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ABSTRACT: MALDI mass spectrometry imaging (MSI) has rapidly Discovery Validation
.estabh.she.d itself as a powerful biomarker discovery tool.. To date, no formal | L et o R
investigation has assessed the center-to-center comparability of MALDI MSI 12 patent sampies 15 patient samples

. . . . . . 11 intratumoral regions 13 intratumoral regions
experiments, an essential step for it to develop into a new diagnostic method. 4 exratumoral regions 8 extratumoral regions
To test such capabilities, we have performed a multicenter study focused on l
biomarkers of stromal activation in breast cancer. MALDI MSI experiments
were performed in two centers using independent tissue banks, infrastructure, =~ Biomarker discovery Biomarker verification

.. . Wilcoxon rank sum test = Wilcoxon rank sum test

methods, and practitioners. One of the data sets was used for discovery and the  Mutipie hypothesis test Targeted muliple hypothesis test

other for validation. Areas of intra- and extratumoral stroma were selected, and

their protein signals were compared. Four protein signals were found to be

significantly associated with tumor-associated stroma in the discovery data set fi:ielgﬁ:ziczilglgst!ie??nalysis . N gelgrsczgilzﬁsttie?;alysis
measured in Munich. Three of these peaks were also detected in the  Canbermadistance & Wardlinkage  Canberra distance & Ward linkage
independent validation data set measured in Leiden, all of which were also

significantly associated with intratumoral stroma. Hierarchical clustering

displayed 100% accuracy in the Munich MSI data set and 80.9% accuracy in the Leiden MSI data set. The association of
one of the identified mass signals (PA28) with stromal activation was confirmed with immunohistochemistry performed on 20
breast tumors. Independent and international MALDI MSI investigations could identify validated biomarkers of stromal
activation.

KEYWORDS: tumor-associated stroma, breast cancer, MALDI imaging mass spectrometry, MSL, multicenter study, proteomics

1. INTRODUCTION needed to identify novel mechanisms of stromal activation and

. proper definition of CAFs.
1.1. Tumor-Associated Stroma . . . L

1.2. Matrix-Assisted Laser Desorption/lonization Mass
Tumor-associated stroma has recently received increased Spectrometry Imaging

attention due to the effect of stroma on tumor growth, patient

prognosis, and occurrence of metastases.! Arguably the most Matrix-assisted laser desorption/ionization mass spectrometry

frequently reported marker associated with cancer associated (MALDI MS) constitutes a powerful biomarker discovery tool
fibroblasts (CAFs) and stromal activation is @-smooth muscle because it can generate biomolecular profiles containing
actin (@-SMA). @-SMA is also associated with myofibroblasts hundreds of biomolecular ions directly from tissues. Spatially

involved in wound healing, myoepithelial cells, and various
other cell types, which hinders the use of this protein as a
specific marker for activated fibroblasts. Sugimoto et al. showed
that the tumor-associated stroma is very heterogeneous and
that a-SMA lacks sufficient sensitivity to identify all CAFs.” Received: March 12, 2014
Novel markers for tumor-associated stromal activation are Published: April 24, 2014
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correlated analysis by mass spectrometry imaging (MSI), can
simultaneously record the distribution of each of these ions.*®
Following a MALDI MSI experiment, the tissue can be stained
with hematoxylin and eosin (H&E) and a high-resolution
digital image of the stained tissue aligned with the MALDI MSI
data set. Following histopathological analysis, MALDI MS
biomolecular profiles of specific histological entities can be
extracted® and then used to identify biomarkers or biomarker
profiles. Statistical analysis of the data is performed to identify
candidate biomarkers, which are then validated against an
independent patient cohort and if possible by using an
orthogonal molecular test (e.g,, immunohistochemistry (IHC)
for protein biomarkers).”

