
Abstract. Tumor cells or other bioreactive compounds derived
from the tumor can migrate beyond the tumor margin and may
be significant contributing factors in tumor recurrence. Local
recurrence of cancer occurs quite often, despite microscopically-
confirmed negative surgical resection margins, and is likely
related to the presence of abnormal, fully neoplastic or pre-
neoplastic cells adjacent to the tumor that cannot be recognized
by conventional light microscopy. Identification of proteins that
define the molecular tumor microenvironment of the neoplastic
process may become an important part of the evaluation of
cancer tissue, potentially helping guide surgical resection
procedures. Tissue-based matrix-assisted laser desorption
ionization (MALDI) imaging mass spectrometry is a molecular
analysis technology that can significantly improve the
assessment of tumor microenvironment at the molecular level.
In the current study, this is illustrated with the analysis of an
invasive soft tissue sarcoma. Marked differences in protein
distribution between tumor and immediate adjacent tissue are
shown, and these differences persist far into histologically
normal appearing adjacent tissue. Several of these proteins are
confirmed using immunohistochemistry. This study
demonstrates that tissue-based MALDI imaging mass
spectrometry is ideally suited for the molecular analysis of
tumor microenvironment and could potentially augment
histologic interpretation of tumor margins. 

Surgical oncologists and pathologists rely on
histopathological evaluation of tumor margins to assess the
success of complete excision of a tumor. Retrospective
studies have confirmed that the extent of tumor resection is
predictive of patient outcome (1, 2). Histological assessment
of tumor margins is the primary post-operative tool used to
assess the surgical procedure. Incomplete removal
significantly influences the likelihood of local recurrence for
several cancers, including tumors of the lung (3), prostate
(4), breast (5, 6), soft tissue (7, 8), bone (8) and head and
neck (9). However, histological analysis may be inadequate
in determining tumor-free margins. The “field effect” has
long been known in histology but the molecular
abnormalities comprising this field are largely unknown.
Surgical resection of diseased tissue without removal of
surrounding margin leads to unacceptably high rates of
recurrence (10). Cells existing in the early malignant
transformation phase may appear morphologically
indistinguishable from genetically normal cells. Since human
solid tumors undergo multiple genetic changes as they
progress from a near-normal state to aggressive invasion
and malignancy, some of these changes may occur in subtle,
yet distinct, predictable patterns that are not readily
observed under early histologic evaluation. Thus, the ability
to define and assess tumor margins can be significantly
augmented by a molecular assessment of the surgical
specimen. 

Previous studies of tumor margins based on a single
protein have been reported for several types of cancers. For
example, monitoring total excision of squamous-cell
carcinoma of the head and neck has focused on p53 (11, 12)
and eIF4E (13, 14), while other studies utilized HER2/neu
for breast carcinoma (5), NF-κB (15) and alpha-methylacyl-
CoA racemase (16) for prostate cancer, and vascular
endothelial growth factor for lung cancer (17). However, a
single protein may be insufficient for this purpose and
groups of protein markers, collectively, may more accurately
identify potentially malignant tissue areas. 
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We have employed imaging mass spectrometry (IMS), a
technology that allows visualization of hundreds of proteins
in a tissue section, for the discovery of protein signatures
that would permit molecular differentiation between
neoplastic and non-neoplastic regions within the tumor-
stroma interface. IMS utilizes matrix-assisted laser
desorption ionization mass spectrometry (MALDI MS) to
generate molecular images from a tissue section (18-20).
Intact tissue sections are analyzed by a discrete raster over
the tissue surface using a laser beam, where each laser spot
represents a ‘pixel’ of the final image. The raster is usually
accomplished by moving the sample under a fixed position
laser beam over a predetermined two-dimensional grid,
generating a full mass spectrum at each grid coordinate.
Software has been optimized to automate the scanning
process, including fast data acquisition, online compression
and image reconstruction (21). These data are output as
two-dimensional intensity maps at any given mass-to-charge
(m/z) value to provide specific molecular images of that
tissue. To perform the analysis, the intact tissue section is
coated uniformly with a thin, homogenous layer of matrix
crystals. This is amenable to automation and, in fact, we
have utilized an acoustic microdispensing robotic system
where matrix discrete spots (~175 Ìm diameter) are
created in an array over the area of interest (22).

