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Direct Tissue Analysis by
Matrix-Assisted Laser Desorption
Ionization Mass Spectrometry:
Application to Kidney Biology

Kristen D. Herring,* Stacey R. Oppenheimer, PhD,* and Richard M. Caprioli, PhD†

Summary: Direct tissue analysis using matrix-assisted laser desorption ionization mass spec-
trometry (MALDI MS) provides in situ molecular analysis of a wide variety of biological
molecules including xenobiotics. This technology allows measurement of these species in
their native biological environment without the use of target-specific reagents such as
antibodies. It can be used to profile discrete cellular regions and obtain region-specific images,
providing information on the relative abundance and spatial distribution of proteins, peptides,
lipids, and drugs. In this article, we report the sample preparation, MS data acquisition and
analysis, and protein identification methodologies used in our laboratory for profiling/imaging
MS and how this has been applied to kidney disease and toxicity.
Semin Nephrol 27:597-608 © 2007 Elsevier Inc. All rights reserved.
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atrix-assisted laser desorption ionization
mass spectrometry (MALDI MS), intro-
duced in the late 1980s,1,2 has become

n enabling analytic technology to study proteins
n biological systems because of its molecular
pecificity and high-throughput capabilities.3,4

ne of the more recent developments to this
echnology is its application to direct tissue anal-
sis for both molecular profiling and imaging.5

he technology allows for the analysis of mole-
ules in tissues without the need for target-spe-
ific reagents such as antibodies or the need for
issue homogenization, thereby maintaining the
ntegrity of the tissue sample and allowing assess-

ent of molecular spatial distribution.
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The principles of MALDI MS have been de-
cribed.2,6-9 In brief, the analyte of interest is
ixed with an energy-absorbing compound

matrix) on a MALDI target plate. As the solvent
vaporates, the analyte co-crystallizes with the
atrix. Inside the mass spectrometer, molecules

re desorbed from the sample by irradiation with
n ultraviolet laser. In this process, analytes be-
ome protonated and primarily give rise to
M�H]� ions that subsequently are measured
ccording to their mass-to-charge ratio (m/z).
ypically, the time-of-flight (TOF) analyzers are
sed to measure m/z values of ions (Fig. 1).8,9

MALDI MS can be used to profile molecules
n a sample (ie, analyze a small number of dis-
rete spots scattered throughout the sample),
r image a sample (ie, systematically raster
cross a tissue section to produce an ordered
rray of spots). In the latter, the laser performs
raster over the tissue surface in a predefined
-dimensional array or grid, generating a full
ass spectrum at each grid coordinate. Mass

pectra acquired in this manner display ions in
he m/z range of 500 to more than 100,000,

orresponding to many hundreds of different
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598 K.D. Herring, S.R. Oppenheimer, and R.M. Caprioli
olecules present in the tissue. The coordi-
ates of the irradiated spots are used to gener-
te 2-dimensional ion density maps, or images,
hat represent individual m/z values with their
orresponding intensities (Fig. 2). Likewise,
rug analysis in tissue can be accomplished by
onitoring the protonated drug or its metabo-

igure 1. MALDI-TOF. A sample is irradiated with a br
nergy is absorbed by the matrix and transferred to the
own a field-free drift tube. Ions collide with a detector a
alibration converted to m/z.

Optical Image

Ion Image

A Optical ImageOptical Image

Ion Image

A

igure 2. Images generated by imaging MALDI MS. (A) O
bottom) of a normal rat kidney section. Shown are 3 ions
he cortex, green: m/z 8,560 in the outer medulla, blue:
ematoxylin-eosin stained (top) and ion images (bottom

ontumor tissue. Shown are 2 overlaid ions (red: m/z 11,090 loc
ites and their corresponding fragments at each
iscrete coordinate of such an array.

Direct tissue analysis by MALDI has been used
o detect drugs and their metabolites10-13 as well
s intact proteins and peptides14,15 directly
rom tissue. Profiling/imaging MS has been used
o study molecular aspects of cancer, providing

er pulse and molecules are desorbed from the surface.
te, which becomes protonated and then is accelerated
end of this tube and their TOF is measured and through
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l hematoxylin-eosin stained (top) and overlaid ion images
ented in color to indicate localization (pink: m/z 8,451 in
965 localized primarily in the inner medulla). (B) Optical
human ccRCC tissue section with tumor and adjacent
ief las
analy
t the
BB

ptica
repres

m/z 4,
) of a
alized to tumor, green: m/z 4,563 in nontumor cortex).
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MALDI MS and kidney biology 599
umor-specific markers as well as diagnostic-
nd prognostic-specific markers.16,17 In this ar-
icle, we describe the current profiling/imaging
ethodologies used in our laboratory and their

pplication to glomerulosclerosis, drug-induced
enal toxicity, and renal cancer.