Published results indicate that MALDI MSI has great
potential to develop into a valuable diagnostic technique that
can complement established histological and histochemical
methods, provided the biomarkers or classifiers can be robustly
reproduced in different biomedical centers. While very recent
investigations have included patient tissues from additional
institutions to demonstrate the broader applicability of the
classifier,®” these have not addressed the crucial role of user
variability. User variability in MSI has not been quantified, but a
cursory comparison of the methods undertaken as part of a
wide European MSI network has indicated substantial differ-
ences between different practitioners and laboratories. Differ-
ences in tissue sampling and MALDI MSI tissue preparation are
known to affect MALDI MSI performance;10 the choice of
matrix, solvent, addition of cofactors, and matrix crystallization
rate affect the mass spectral signatures detected in MALDI'!
and MALDI MSL"? Deininger et al. have demonstrated that
total-ion-count normalization can compensate for small differ-
ences that may arise from minor fluctuations in matrix coating
or laser intensity."> Here we demonstrate that provided they are
detected in both centers the biomarkers reported by MALDI
MSI can be resilient to differences in tissue preparation
protocols.

1.3. Study Objectives

To identify novel markers for stromal activation in breast
cancer and address user variability when using MSI, we used
this method independently in two centers to measure and
compare proteomic signals from activated, intratumoral stroma
with quiescent, extratumoral stroma derived from tumors
analyzed in both Munich (N = 12) and Leiden (N = 18). After
this initial experiment, results were validated using IHC (N =
20).

2. MATERIAL AND METHODS
2.1. Samples

Frozen breast cancer tissues of the ductal subtype from two
institutes, namely, the Klinikum rechts der Isar, Technische
Universitit Miinchen, Germany, and Leiden University Medical
Center, The Netherlands, were used in this study. All tissues
were snap-frozen after surgical removal and stored in liquid
nitrogen freezers until use. The tumor tissues from the archives
in Munich were analyzed after written patient consent was
obtained. The use of the material was approved by the ethics
committee of the Faculty of Medicine of the Technische
Universitit Miinchen. All tumors analyzed in Leiden were
acquired during routine patient care. According to Dutch law,
these can be freely used after anonymizing the tissues, provided
these are handled according to national ethical guidelines
(“Code for Proper Secondary Use of Human Tissue”, Dutch
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Federation of Medical Scientific Societies). A third set of breast
cancer patient samples for immunohistochemical validation was
available, all of which were excised in Leiden and subsequently
stored as formalin-fixed paraffin-embedded tissue blocks. Table
1 details the clinical characteristics of all sample collections.

Table 1. Clinical Characteristics of Analyzed Patient Tissue
Collections

Munich set Leiden set IHC
MALD MSI MALD MSI validation set
(N=12) (N=18) (N =20)
8
pT2 0 O 11
pT3+pT4 3 6 5
Unknown 1 0 0
pNO 5 9 6
pN+ 5 9 14
Unknown 2 0 0
Grade
LII 11 4 14
11 14 6
Estrogen receptor status
Positive 12 0 12
Negative 0 18 7
Unknown 0 0 1
Human epidermal growth
factor receptor 2 status
Positive 1 0 3
Negative 11 18 6
Unknown 0 11
2.2, MALDI MSI

Both fresh-frozen ductal-type breast cancer tissue cohorts were
measured completely independently. Tissues from the
Klinikum rechts der Isar were measured by Cedrik Schéne at
the Institute for Pathology, Helmholtz Zentrum Miinchen.
Tissues from Leiden University Medical Center were measured
by Tim Dekker at the Center for Proteomics and
Metabolomics, Leiden University Medical Center. Both sets
of experiments were performed using local MALDI MSI
protocols.

Tissue sections were sectioned at 12 um with a
cryomicrotome (Leica, Germany) and transferred to precooled
conductive indium—tin-oxide coated glass slides (Bruker
Daltonik, Bremen, Germany). After sectioning, the tissues in
Munich were washed with 70 and 100% ethanol solutions. In
Leiden, washing was performed via serial washing steps in 60
and 100% methanol. Both centers used sinapinic acid as
MALDI matrix, which was deposited onto the tissues using an
automated spraying device (ImagePrep, Bruker Daltonik). In
Munich, the matrix solution was 10 mg/mL sinapinic acid in
3:2:0.01 acetonitrile/H,O/trifluoroacetic acid, whereas in
Leiden the matrix solution was 10 mg/mL sinapinic acid in
7:3 methanol/H,0.