Depending on the requirements of the analysis, image
resolution can be chosen by adjusting the distance between
the pixels. Typically, 100 laser shots are averaged at each
image coordinate, providing a spectrum that displays many
hundreds of signals in a molecular weight range up to 100,000
Da, although most lie below 50,000 Da. IMS has distinct
advantages over traditional techniques in ascertaining protein
localization because of its unique molecular specificity. Since
IMS does not require an antibody or prior knowledge of
potential protein targets, it is well suited for discovery studies.
Localization of all tractable proteins at each coordinate in the
same tissue section can be accomplished because tissue
homogenization is not required. 

The purpose of this study was to assess the usefulness of
tissue-based imaging mass spectrometry technology to
determine protein distributions that may extend from tumor
into histologically normal appearing tissue. For the case of an
invasive soft tissue sarcoma used in this study, a number of
proteins that traverse these regions, or that localize
specifically to normal appearing tissue regions, was found.
Although it will require a significant amount of additional
research to define signatures for each type of cancer, this
study demonstrates the effectiveness of this technology to
assess molecular changes in tumor microenvironment on a
molecular level. We believe this technology will be essential
for the discovery of protein signatures that may augment
interpretation of tumor margins and better define the
biological relationship between the tumor and adjacent tissue. 

Materials and Methods 

Sample procurement and preparation. A high grade, recurrent
malignant fibrous histiocytoma adjacent to skeletal muscle was
resected from the right leg of a consenting patient and interpreted by
a surgical pathologist to determine clear surgical margins. After
procurement of the specimen, a representative section of tumor-
margin interface was transferred to the laboratory for research
purposes. The tissue section was wrapped in aluminum foil, snap-
frozen in liquid nitrogen and maintained at –80ÆC until further use.
Prior to analysis, the tissue was cut in a cryostat in 12 Ìm sections
and transferred to indium-tin oxide (ITO)-coated glass slides
compatible for MALDI analysis (Delta Technologies Ltd.; Stillwater,
MN, USA). To control for any protein delocalization that might be
induced by tissue sectioning in the cryostat, sections were also cut in
a reversed manner and imaged. After drying in a desiccator for 30
min, the tissue section was stained with a MALDI-compatible
histological dye (Cresyl violet) as described earlier (23). A sequential
section was also stained with H&E. Both tissue sections were re-
examined by a surgical pathologist to confirm absence of the cancer
phenotype. Microdroplets of matrix (sinapinic acid at 20 mg/mL in a
mixture of 50:50:0.1 acetonitrile/H2O/trifluoroacetic acid by volume)
were microdeposited on the Cresyl violet stained tissue with a robot
(Labcyte, Inc., Sunnyvale, CA, USA). Thirty rows and 100 columns
of matrix with 250 Ìm center to center spacing between matrix spots
were deposited across the entire length of the tissue section. The
tissue section was then allowed to dry in a desiccator for 30 min
before data acquisition. 

Tissue imaging. MALDI mass spectra were acquired on a Voyager
DE-STR mass spectrometer (Applied Biosystems, Foster City, CA,
USA) equipped with a nitrogen laser (337 nm) with a repetition
rate at 20 Hz. Data were acquired in the linear geometry mode
under delayed extraction conditions with an accelerating voltage of
25 kV, 86% grid voltage, a delay time of 150 nanoseconds, and a
flight path length of 2.0 m. These delayed extraction parameter
coordinates allowed maximum resolution in the m/z 15,000 range.
For image reconstruction, an array of coordinates was imported
into the Voyager Sequence Editor software which was used for
automated acquisition of spectra at each matrix spot. Spectra were
baseline corrected and visualized with Biomap software (Novartis
International AG; Basel, Switzerland). For constructing 3-
dimensional images, Image-Pro Plus (Media Cybernetics, Inc.,
Silver Spring, MD, USA) was used to create two- and three-
dimensional surface plot images from each ion density map. 