AMPLE PREPARATION FOR
ROFILING AND IMAGING TISSUES BY MS

irect MS analysis usually is performed on tissues
hat have been excised and immediately frozen
n liquid nitrogen to maintain tissue morphol-
gy and to minimize molecular degradation.
aintaining the integrity of the tissue through-
ut this process maximizes the information
btained in the analyses by ensuring that the
riginal 3-dimensional structure is not compro-
ised and the molecular species monitored
ave not been altered as a result of the sample
rocurement and preparation process.
Frozen tissues are sectioned in a cryostat, if

ecessary, using a small amount of optimum
utting temperature media on the cutting block
or support. Preferably, tissue should not be
mbedded in the polymer media because sur-
ace contamination with polymer caused by the
utting process tends to reduce ionization effi-
iency. A cryostat temperature between �15°C
nd �25°C generally is optimal for sectioning
idney tissue. Sections generally are cut at 12
m thickness, but may range between 10 and
0 �m depending on the application.4,10 After
utting, sections are thaw-mounted onto a
ALDI target plate and washed and/or allowed

o dry in a vacuum desiccator.
It is advantageous to wash tissue sections

hat are rich in salts and other contaminants as
ell as hemoglobin before matrix deposition
ecause these species can contribute to a high
pectral baseline and generalized signal sup-
ression. Because of the kidney’s role in filtra-
ion of blood, washing kidney sections removes
xcess hemoglobin and salts and enhances sig-
al quality. The conventional tissue washing
ethod involves 2 separate 70% ethanol sub-
ersions for 20 to 30 seconds followed by 10 to

5 seconds in 95% 200-proof ethanol (or 100%
eagent grade ethanol). Ethanol is a known tis-

ue fixative in histology18 and delocalization of m
roteins appears not to be significant; however,
t is noted that proteins soluble in these aque-
us solutions may be removed during the wash-

ng step. Previous studies have indicated mini-
al protein loss during this process, but the
ashing procedure should be confirmed for

ach tissue type.19,20

Selection of the matrix/solvent combination
or direct tissue analysis depends on the molecu-
ar weight, hydrophobicity, and salt content of
he analyte. Typically, 3,5-dimethoxy-4-hydroxy-
innamic acid (sinapinic acid) is favorable for
roteins (molecular weight � 2 kDa), and
-cyano-4-hydroxycinnamic acid (CHCA) is op-

imal for peptides (500-2,000 Da). Small-mole-
ule analysis, including drugs and lipids, usually
s performed with 2,5-dihydroxybenzoic acid.
he optimal matrix concentration range is 10 to
0 mg/mL sinapinic acid for protein analysis
nd 10 to 20 mg/mL CHCA for peptide analysis.
he usual matrix solvent is 50% acetonitrile
ith 0.1% trifluoroacetic acid (TFA). More non-
olar solvents such as methanol or isopropanol
an be used for more hydrophobic molecules.
he optimal matrix/solvent combination may
ary between tissue types and analytes and
ust be assessed for each study.
Various methods of matrix deposition on

hin tissue sections have been used success-
ully. For tissue profiling, matrix can be depos-
ted manually either with a pipette or pulled
lass capillary. Syringe pumps provide an alter-
ative, more automated approach with higher
eproducibility and smaller matrix spot diame-
ers. Robotic deposition offers superior repro-
ucibility, smaller matrix spot diameters, and a
igher throughput platform, and also allows for
he ability to perform histology-directed analy-
es21 and imaging. Two types of robotic de-
ices, an acoustic spotter19 and a chemical ink-
et printer,22 have been used successfully for
issue profiling and imaging. General matrix
eposition guidelines for both robotic types
ave been described,19,22 but for each tissue
ype, method optimization is recommended to
etermine the number of matrix drops and
asses required to obtain high-quality spectra.
n some cases matrix seeding may be desired to
id in the crystallization process.19 The current