MALDI MSI data acquisition was performed with an
Ultraflex III MALDI-ToF/ToF mass spectrometer in Munich
and an UltrafleXtreme MALDI-ToF/ToF in Leiden, both of
which were supplied by Bruker Daltonik. Spatial resolution was
set to 70 um for the Munich measurements and to 150 ym for
the Leiden experiments. Positive ions were detected in the mass
range m/z 2520—25100 with a digitization rate of 0.1 G/s
(Munich) and m/z 2000—28000 with a digitization rate of 0.5
G/s (Leiden). All mass spectra were externally calibrated using
the protein calibration standard I from Bruker Daltonics, which
contains insulin, ubiquitin I, cytochrome ¢, and myoglobin.

After data acquisition, all slides were washed with 70%
ethanol solution and stained via conventional H&E staining
protocols. H&E stained slides were then scanned with a Mirax

dx.doi.org/10.1021/pr500253j | J. Proteome Res. 2014, 13, 4730—4738
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Table 2. Summary of the Different MALDI MSI Methods

Munich
washing
matrix (deposition system)

mass spectrometer (mode) Ultraflex III (positive linear)

m/z range 2520-25100
lateral resolution 70 ym
digitization rate (G/s) 0.1

H&E coregistration same slide
maximum peak shift (ppm) 1000

% match to calibrant peaks 20

70% ethanol (1 min), 100% ethanol (1 min)

sinapinic acid (image prep device)

Leiden
60% methanol (1 min), 100% methanol (1 min)

sinapinic acid (image prep device)
UltrafleXtreme (positive linear)
2000—28000

150 ym

0.5

same slide

1000

20

DESK digital slide scanner (Munich) or a Leica Ariol digital
slide scanner (Leiden), and the optical images were aligned
with the MALDI MSI data sets using the data acquisition and
data analysis software FlexImaging (v3.0, Bruker Daltonik).
Table 2 summarizes the different methodological approaches.

2.3. MALDI MSI Data Processing and Analysis

Using the MALDI MSI software, FlexImaging regions of
extratumoral or intratumoral stroma were defined based on the
aligned histological images to compare protein signatures of the
cancer-associated stroma and normal, quiescent stroma. This is
based on the assumption that the stroma that is directly
adjacent to the tumor has been activated by tumor epithelial
cells (via soluble factors like TGF-f, PDGF, and others) and
will result in measurable differences in protein expression.
Stromal areas from within the primary tumors were selected as
areas of tumor-associated stroma. Because only tumor tissue
and no normal breast specimens were available, stroma was
characterized as physiological quiescent (extratumoral) if it was
found outside the contours of the primary tumor (while still in
the same resection specimen) and with a morphological aspect
of physiologic stroma. The MALDI MSI data corresponding to
the extratumoral and intratumoral stroma regions were then
selected and loaded into the ClinProTools software (Bruker
Daltonik). Prior to statistical analysis, all mass spectra were
smoothed using the Savitsky—Golay algorithm with a width of
2.0 m/z and five cycles, baseline subtracted with the top-hat
algorithm (10% width), normalized to each spectrum’s total ion
count, and aligned to common mass spectral peaks using a
maximum tolerance of 1000 ppm and 20% peak-match. All null
spectra and those that could not be aligned were excluded from
further analysis.

2.4. Statistical Analysis

To identify mass-spectral peaks that were differentially detected
in tumor-associated stroma compared with physiological
stroma, we evaluated differences in peak intensities using the
Wilcoxon rank-sum test. Significant peaks were defined as those
with P values <0.05. The Munich data set was treated as the
discovery set, and all reported P values include the Benjamini—
Hochberg multiple-hypothesis test correction.'* The Leiden
data set was treated as the independent verification set.
Accordingly, multiple-hypothesis testing adjustment was
performed only on these targeted m/z signals. To assess the
capacity for differentiating samples based on a combined
proteomic pattern, we used the most discriminating signals to
perform a hierarchical clustering analysis. This was carried out
with the R software package (R Foundation for Statistical
Computing, Vienna, Austria) using the Canberra distance
metric and the Ward linkage. Furthermore, the data from both
centers were combined by a meta-analysis, assuming random
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effects between centers (“meta” package in R). The summary
statistic was calculated using the standardized mean difference
of the ranked MALDI MSI data (to mimic Wilcoxon-rank-sum
test).