Immunohistochemistry. Subsequent tissue sections from the imaged
sample were cut (5 Ìm), placed on slides, and stored at –20ÆC when
necessary. For IHC sections were fixed for 10 min in 4ÆC acetone,
followed by thorough rinsing in Tris-buffered saline, pH 7.6 (TBS).
Endogenous peroxide and non-specific background were blocked by
applying a peroxidase blocking reagent (Dako Cat. #S2001) for 5
min followed by buffer rinse. The predetermined optimum dilution
of each antibody was added to the appropriate slides and incubated
at room temperature for 30 min (Ki-67, MIB1 clone, Dako Cat.
#M7240, diluted 1:50; Calcyclin, CACY-100 clone, Sigma Cat.
#S5049, diluted 1:10,000; and MIF, Santa Cruz Cat.#sc20121,
diluted 1:100). Buffer washes and secondary reagents were applied
following directions supplied by the manufacturer. For Ki-67 and
MIF antibodies, these consisted of peroxidase conjugated secondary
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reagents of the Dako LSAB2 system (Cat. #K0673). For the
Calcyclin antibody, a peroxidase conjugated polymer was used (Dako
Monoclonal EnVision+, Cat. #K4006). Specific antibody binding
sites were localized by reaction with a 0.5% 3,3-diaminobenzidine-
0.01% H2O2, and counterstained with hematoxylin. After alcohol
and xylene dehydration, slides were coverslipped using a permanent
mounting medium. Address for Sigma: St. Louis, Mo. 63103.

Protein identification. To identify m/z 18,931, m/z 21,069, and m/z
21,854, skeletal muscle (300 mg) from a different patient was
suspended in homogenization buffer (0.25 mol/L sucrose, 10
mmol/L Tris, protease inhibitors (pH 7.6)), homogenized and
further prepared for HPLC separation as described in (24). After
separation, fractions containing the proteins of interest were
further separated using 1-dimensional SDS on a 4-12% Bis Tris
precast gel (Invitrogen) for 35 min at 200 V. All gels were fixed with
50% methanol, 10% acetic acid for 15 min and then stained with
Colloidal Blue overnight followed by destaining with water. The
bands representing the molecular weights of the m/z signals observed
in the MALDI spectra were excised from the gel and equilibrated in
ammonium bicarbonate buffer (0.4 mol/L, 25 ÌL) and reduced with
DTT (5 ÌL, 45 mmol/L) for 15 min at 60ÆC and alkylated with
iodoacetimide (5 ÌL, 100 mmol/L) for 15 min at room temperature
in the dark. Trypsin (0.05 Ìg) was added and the samples were
digested for 24 hours at 37ÆC. Peptides were extracted using 60%
acetonitrile/ 40% H2O/ 0.1% TFA (3x100 mL), pooled and dried.
Samples were reconstituted in 0.1% TFA and desalted using a C18
ZipTiP (Millipore) according to the manufacturer’s protocol and
kept at 4ÆC until further analysis. LC-MS/MS analyses were
performed on a ThermoFinnigan LTQ linear ion trap mass
spectrometer equipped with a ThermoFinnigan Surveyor
quanterery HPLC pump and a microelectrospray source (Thermo
Electron, San Jose, CA, USA). Reversed-phased separation of the
tryptic peptides was performed using fused silica capillary tips
(Polymicro Technologies, 100 Ìm i.d., 360 Ìm o.d.) packed with
Monitor C18 (5 Ìm, Column Engineering). The HPLC pump was
operated at a flow rate of 175 ÌL/min and was split to achieve a
flow through the column of 700 nL – 1000 nL min–1. Mobile phase
A consisted of 0.1% formic acid and Mobile phase B consisted of
0.1% formic acid in acetonitrile. After equilibrating the column
with 100% A, the peptides were eluted off the column with a
gradient of 5% B for 5 min, increased to 50% B by 50 min, then
increased to 80% by 52 min, increased to 90% by 55 min and held
for 1 min. The gradient was then returned to 5% B over the next 5
min and continued at that composition until the end of the run at
71 min. LTQ ion trap mass spectrometer and HPLC solvent
gradients were controlled by Xcalibur 1.4 software (Thermo
Electron). MS/MS spectra were acquired using a data dependent
scanning mode with one full MS scan (m/z 400-2000) followed by
three MS/MS scans of the three most intense precursor masses at a
35% collision energy. Tandem mass spectra from LCMS/MS
analyses were searched against the human database using
SEQUEST (Thermo Electron, San Jose, CA, USA) and data
filtered using a custom-designed software tool (Complete
Heirarchical Integration of Protein Searches, CHIPS) (25) based
upon the following filtering criteria: Cross correlation (Xcorr)
value of >1.8 for doubly charged ions, and >2.5 for triply charged
ions. A RSp (ranking of primary score) value of <5 and a Sp value
(primary score) >350 were also required for positive peptide
identifications that match to the intact protein. Identification of