inimum spot-to-spot spacing achievable with
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600 K.D. Herring, S.R. Oppenheimer, and R.M. Caprioli
ommercial robotic spotters is in the range of
00 to 200 �m. For applications that require a
esolution higher than 100 �m, spray coating
ay be used. A spray coating device may be as

imple as a glass thin layer chromatography
pray nebulizer that generates and sprays fine
roplets of matrix under slight positive pres-
ure, or automated spray devices. The matrix
olution must wet the tissue surface to ensure
o-crystal formation between matrix and ana-
yte. For manual spraying methods, a 1-minute
elay between passes provides sufficient drying
ime. Multiple passes are necessary to coat the
ntire tissue, but overcoating can suppress ana-
yte signal. The matrix coverage can be moni-
ored as necessary under a microscope.

istology-Directed MS Analysis

egion specificity is important for analysis of
eterogeneous tissue types such as kidney. One
ALDI-compatible method to accomplish this

s to stain tissues using cresyl violet stain or
ther suitable stains (H&E stains give poor MS
esults), allowing histology and MS analysis to
e performed on the same tissue section with
inimal interference in signal quality.23 This
ethod usually requires that tissue sections be

pplied to a conductive glass slide to obtain
istopathologic detail. A new method, histology-
irected MS analysis, uses digital imaging to

Optical Image of Tissue 
on MALDI plate

Optical Image of H&E 
Stained Tissue

Optical Image of H&E 
Stained Tissue Overlay

Optical Image of Tissue 
on MALDI plate

Optical Image of H&E 
Stained Tissue

Optical Image of H&E 
Stained Tissue Overlay

igure 3. Histology-directed MS sample preparation fo
ellular areas (spots) of interest on a stained tissue sectio
potter for matrix deposition on a co-registered serial sec

n black for visualization) to give mass spectra.
erge traditional histopathology, or hematoxy-
in-eosin tissue staining, with tissue profiling
Fig. 3). Details of this methodology have been
eported.21 In brief, a pathologist systematically
an select areas on a stained tissue section with
he usual cellular specificity. By co-registration,
he spot coordinates are transferred to a robotic
atrix spotter and then to the mass spectrom-

ter. This allows the profiles and other data-
rocessing algorithms such as statistical analy-
is to be mapped directly onto the histologic
mage and correlation between molecular pro-
les and histopathology.

S Analysis

he mass spectral acquisition methods used in
irect tissue analysis are performed in an auto-
ated fashion. When profiling discrete matrix

pots, mass spectra are obtained by performing
raster over the area of interest on the tissue.
he number of spectra obtained and averaged

rom a single spot on tissue depends on how
any shots can be acquired at one location

efore the signal is depleted and how big the
atrix spot is. Most experiments average be-

ween 250 and 500 spectra on a single spot
bout 150 �m in diameter. Mass spectral acqui-
ition from spray-coated images does not in-
olve averaging shots at different locations
ithin a pixel. Instead, each ablated location

ical Image of Tissue 
after Spotting
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ith subsequent laser irradiation of these spots (outlined
OptOpt
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MALDI MS and kidney biology 601
epresents one pixel and the number of laser
hots within that pixel depends on how many
hots can be obtained before the signal signifi-
antly decreases.

Spectral preprocessing is performed on the
cquired data to reduce interexperimental
nd intra-experimental variance. Such varia-
ions may be produced from the ionization pro-
ess, background noise, and calibration offsets
hat result from biological or sample prepara-
ion differences. Mass spectra are processed by
emoving background noise, normalizing inten-
ities, and performing a final mass calibration.
he latter is used primarily for profiling exper-

ments in which multiple sample groups are
eing compared, enhancing the efficacy of sta-
istical algorithms to determine biological pat-
erns and changes in these patterns. Imaging
pplications typically do not require the recali-
ration step, but background subtraction and
ormalization significantly enhance the image
uality. Illustrations of these processes have
een presented.24

ata Analysis

he large, complex data sets produced by these
xperiments require robust bioinformatics tools
o assess spectral patterns and to decipher mo-
ecular species that differentiate one group of
amples from another. MS data from each group
re compared to determine spectral features
peaks) that are significantly different between
he 2 subject groups. The experimental design
nd biostatistical methods used are critical to
he success of such analyses. Many of the algo-
ithms used to decipher the vast amount of
roteomic information were used initially for
enomic microarray experiments and have been
dapted for proteomic data set analyses.25-28