Statistical analysis of the results from the IHC experiments
was done using a paired t test, as both intra- and extratumoral
stromal regions could be found within the analyzed samples.

2.5. Immunohistochemistry

IHC was performed on 4 um thick formalin-fixed paraffin-
embedded tissue slides of a cohort of invasive breast cancer
tissues. Tissues were sectioned on a microtome and
subsequently dried overnight at 37 °C and stored in the
refrigerator until IHC procedure. Deparaffinization, rehydra-
tion, and antigen retrieval were performed with the PT link
machine (according to manufacturer’s instructions, DAKO,
Denmark) by heating for 10 min at 90 °C in target retrieval
solution (low-pH, DAKO, Denmark). Following this proce-
dure, slides were subjected to a 20 min incubation with
hydrogen peroxide solution to block endogenous peroxidase
activity. Slides were subsequently blocked by incubation with
excess volume PBS (phosphate-buffered saline) with 1%
albumin solution. Tissue sections were incubated at room
temperature in 150 uL of solution of polyclonal rabbit
antibodies directed at the c-term region of PA28 (Invitrogen),
diluted at a ratio of 1:500 in PBS with 1% albumin. After
overnight incubation, peroxidase-labeled polymer conjugated
secondary antirabbit antibody (EnVision, DAKO, Denmark)
was added and incubated for 30 min at room temperature. DAB
(3,3'-diaminobenzidine) solution (DAKO, Denmark) was then
added to visualize antigen—antibody complexes via S min of
incubation. Slides were counterstained with hematoxylin and
dehydrated via increasing alcohol solutions and xylene. Images
of the IHC-stained sections were captured via light microscopy
(Leica DMRB, Leica, Germany). Areas were randomly selected
from intratumoral and extratumoral stromal regions. Quantita-
tive evaluation of the PA28-positive signals per pixel was
performed using the Image] data analysis software (WS
Rasband, http://rsb.info.nih.gov/ij/). Using the red—green—
blue (RGB) threshold tool DAB-positive particles were
counted and analyzed. To determine the total number of
stromal cells, we converted the image to 8-bit and used a
threshold tool to highlight the total number of cells. The final
read out parameter was the ratio of DAB-positive cells to the
total number of cells.

3. RESULTS
3.1. MALDI MSI Analysis of Stromal-Tissues

The aim of the study was to identify markers for stromal
activation in breast cancer tissues and to assess if the markers

dx.doi.org/10.1021/pr500253j | J. Proteome Res. 2014, 13, 4730—4738
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Figure 1. Comparison of the signal intensity of m/z 4751 in a breast tumor. (A) H&E image of a MALDI-MSI-analyzed tumor that contains
intratumoral, morphologically activated stromal tissues (panel B, with activated fibroblasts marked with the dotted circle) and extratumoral,
morphologically normal stromal tissues (panel C, with normal-appearing fibroblasts marked with the dotted circles). Panel D shows that the signal
for m/z peak 4751 is present in the intratumoral stroma (lined in red) but not the physiological stroma (lined in blue).

could be independently validated using independently meas-
ured samples (different tissue collection, different instrument,
different sample preparation protocol, and different operator).
Figure 1A shows an H&E-stained specimen that contained both
intratumoral and extratumoral stroma and was analyzed via
MALDI MSL Areas of stroma from within the borders of the
invasive tumor adhered to morphological characteristics
commonly seen in tumor-associated stromal tissues (myofibro-
blast differentiation and proliferation and fibrotic stromal
reaction, Figure 1B). The areas that were seen outside of the
tumor contour were verified to be morphologically similar to
physiologic stroma (Figure 1C). The protein at m/z 4751,
previously identified'® as a shortened form of thymosin 4, can
be seen to localize to the intratumoral stroma (Figure 1D),
confirming that MALDI MSI can indeed identify protein signals
located to this compartment and not the stroma with a
morphologically normal aspect outside of the tumor. Figure 2
summarizes the basic study design, in which one data set (tissue
samples from Munich, measured in Munich using the local
sample preparation protocol) was used as a discovery data set
and which was then validated using a completely independent
data set (tissue samples from Leiden, measured in Leiden using
the local sample preparation protocol).