m/z 9,910, m/z 10,092, and m/z 11,385 have been described
previously (24). Briefly, proteins were extracted from tumor tissue
and HPLC separated as described above. HPLC fractions
containing the m/z of interest were digested with trypsin, purified
and concentrated with ZipTip reversedphase chromatography per
the manufacturer’s instructions (Millipore, Billerica, MA, USA). A
sample aliquot (500 nl) was mixed on the target plate with ·-cyano-
4-hydroxycinnamic acid matrix (500 nl; prepared at 10 mg/mL in
50/50/0.1 (v/v/v) water/acetonitrile/TFA). The samples were allowed
to dry and were analyzed with a 4700 Proteomics Analyzer MALDI
TOF-TOF mass spectrometer (Applied Biosystems). Peptide mass
fingerprinting was done in MS mode, and peptide masses were
searched against the National Center for Biotechnology
Information and SwissProt databases. Results were confirmed by
sequencing the tryptic peptides in MS/MS mode and searching for
the amino acid m/z values in the National Center for Biotechnology
Information and SwissProt databases using a commercially
available database searching algorithm (MASCOT). 

Results 

The optical image of a resected, human soft tissue sarcoma
is shown in Figure 1A. Visual analysis shows the malignant
fibrous histiocytoma adjacent to fibrovascular tissue and
skeletal muscle, the specimen measuring 1.0x2.5 cm. A layer
of fibrous stroma attached to the tumor and several small
vessels within the skeletal muscle and fibrovascular tissue
were present. Examination of the specimen after
hematoxylin-eosin and cresyl violet staining indicated no
cellular transformation or other abnormal phenotypes
beyond the histological tumor margin. The mass
spectrometric images, taken at a resolution of 250 Ìm, are
shown in Figure 1B. 