rotein Identification

dentification of statistically relevant mass spec-
ral peaks is necessary to gain insight into bio-
ogical processes. There are 2 approaches to
rotein identification. The top-down approach

nvolves ionization and gas-phase fragmentation
f the protein of interest inside the mass spec-
rometer,29 whereas the bottom-up approach
ses MS to identify peptides obtained from pro-

ease digestion of that protein, often in a mix- t
ure of other proteolytic fragments.30 The re-
ulting mass spectra are searched against
heoretical protein/peptide databases for corre-
ponding sequence patterns. Searches are per-
ormed using conventional algorithms such as
ASCOT and Sequest.31,32 When possible, man-
al validation of reported identifications is rec-
mmended to reduce false-positive results.

Commonly, the bottom-up strategy is used
nd this involves homogenization of the tissue
ollowed by reverse-phase liquid chromatogra-
hy (RP-LC) separation, where the eluate con-
inuously is collected into fractions. Fractions
re vacuumed to dryness, dissolved in 40% ace-
onitrile with 0.1% TFA, spotted onto a MALDI
late, and analyzed for the fractions containing
he peptides of interest. Based on the complex-
ty of the fraction, one enzymatically can digest
he entire fraction or further separate the mix-
ure by 1-dimensional gel electrophoresis fol-
owed by excision and enzymatic digestion of
he band of interest. Peptides then are sub-
ected to further separation and fragmentation
y RP-LC–tandem MS analysis and subsequent
atabase searches.

n-tissue Digestion
nd Protein Identification

ecent work has shown that digestion and iden-
ification of proteins may be coupled with di-
ect tissue analysis.22 The technique involves
utomatically depositing a spotted array of en-
ymatic solution onto the tissue at room tem-
erature. After hydrolysis, MALDI matrix (25
g/mL 2,5-dihydroxybenzoic acid in 50% meth-

nol, 0.5% TFA) is deposited onto the array for
ubsequent MALDI MS analysis. Figure 4 illus-
rates an image obtained from on-tissue tryptic
igestion of a clear cell renal cell carcinoma
ccRCC) section, where a unique distribution of
eptides is found in the tumor. This procedure
rovides the ability to simultaneously assess the
istribution of proteins and their correspond-

ng peptides by imaging MS (IMS) to obtain a
ore complete molecular signature of a tissue

ection. In addition, the in situ identification of
roteins requires less time than conventional
rotein identification strategies and the ability

o compare a given protein image to the image



o
t
v
m
l
o

A

G
F
s
r
t
k
n
T
v
g
g
n
a
t
M
r
f

f
n
n

s
c
a
p
I
M
T
s
m
n
L
a
t
o
p
t
b
u
a
(

F
t
a
t
i
F

602 K.D. Herring, S.R. Oppenheimer, and R.M. Caprioli
f its subsequent peptides increases identifica-
ion confidence. This process is best used for
alidation (ie, where the presence of one or
ore specific proteins is needed to be estab-

ished). For unknown proteins, the bottom-up
r top-down procedure is recommended.

pplication to Kidney

lomerulosclerosis
ocal segmental glomerulosclerosis (FSGS), or
carring of the glomeruli, is found in scattered
egions of the kidney and impairs kidney func-
ion. Its etiology and biological causes are un-
nown, making treatment complicated and diag-
osis difficult without a biopsy examination.33

he focal segmental characteristic of FSGS pro-
okes the question of whether the nonsclerotic
lomeruli in sclerotic tissue already are pro-
rammed to become sclerotic or whether these
onsclerotic glomeruli have less prosclerotic
ctivation and therefore are more receptive to
herapy. By using direct tissue analysis by
ALDI MS, Xu et al34 used a glomerulosclerotic

at model to determine if proteomic profiles

 A

igure 4. On-tissue tryptic digestion. Kidney tissue cont
hickness and transferred to a MALDI target plate. The s
rray of 120 picoliter droplets of trypsin solution placed a
o hydrolysis, matrix (CHCA) was deposited directly on
mage of spotted trypsin and matrix array. (B) MALDI io
igure generated by M. Reid Groseclose.
rom sclerotic glomeruli could be differentiated a
rom nonsclerotic glomeruli, and, second, if
onsclerotic glomeruli have a prosclerotic phe-
otype at the protein level.