3.2. Selection of Intra- and Extra-Tumoral Stromal Regions

Stroma regions were selected from 12 different resection
specimens of the Munich data set, which resulted in 11 areas of
intratumoral stroma and 4 areas of extratumoral stroma. (The
morphological appearance of all regions was verified on the
aligned histological images.) In the Leiden data set, 8 regions of
extratumoral stroma and 13 regions of intratumoral stroma
were selected from 18 different resection specimens. The
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Validation

Leiden dataset
18 patient samples

13 intratumoral regions
8 extratumoral regions

Discovery

Munich dataset
12 patient samples

11 intratumoral regions
4 extratumoral regions

Biomarker verification
Wilcoxon rank sum test
Targeted multiple hypothesis test

Biomarker discovery
Wilcoxon rank sum test
Multiple hypothesis test

Classification
Hierarchical cluster analysis g
Canberra distance & Ward linkage

Classification
Hierarchical cluster analysis
Canberra distance & Ward linkage

Figure 2. Summary of the study design.

clinico-pathological characteristics for both tissue cohorts are
summarized in Table 1.

3.3. Detection of Stroma-Associated Signals in Munich and
Leiden Data Sets

Wilcoxon rank-sum tests were performed to identify differences
in protein expression between intra- and extratumoral stroma.
In the Munich data set, four peaks displayed a significantly
higher intensity in intratumoral stroma (P < 0.05), namely, m/z
4751, m/z 6279, m/z 9752, and m/z 8619 (all P = 0.04). Figure
3A depicts the bar-and-whiskers plots of peak intensities,
demonstrating the effective separation of extratumoral and
intratumoral stroma. The Leiden data set included three of the
four peaks within a 1000 ppm tolerance and which could be

dx.doi.org/10.1021/pr500253j | J. Proteome Res. 2014, 13, 4730—4738
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A) Discovery dataset (Munich, GER)

m/z 4751 m/z 6280 m/z 8619 m/z 9754
P =0.04 ' P =0.04 T P=0.04 ' " Pp=o004
— V== S = E
Extra Intra Extra Intra Extra Intra Extra Intra
B) Validation dataset (Leiden, NL)
m/z 4750 m/z 6278 m/z 8597* m/z 9746
. P=0033 . o P=0007 ~ P=0374 | o P=0.033
§8 e e | | —
Fe | ' |:| 3 - |—|. i
Extra Intra Extra Intra Extra Intra Extra Intra
C) Overall multicenter effect
Munich ————#&——— Munich ~———%———  Munich ———— & Munich —_—
Leiden | —&— Leiden — Leiden—&— Leiden | —B——
P = 0.007 P <0.001 P =0.188 P =0.011

4 0 1 2 3
SMD (Intra - Extra)

SMD (Intra - Extra)

4 0 1 2 3
SMD (Intra - Extra)

4 0 1 2 3
SMD (Intra - Extra)

Figure 3. (A) Bar-and-whiskers plots of the four peaks that were associated with the intratumoral stroma in the samples analyzed in Munich. (B)
Bar-and-whiskers plots of the same peaks in the Leiden data set. *The peak at 8597 was not detected in this data set. (C) The overall multicenter

effect of the four peaks in both data sets.

aligned with the Munich data set by recalibrating the mass
spectra. Prior to mass spectral alignment, the m/zyq 4751
peak was detected at m/z; gen 4750, the m/zyunicn 6279 peak at
M/ 21 eiden 0277, and the m/zygunic, 9752 peak at m/zygigen 974S.
The remaining peak, m/zynq, 8619, was not detected in the
Leiden cohort in either the extratumoral or intratumoral
stroma. The statistically significant association with intra-
tumoral stroma (P < 0.05) observed in the Munich data set
could be validated for the three peaks detected in the Leiden
data set, namely, m/z 4751 (P = 0.033), m/z 6279 (P = 0.007),
and m/z 9752 (P = 0.033) (Figure 3B). The forest plot in
Figure 3C shows the overall multicenter effect for those four
peaks, as determined by meta-analysis, which summarizes their