The mass spectra obtained from 3,000 spots in the array
of the tissue revealed many m/z (mass-to-charge) species
that are known to be present in certain tumors, including
calcyclin (m/z 10,092) (26), calgranulin A (m/z 10,835) (27),
calgizzarin (m/z 11,651) (26), and macrophage migration
inhibitory factor (MIF, m/z 12,338) (28), as well as histone
H4 (m/z 11,305) (29). An ion density image of each protein
was generated in order to determine if these proteins
traverse into the histologically normal tissue. As shown in
Figure 1B, signal intensity, or relative concentration, of each
protein varied markedly across the tumor. Interestingly,
signals in discrete regions of the adjacent, histologically-
normal tissue, oftentimes of comparable intensity of that
found in the tumor, were also observed. It is important to
note that these protein distribution patterns are not related
to soft tissue type (i.e., fibrovascular tissue vs. skeletal
muscle), but to the proximity of the area to the tumor.
However, some proteins were localized specifically to the
tumor without detectable infiltration into the histologically
normal tissue. While m/z 9,910, previously identified as acyl
CoA-binding protein in breast tumors (24), is abundantly
expressed within the tumor region, its expression was quite
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Figure 1. A) Optical image of tissue section prior to MALDI imaging. After sectioning in a cryostat, the tissue sample was transferred to a MALDI-
compatible glass slide and stained with cresyl violet for microscopic analysis. Specimen dimensions are 1.0x2.5 cm. The tumor is bordered by fibrovascular
stroma and skeletal muscle. A clear tumor margin exists (red) with no visually distinguishable cancer morphology in the adjacent skeletal muscle. For IMS
matrix droplets were discretely deposited with an acoustic microdispensing robot across the entire specimen as outlined (yellow) with a grid of 30x100 spots
with 250 Ìm between spots. B) IMS characterizes protein localization from the tumor margin into histologically normal tissue. After spectra processing
and baseline subtraction, signals consistent with previously identified proteins from were imaged into a 2-dimensional ion density map, including acyl-
CoA binding protein (m/z 9,910), calcyclin (m/z 10,092), calgranulin A (m/z 10,835) MIF (m/z 12,338), histone H4 (m/z 11,385) and MLC2 (m/z
18,931). As described in the Methods section, images were recreated into 3-dimensional representations in X and Y coordinates of the tissue surface and
intensity of the signal of interest. Deep purple is representative of low protein expression and white is representative of maximum protein expression relative
to the most intense signal for the specific m/z in the tissue. 



low beyond the histologically defined tumor margin. As
expected, proteins known to be present in normal tissue
were only detected in the non-tumor region of skeletal
muscle. For example, myosin light chain type 2 (MLC2, m/z
18,931), was detected almost exclusively throughout the
skeletal muscle. Other ECM proteins, including myosin light
polypeptide-3 (m/z 21,854) and myosin light chain-1 (m/z
21,069), were exclusively localized in the non-tumor tissue
(data not shown). 

For purposes of validation, the distribution of a number
of these proteins was confirmed using immunohistochemical
staining on subsequent tissue sections (Figure 2). For
example, immunostaining for calcyclin and MIF showed
high expression in the tumor, as well as a gradient decrease
beyond the tumor histological margin. Immunostaining for
Ki-67, a cell proliferation marker, showed strong positivity
in numerous tumor cell nuclei. Rare nuclear positivity was

observed in normal adjacent soft tissue and in the skeletal
muscle most distal from the tumor. Ki-67 expression level
was consistent throughout the skeletal muscle (data not
shown), indicating the absence of highly active proliferating
cells beyond the histologic margin. 

Molecular analysis of tumor microenvironment. The mass
spectrometric data show significant molecular changes beyond
the histologic tumor margin, well into the ‘normal’ tissue. To
help define the extent of these molecular changes, the
combined or summed molecular images of several proteins
(calcyclin, calgranulin A and MIF) that are abundantly
expressed in tumors, including high grade soft tissue sarcoma
(30), are shown in Figure 3. The relative abundance of this
combined signal decreased from the histologic margin but
persisted far into normal tissue. This was also true for many,
but not all, proteins, showing abnormal levels of expression

Caldwell et al: Imaging Mass Spectrometry Defines Tumor Microenvironment

283

Figure 2. Immunohistochemical staining of calcyclin, MIF and Ki-67. Representative areas from tumor/sarcoma, normal tissue adjacent to tumor, and
normal tissue away from tumor are shown. Calcyclin and MIF immunostaining shows patchy moderate staining in the cytoplasm of tumor cells, while
fewer cells in the adjacent normal soft tissue show positive staining. Cells most distant from the tumor show decreased positive staining. Ki-67
immunostaining shows strong positivity in numerous tumor cell nuclei, indicating a relatively high proliferation rate. Rare nuclear positivity is seen in
normal adjacent soft tissue. Rare nuclear positivity is seen in soft tissue away from the tumor. All photographs were taken at 400x magnification. 



approximately 1.5 cm beyond the histologic margin. Although
several specific proteins were chosen to graphically illustrate
this phenomenon, many other proteins or combination of
proteins may be used in such an assessment. 