To achieve the selective isolation and analy-
is of glomeruli from tissue, laser capture mi-
rodissection (LCM) was used. This technique
llows for the dissection of specific cells or cell
opulations from a heterogeneous tissue section.
n the FSGS study, LCM was combined with
ALDI MS for tissue protein profiling (Fig. 5).
he LCM procedure requires that a thin tissue
ection (�8 �m thick) is mounted on a glass
icroscope slide and dehydrated in serial etha-

ol dilutions followed by xylene rinses. The
CM procedure uses a narrow laser beam (di-
meter, �7-30 �m) to irradiate a heat-sensitive
ransparent polymer film, resulting in adhesion
f the film to the section. The cells bound to the
olymer are separated from the section when
he polymer is removed. This polymer mem-
rane is mounted onto a MALDI target plate
sing conductive double-sided tape. The cells
re spotted with very small volumes of matrix
sinapinic acid) using a thin pulled capillary or

m/z 1988

Tumor 

Margin 

 B
Non-Tumor

ccRCC and adjacent nontumor was sectioned at 12 �m
was washed with ethanol and spotted with an ordered
m lateral resolution using a robotic spotter. Subsequent
spots and a peptide image was obtained. (A) Optical

ge of tryptic peptide m/z 1,988 localized to the tumor.
aining
ection
t 250 �
these

n ima
robotic matrix deposition device.
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MALDI MS and kidney biology 603
The analysis of LCM-captured cells combined
ith MALDI MS profiling and statistical analysis

esulted in the proteomic differentiation and
lassification of normal, nonsclerotic, and scle-
otic glomeruli. Statistical analysis revealed that
onsclerotic glomeruli in the presence of pro-
ressive renal scarring also have an altered
roteomic profile that is more similar to scle-
otic than normal glomeruli. For example,
hymosin �4 was identified as one of several
ey differentiators between nonsclerotic and
clerotic glomeruli. Its expression also was

igure 5. LCM preparation for MALDI MS analysis. A th
ith a laser beam through a thermoplastic polymer film c
ttached to the cap. The cap is affixed to a MALDI plate
ncreased in these samples as compared with t
ormal glomeruli, suggesting its role as an
arly activator and indicator of prosclerotic
echanisms.

rug Nephrotoxicity
he kidney is particularly susceptible to toxic
amage because of its large surface area and its
ole in blood filtration. Current methods of as-
essing nephrotoxicity, such as monitoring se-
um creatinine levels and changes in cellular
orphology, often fail to detect changes until

he onset of toxic nephropathy. Characteriza-

e section is placed on a glass slide where it is irradiated
hen the cap is removed, cells that were irradiated remain
matrix is applied for subsequent MS analysis.
in tissu
ap. W
ion of toxicity markers with profiling and im-



a
h
e

p
S
p
m
s
f
t
l
m
s
i
t
3
a
a
u
w
e
s
t
(
f
e
T
w
i
t
r

i
a

R
A
g
w
o
e
l
s
c
a
t
i
t
T
t
a
t

l
i
t
c
p
s
o
f
t
a
l

F
t
fi
a n.35

604 K.D. Herring, S.R. Oppenheimer, and R.M. Caprioli
ging MALDI MS may provide a robust and
igh-throughput method to detect toxicity in
arly lead compounds.

A pilot study was performed to examine the
roteomic changes induced by gentamicin (Sigma,
t. Louis, MO), an antibiotic known to cause
roximal tubule damage in kidneys. Experi-
ental details for this study have been de-

cribed.35 Briefly, male Wistar rats were treated
or 7 consecutive days with 100 mg/kg/d gen-
amicin or vehicle and killed 24 hours after the
ast treatment. Kidney sections either were

anually spotted for profiling or automatically
potted with an acoustic robotic spotter for
maging. Mass spectra from each region con-
ained hundreds of peaks in the m/z range of
,500 to 25,000. Some signals were confined to
natomic regions, such as the cortex, medulla,
nd papilla, giving each region its own molec-
lar signature. Notably, a peak at m/z 12,959
as found to be statistically significant in differ-

ntiating control and treated animals. IMS re-
ults indicated that this feature was localized to
he cortex, the site of damage in these animals
Fig. 6). This protein was extracted directly
rom the cortex of 3 tissue sections and the
xtracts were pooled and separated by RP-LC.
he LC fraction containing the peak of interest
as subjected to RP-LC–tandem MS analysis and

dentified as transthyretin, a marker of nutri-
ional status36-38 and a ligand of the megalin

igure 6. Imaging results from gentamicin study. Rats
heir kidneys excised. Differential protein expression was
gure shows the image analysis of m/z 12,959 differentia
verage peaks in the spectrum. Adapted with permissio
eceptor,39 which binds gentamicin.40,41 The t
dentification was confirmed by Western blot
nd immunohistochemistry.