general validity.
3.4. Cluster Analysis of Munich and Leiden Data Sets

The combined pattern of these peaks was then subjected to
hierarchical clustering to assess their combined ability to
discriminate intratumoral from extratumoral stroma. Hierarch-
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ical clustering orders the data according to the similarity
between each (stroma) sample’s expression profile (rows) and
between each protein (columns). This was first performed on
the Munich data set using the four statistically significant
biomarker peaks (m/z 4751, m/z 6279, m/z 9752, m/z 8619)
(Figure 4A). The dendrogram to the left of the heatmap shows
that the extra tumoral stoma profiles were distinctly and
consistently different than all intratumoral stromal profiles and
so clustered separately with a 100% classification accuracy. The
same clustering was then also performed on the Leiden data set
using the three independently validated peaks (m/z 4751, m/z
6279, and m/z 9752), which resulted in a classification accuracy
of 80.9% (Figure 4B). For identifying intratumoral stromal
regions, this classifier had a sensitivity of 69%, a specificity of
100%, and a positive predictive value of 100%.

3.5. Provisional Protein Identity Assessment

Two out of the three mass spectral peaks that were
independently validated in this study have been previously

dx.doi.org/10.1021/pr500253j | J. Proteome Res. 2014, 13, 4730—4738
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A) Discovery dataset (Munich, GER)
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B) Validation dataset (Leiden, NL)
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ITS sample 9
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ETS sample 7
ETS sample 8
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ETS sample 3
ITS sample 2
ETS sample 2
ETS sample 1
ITS sample 6
ETS sample 4
ETS sample 6
ITS sample 13
ITS sample 10
ITS sample 11
ITS sample 1
ITS sample 8
ITS sample 7
ITS sample 4
ITS sample 3
ITS sample 12

Color Key

Accuracy (95%-Cl): 0.810 (0.581, 0.946)

- P-Value: 0.053
- Sensitivity: 0.692
° Specificity: 1.000
N Pos Pred Value: 1.000
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Figure 4. (A) Hierarchical clustering of the samples in the Munich data set, achieving a 100% correct classification of all stromal samples. ITS,
intratumoral stroma; ETS, extratumoral stroma. (B) Hierarchical clustering of the samples in the Leiden data set, achieving a 80.9% correct
classification of all stromal samples (ITS, intratumoral stroma; ETS, extratumoral stroma).

detected in other MALDI MSI studies and hence are also listed
in the MALDI MSiMass list identification database.'® The peak
detected at m/z|ggen 4570 (M/Zpanicn 4751) was previously
detected by Hardesty et al. in a study investigating prognostic
biomarkers for metastatic melanoma, which identified this peak
as a cleaved form of thymosin f34."° The peak identified in our
study at m/2;ggen 9745 (M/Zptunicn 9752) has been previously
shown to be the c-terminal fragment of PA28, an 11S
proteasome activator complex and to correspond to tumor
stage in ovarian cancer."”