Discussion 

This study utilized IMS to define the protein micro-
environment adjacent to a tumor, and to detect proteins

specific to tumor or non-tumor regions. Localization of
protein markers downstream of the histologic tumor margin
could represent regions of transformed cells, or transforming
cells, that are morphologically indistinguishable from their
genetically normal counterparts, yet maintain potential for
tumor invasion and metastasis. Extratumoral expression of
several cancer proteins in this study is reinforced by their
putative involvement in neoplasia, cancer progression and
metastasis. 
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Figure 3. A) The optical image of the cresyl violet stained specimen is shown. The tumor and histologically normal tissue determined by H&E staining
are depicted. Red dots demonstrate the histologically-defined tumor margin. B) The molecular assessment of the tumor margin by IMS was created by
combining signal intensities of calcyclin (m/z 10,092), calgranulin A (m/z 10,835) and MIF (m/z 12,338). Tumor and molecularly abnormal tissue
regions are depicted. The putative molecular tumor margin is described by red dots. 



Although the basis of this study focused on a soft tissue
sarcoma specimen, a number of these proteins have been
implicated in other cancers. For example, reports cite
calcyclin dysregulation in pancreatic carcinoma (31)
overexpression in invasive margins of colorectal
adenocarcinomas, potentially leading to metastasis (32).
Expression of calcyclin beyond the histological margin is
consistent with its biological role in the phosphorylation
inhibition of annexin, myosin heavy chain and p53 (33). The
S100 family members, including calcyclin, as well as
calgranulin, also interact with cytoskeletal elements,
including microtubules and actin, leading to dysfunction in
microtubule assembly and increased motility and invasion
(34). Calgranulin isoforms A and B have been shown to exist
in cystic fluid and sera from patients diagnosed with ovarian
cancer (35). This study expands the role of calcyclin and
calgranulin A to possible molecular markers that may be
useful in defining surgical margins in soft tissue sarcomas. 

Macrophage migration inhibitory factor (MIF) has been
recently implicated in regulating tumor migration and
expression of angiogenic factors in hepatocellular carcinoma
(36), as well as in the regulation host inflammatory and
immune responses. Under normal physiological conditions,
MIF circulates at basal levels in serum and is also secreted
as an immune response from activated monocytes and
macrophages (37-39). Additionally, MIF has been linked to
fundamental processes that control cell proliferation,
differentiation, angiogenesis and tumor progression (40). In
particular, one report shows that MIF inactivates the tumor
suppressing activity of p53 (41), and overexpression of MIF
has been recently observed in human melanoma (42), breast
carcinoma (43), metastatic prostate cancer (44) and
adenocarcinoma of the lung (45). Although the exact
function of MIF in tumor progression remains unclear,
studies have linked its expression to increased macrophage-
derived angiogenesis (46). It has been suggested that
increased MIF secretion by tumor cells may aid in tumor
promotion, survival and metastasis by inducing release of
angiogenic factors (47). Our imaging experiments, followed
by immunohistochemical validation, show MIF expression
highest in tumor and still abundant well beyond the
histologic margin. Consistent with the aggressive phenotype
of this particular sarcoma specimen, MIF expression beyond
the tumor margin might be explained as a mechanism giving
rise to tumor cell-mediated angiogenesis and promotion of
tissue vasculature. Taken together, MIF expression, along
with other proteins, such as calcyclin and calgranulin A, may
represent clusters of tumor cells that appear non-pathologic
under standard histological analysis, such as Ki-67. 

The power of IMS resides in its molecular specificity and
its ability to rapidly assess localization and relative
abundance of proteins within an hour of less after specimen
procurement. Most importantly, it is ideal for discovery in

that it does not require knowledge of protein composition
nor require reagents specific to the identification of one or
more proteins. Ongoing studies include other tumor types
and subtypes in an attempt to discover novel molecules that
will define molecular tumor margins, and eventually aid in
more effective surgical procedures. 
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