. Oncotarget 2018, 9, 23761–23779. [CrossRef]

55. Turley, S.J.; Cremasco, V.; Astarita, J.L. Immunological hallmarks of stromal cells in the tumour microenvironment. Nature
reviews. Immunology 2015, 15, 669–682. [CrossRef] [PubMed]

56. Monteran, L.; Erez, N. The Dark Side of Fibroblasts: Cancer-Associated Fibroblasts as Mediators of Immunosuppression in the
Tumor Microenvironment. Front. Immunol. 2019, 10, 1835. [CrossRef] [PubMed]

57. Karsdal, M.A.; Nielsen, M.J.; Sand, J.M.; Henriksen, K.; Genovese, F.; Bay-Jensen, A.-C.; Smith, V.; Adamkewicz, J.I.; Christiansen,
C.; Leeming, D.J. Extracellular matrix remodeling: The common denominator in connective tissue diseases. Possibilities for
evaluation and current understanding of the matrix as more than a passive architecture, but a key player in tissue failure. Assay
Drug Dev. Technol. 2013, 11, 70–92. [CrossRef] [PubMed]

58. Willumsen, N.; Nissen, N.I.; Karsdal, M.A. Chapter 34—The roles of collagens in cancer. In Biochemistry of Collagens, Laminins and
Elastin Structure: Function and Biomarkers, 2nd ed.; Academic Press: Cambridge, MA, USA, 2019; pp. 341–352. [CrossRef]

59. Bihlet, A.R.; Karsdal, M.A.; Andersen, J.R.; Bager, C.L. Chapter 35—Use of extracellular matrix biomarkers in clinical research. In
Biochemistry of Collagens, Laminins and Elastin Structure: Function and Biomarkers, 2nd ed.; Academic Press: Cambridge, MA, USA,
2019; pp. 353–362. [CrossRef]

60. Nissen, N.I.; Karsdal, M.; Willumsen, N. Collagens and Cancer associated fibroblasts in the reactive stroma and its relation to
Cancer biology. J. Exp. Clin. Cancer Res. 2019, 38, 115. [CrossRef]

61. Yagnik, G.; Liu, Z.; Rothschild, K.J.; Lim, M.J. Highly Multiplexed Immunohistochemical MALDI-MS Imaging of Biomarkers in
Tissues. J. Am. Soc. Mass Spectrom. 2021, 32, 977–988. [CrossRef] [PubMed]

62. Rzagalinski, I.; Volmer, D.A. Quantification of low molecular weight compounds by MALDI imaging mass spectrometry—A
tutorial review. Biochim. Biophys. Acta-Proteins Proteom. 2017, 1865, 726–739. [CrossRef]

63. Chumbley, C.W.; Reyzer, M.L.; Allen, J.L.; Marriner, G.A.; Via, L.E.; Barry, C.E., III; Caprioli, R.M. Absolute Quantitative MALDI
Imaging Mass Spectrometry: A Case of Rifampicin in Liver Tissues. Anal. Chem. 2016, 88, 2392–2398. [CrossRef]

http://doi.org/10.1038/s41467-018-05266-6
http://doi.org/10.1126/science.1260419
http://www.ncbi.nlm.nih.gov/pubmed/25613900
http://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
http://doi.org/10.1093/bioinformatics/btaa847
http://www.ncbi.nlm.nih.gov/pubmed/32997742
http://doi.org/10.1038/s41598-021-89164-w
http://www.ncbi.nlm.nih.gov/pubmed/33963260
http://doi.org/10.1002/jms.4450
http://doi.org/10.1007/s00216-020-03047-z
http://www.ncbi.nlm.nih.gov/pubmed/33206215
http://doi.org/10.1007/7651_2017_81
http://doi.org/10.1021/ac025747h
http://www.ncbi.nlm.nih.gov/pubmed/12403597
http://doi.org/10.1021/ac0341261
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1016/j.ccr.2012.02.022
http://www.ncbi.nlm.nih.gov/pubmed/22439926
http://doi.org/10.1016/j.yexcr.2010.02.045
http://doi.org/10.1172/JCI93554
http://doi.org/10.1039/c5ib00040h
http://doi.org/10.18632/oncotarget.25245
http://doi.org/10.1038/nri3902
http://www.ncbi.nlm.nih.gov/pubmed/26471778
http://doi.org/10.3389/fimmu.2019.01835
http://www.ncbi.nlm.nih.gov/pubmed/31428105
http://doi.org/10.1089/adt.2012.474
http://www.ncbi.nlm.nih.gov/pubmed/23046407
http://doi.org/10.1016/B978-0-12-817068-7.00034-3
http://doi.org/10.1016/B978-0-12-817068-7.00035-5
http://doi.org/10.1186/s13046-019-1110-6
http://doi.org/10.1021/jasms.0c00473
http://www.ncbi.nlm.nih.gov/pubmed/33631930
http://doi.org/10.1016/j.bbapap.2016.12.011
http://doi.org/10.1021/acs.analchem.5b04409


Cancers 2021, 13, 4419 20 of 20

64. Groseclose, M.R.; Castellino, S. A Mimetic Tissue Model for the Quantification of Drug Distributions by MALDI Imaging Mass
Spectrometry. Anal. Chem. 2013, 85, 10099–10106. [CrossRef]

65. Lamont, L.; Hadavi, D.; Viehmann, B.; Flinders, B.; Heeren, R.M.A.; Vreeken, R.J.; Siegel, T.P. Quantitative mass spectrometry
imaging of drugs and metabolites: A multiplatform comparison. Anal. Bioanal. Chem. 2021, 413, 2779–2791. [CrossRef] [PubMed]

66. Porta, T.; Lesur, A.; Varesio, E.; Hopfgartner, G. Quantification in MALDI-MS imaging: What can we learn from MALDI-selected
reaction monitoring and what can we expect for imaging? Anal. Bioanal. Chem. 2015, 407, 2177–2187. [CrossRef] [PubMed]

67. Perez-Riverol, Y.; Csordas, A.; Bai, J.; Bernal-Llinares, M.; Hewapathirana, S.; Kundu, D.J.; Inuganti, A.; Griss, J.; Mayer, G.;
Eisenacher, M.; et al. The PRIDE database and related tools and resources in 2019: Improving support for quantification data.
Nucleic Acids Res. 2018, 47, D442–D450. [CrossRef] [PubMed]

http://doi.org/10.1021/ac400892z
http://doi.org/10.1007/s00216-021-03210-0
http://www.ncbi.nlm.nih.gov/pubmed/33770207
http://doi.org/10.1007/s00216-014-8315-5
http://www.ncbi.nlm.nih.gov/pubmed/25486918
http://doi.org/10.1093/nar/gky1106
http://www.ncbi.nlm.nih.gov/pubmed/30395289

	Introduction 
	Materials and Methods 
	Overview 
	Tissues 
	Immunohistochemistry (IHC) Tissue Preparation 
	Imaging Mass Spectrometry (IMS) Preparation 
	IMS Data Acquisition 
	Proteomics 
	Statistical Analysis 

	Results 
	Overview 
	MALDI-IMS Following IHC Staining Allows Comparable Detection of ECM Peptides 
	Nonstained Breast Tissues Reveal Minimal Intrinsic Peak Intensity Variation between Serial and Distant Sections 
	Proteomics Demonstrate Heterogeneous PTEN Expression on Tissue Regulate Extracellular Matrix (ECM) Proteins 
	PTEN Stained Breast Cancer Tissue Microarrays Reveal Distinct Peptide Peak Expression Patterns Based on Staining and Tumor Region 

	Discussion 
	Conclusions 
	References