3.6. Immunohistochemistry Validation

To validate PA28 as a marker for stromal activation, a series of
invasive breast cancers (Table 1) were stained with PA28
antibodies to compare the expression of this marker in the
extracellular and the intracellular stroma via digital image
analysis. The number of cells with PA28 expression was
determined and divided by the total number of pixels. These
values were subsequently compared via a paired t test. An
increased expression of PA28 in intratumoral stroma (Figure
SD) compared with extracellular stroma (Figure SE) was found
(difference of the means = 63.25 per pixel (X 10°), 95% CI:
30.77—95.73, P = 0.001), which confirms the observations in
the MALDI MSI experiments (Figure SA—C). Because some
PA28 staining was also observed in extratumoral stromal cells,
the increased PA28 signals inside the tumor-associated stroma
might be explained not by upregulation of this marker but
simply by the increased number of stromal cells because this is
one of the characteristics of stromal activation. To investigate
this further, we determined the relative proportion of PA28
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positive cells among the total number of stromal cells in the
extratumoral and intratumoral tissues. The relative number of
PA28 stromal cells was elevated in the intratumoral stroma
(51.2% in the intratumoral stromal cells compared with 31.7%
in the extratumoral stromal cells, 95% CI: 8.1—30.9, P = 0.003,
Figure SF). These data suggest that stromal activation is not
only accompanied by an increased number of PA28 positive
cells but also with an increased proportion of PA28 cells and
that increased expression of this marker in fact indicates
activated stromal cells. Because PA28 previously has mostly
been described as a protein involved in immune response, we
investigated whether PA28 expression was increased in both the
tumor-associated inflammatory cells and tumor-associated
fibroblasts. Image] was used to determine the shape of the
PA28-positive cells in the intracellular and extracellular stromal
regions in the five tumors that had the highest expression of
PA28. Particles with an aspect ratio of more than 2.5 were
determined to be fibroblasts. In all five tumors, an increased
proportion of fibroblasts was observed in the intratumoral
stroma (average difference between intratumoral and extra-
tumoral stroma was 30.2% of stromal cells (range 13.0—68.0%),
indicating that increased expression of PA28 is one of the
characteristics of stromal activation).

4. DISCUSSION

Using MALDI MSI, we have identified protein signals
characteristic for tumor-associated stroma. Previous studies
assessing transcriptional activity in microarrays have shown
differences in tumor-associated stroma. For instance, Navab et

dx.doi.org/10.1021/pr500253j | J. Proteome Res. 2014, 13, 4730—4738
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Figure 5. (A) H&E-stained image of a breast tumor that was analyzed via mass spectrometry imaging and the visualization of the m/z 9754 peak in
the same area in panel B (the red and blue outlines show the intra- and extra-tumoral stroma, respectively; * signifies islands of tumor cells). (C)
Boxplots of the overall difference of this peak. This finding was confirmed via immunohistochemistry, which confirmed that the staining for PA28
was increased in the intratumoral stroma (D) compared with the extratumoral stroma (E). (F) Boxplots for this difference.

al. cultured cancer-associated fibroblasts and normal stromal
fibroblasts and identified 46 differentially expressed genes in the
cancer-associated fibroblasts found in nonsmall cell lung cancer
(NSCLC) compared with normal pulmonary fibroblasts."® This
gene-signature was also of prognostic significance in
independent NSCLC cohorts, further confirming the prognos-
tic implications of stromal activation. These and similar
experiments all examined differences at the mRNA level and
only performed these analyses on stromal fibroblasts. Although
fibroblasts are the predominant cell type within the tumor-
associated stroma, these tissues also contain other cell types like
pericytes, endothelium, inflammatory cells, and the structural
proteins that form the extracellular matrix. Limiting the analysis
to the cancer-associated fibroblasts might therefore leave
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several key properties of the tumor-associated stroma
undetected.

MALDI MSI possesses unique characteristics for analyzing
the molecular composition of cells within their natural
environment. This nontargeted, label-free technique has
established itself as a powerful method for the detection of
biomolecular differences between and within tissues. To date,
no MSI study has described differences in proteomic signatures
between the tumor-associated stroma as a whole and normal
physiologic stroma. In the current study, we have demonstrated
that several differences in protein signatures exist between these
two groups. Our analysis was based on the assumption that the
proximity of the stromal tissues to the tumor cells is a major
determinant of the activation of the tumor-associated stroma.
Protein profiles were compared between stroma at a distance
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from the tumor and the stroma that was directly adjacent to the
tumor epithelium. It has been questioned whether such
histologically normal extratumoral stromal tissues are in fact
representative of normal stroma (ie. that present in non-
diseased breast tissues). Troester et al. have previously shown
that stromal tissue at a distance from the tumor also display
some degree of activation compared with reduction mammo-
plasty tissue," despite the fact that the aspect of the stromal
tissues distant from the tumor was histologically characterized
as normal. Similar field effects have also been reported by
MALDI MSL***" Even if the adjacent, histologically normal
extratumoral stromal tissues used here as a control were subject
to similar field effects, the protein biomarkers would still be
indicative of the greater activation of the adjacent histologically
activated tumor stroma and thus remain valid biomarkers for
stromal activation.