enal Tumor Margins
nother study currently ongoing is the investi-
ation of the molecular distributions in ccRCC
ith respect to molecular tumor margins. One
f the major concerns in clinical oncology is
nsuring complete tumor removal to minimize
ocal recurrence and ensure long-term patient
urvival.42-44 Depending on the tumor type, re-
urrence can occur a few months to a few years
fter removal of the primary tumor, suggesting
hat there are underlying molecular processes
n the remaining normal tissue that go undetec-
ed using current histopathologic techniques.
he discovery of new molecular markers for

hese processes has the potential to provide
dditional complementary approaches to iden-
ify abnormal tissue environments.

It is important to be able to measure the mo-
ecular characteristics of the tumor and surround-
ng tumor margin of ccRCC. The radical nephrec-
omy procedure is the standard treatment for
cRCC, but it is excessive for small tumors or
atients in whom the tumor is confined to a
olitary functioning kidney, has arisen bilaterally,
r when the remaining kidney could be under
uture threat from renal deficiencies. The par-
ial nephrectomy procedure maximizes the
mount of kidney spared but presents a chal-
enge for clinicians because of concerns over

osed with gentamicin once daily for 7 days, killed, and
ared between control and dosed kidneys using IMS. This
ressed in the cortex of dosed tissue with corresponding
were d
comp
lly exp
umor involvement of the surgical margin.45-47
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igure 7. Tumor margin analysis by MALDI MS. (A) Optical image of section with matrix spots with regions of interest
ighlighted. (B) Optical image of the corresponding hematoxylin-eosin–stained section. (C) The top figure shows the
mplitude of 6 m/z values plotted as a function of distance (of corresponding matrix spot analyzed) from the histologic
umor margin in one representative tissue sample. Each line represents a different m/z value, each identified as a
ember of the mitochondrial electron transport chain. These are smoothed trend lines of the original scatterplot data.

he bottom figure is a plot of the first derivative of the trend line. Both plots illustrate that the features represented are
nderexpressed in the tumor and in the margin normal tissue. These features remain underexpressed until approxi-

ately 4,000 �m past the histologic tumor border.
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606 K.D. Herring, S.R. Oppenheimer, and R.M. Caprioli
Proteomic technologies such as profiling/
maging MALDI MS may allow for the elucida-
ion of tumor margin characteristics to fur-
her understand tumor spread. Early results
ave identified molecular signatures that
how atypical tissue significantly beyond the
istologic margin. MALDI-TOF MS was per-
ormed on 34 ccRCC biopsy specimens con-
aining tumor and adjacent nontumor tissue.
atrix arrays were deposited on the tissue, cov-

ring the tumor and nontumor tissue (Fig. 7A).
utomated MS acquisition was performed on
ach of the matrix spots. After processing
ass spectra, statistical analysis was per-

ormed on the regions as follows: tumor ver-
us normal and margin normal versus normal
Fig. 7B). Many of the differences between
issue on the normal side of the margin and
issue distant normal also were observed be-
ween tumor and nearby histologically nor-
al tissue. Protein identification revealed that

ne of the families contributing to these ab-
ormal characteristics was mitochondrial
lectron transport proteins. These proteins
ere underexpressed in the tumor as com-
ared with normal and underexpressed in the
ear-normal compared with normal (Fig. 6C).
ased on the results as well as other stud-

es,48-56 it is probable that increased glycolysis
t the expense of mitochondrial oxidative
hosphorylation plays a significant role in
cRCC tumor spread into the normal tissue.

ONCLUSIONS

irect tissue analysis by MALDI MS is an impor-
ant technology for assessing the localization of
olecular species and for revealing the under-

ying molecular signatures indicative of disease.
he molecular species identified in these exper-

ments can provide insight into mechanisms
nd etiology of disease. Applications to kidney
iseases have just begun, but the potential of
his technology to help unravel the complex
olecular processes involved are extraordi-

ary. With increasing advances in the field, the
tility of this technology will continue to evolve
nd will play a fundamental role in understand-

ng kidney biology.
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