Two of the three proteins that were detected and
independently validated in our multicenter study, as being
associated with activated stroma, have been previously
identified.'>'> The proteasome regulator PA28 (/2 iden
9745 peak) has been shown to be increased in serous
adenocarcinoma compared with normal ovarian tissue."> The
detected ion is a fragment of the full-length 28 kDa protein
PA28, which has been previously described to be a positive
regulator of proteasome activity.”> Inhibition of proteasome
activity has been shown to lead to induction of apoptosis>® and
indicates that regulation of the proteasome is important in
cancer tissues.

A cleaved version of thymosin f4 (m/ziege, 4570) was
identified in our data sets to be specific to tumor-associated
stroma (Figure 1B). The full-length thymosin 4 (m/z 4965) is
a commonly detected protein in MALDI MSI experiments and
was also detected here at much higher signal intensities than
the cleaved form. Remarkably, there was no significant
difference detected in the signal intensity of the full-length
thymosin f4 in the intratumoral stroma compared with the
extratumoral stroma for either the Munich or Leiden data sets.
The fulllength thymosin p4 protein has been reported to
increase wound healing,24 cellular proliferation, and angio-
genesis™ and is also known as an actin-sequestrating molecule.
Similarly to PA28, no in vitro reports have described the
functional consequences of this cleaved form of the molecule.
Indeed one of the distinct advantages of intact protein MALDI
MSI is its ability to uncover post-translational modifications in
clinical tissues that would be missed using more established
immunohistochemical assays or bottom-up proteomics ap-
proaches.

The protein signatures that we observed in this study were
derived from two data sets that were independently recorded in
two different centers and used two different tissue banks. To
our knowledge, no studies have attempted to independently
validate MSI results over multiple centers. Differences were
observed in the spectra that were recorded in both centers, as
would be expected considering the different sample preparation
strategies employed.'® Nevertheless, all protein ions that were
found to be statistically significant in the Munich data set and
that were also detected in the Leiden data set were also found
to be statistically significant in the Leiden data set. Reassuringly,
this also included proteins that were detected with lower signal
intensities (cleaved form of thymosin f4).

The total-ion-count normalization used in this study can
account for minor differences in MALDI MS performance due
to inhomogeneous matrix coverage or laser intensity fluctua-

4737

tions'® but cannot correct for the larger scale differences that
may arise from differences in tissue processing and tissue
preparation.'® A reference tissue standard that matches the
characteristics of the tissue (e.g., tissue from a xenograft mouse
model of breast cancer) could be used as a quality control
(QC) reference sample to ensure equivalent tissue preparation
and mass spectrometry methods in the different centers.
Explicit QC would enable rapid identification of unexpected
sources of bias, as has been reported for MALDI based profiling
of body fluids.*® The increased scope for greater diversity in
larger multicenter studies may make such QC essential for
wider validation of MALDI MSI based assays.

Another important aspect concerns tissue selection because it
is known that breast tumors are heterogeneous.”” For both
patient series (Munich and Leiden), diagnosis was first
performed during routine pathological practice; teams of
pathologists then selected and re-evaluated the tissues prior
to their analysis to confirm diagnosis and subtype. Tissue
selection and MALDI MSI data acquisition were performed
entirely independently, and so the patient series were not
matched for tumor subtype. All tissues were then carefully
compared and examined to select tumor regions, activated
stroma, and nonactivated stroma, which was overseen by
trained pathologists from both locations (AW and VS). In this
manner, the MALDI MSI data from histologically equivalent
regions of tissue from independently selected and independ-
ently measured patient series could be compared. The
independent validation of the stromal activation markers, in
patients of different subtype, indicate that they may be generic
markers of stromal activation. For more targeted clinical
questions it will be important to first devise common patient
selection criteria to ensure that identical subtypes are selected
from all clinical centers.

5. CONCLUSIONS

In this study, MALDI MSI analysis performed over two centers
identified robust proteomic signals associated with tumor-
activated stromal tissues. Hierarchical clustering of proteomic
profiles can distinguish the activated intratumoral stroma from
the quiescent, extratumoral stroma. One of these markers
(PA28) was also verified with IHC.
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