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Use of Quantitative Mass Spectrometry
Analysis in Kidney Research

Timothy D. Cummins, MS, and David W. Powell, PhD

Summary: An important component of nephrology research is the discovery of novel pro-
teins that control cellular and molecular events that contribute to normal kidney cell biology
and disease. Identifying perturbation of normal cellular protein expression and interactions
within signaling networks is critical for understanding these regulatory events. Methods that
couple 2-dimensional capillary liquid chromatography and tandem mass spectrometry (2D-
LC-MS/MS) analysis have greatly facilitated this discovery science. Coupling 2D-LC-MS/MS
analysis with automated genome-assisted spectra interpretation allows a direct, high-
throughput, and high-sensitivity identification of hundreds to thousands of individual
proteins from targeted complex biological samples. The systematic qualitative and quan-
titative comparison of experimental/disease conditions and appropriate controls allow
protein function or disease states to be modeled. This review discusses the different
purification and quantitative strategies that have been developed and used in combination
with 2D-LC-MS/MS and computational analysis to define regulatory events in kidney
biology and disease.
Semin Nephrol 27:574-583 © 2007 Elsevier Inc. All rights reserved.
Keywords: Mass spectrometry, liquid chromatography, 2D-LC-MS/MS, protein interactions,
quantitative analysis
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n important goal of nephrology research
is the discovery of novel molecular tar-
gets for the effective diagnosis and treat-

ent of kidney disease. Proteomic research is
laying an increasingly important role in this
iscovery process. Advances in mass spec-
rometry– based proteomic technologies have
ead to the high-throughput identification of
roteins that control critical molecular and
ellular functions.1-3 These discoveries have
een greatly facilitated by an approach that
ombines 2-dimensional capillary-scale liquid
hromatography (2D-LC) peptide separation
ith tandem mass spectrometry (MS/MS).2,4

his 2D-LC-MS/MS methodology allows for a
irect, unbiased, and high-sensitivity identifica-
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ion of hundreds to thousands of individual pro-
eins from virtually any type of biomedical sam-
le3-5 and thus has become a preferred method

n proteomics. The workflow for this approach
s shown in Figure 1. Selectively purified or
nriched protein mixtures are enzyme digested
irectly in solution and the resulting peptides
re then fractionated by 2D-LC and eluted di-
ectly into the mass spectrometer for MS/MS or
eptide fragmentation analysis. Proteins are
hen identified using genome-assisted computa-
ional analysis of the acquired spectral data.6,7

ifferent informatic platforms have been de-
igned to assist functional predictions from these
arge protein datasets.8

Because these studies are at the front end of
he discovery process, the validity of protein
dentifications and their relevance to the biolog-
cal question is still paramount. A key compo-
ent in acquiring this type of high-validity data

s the development of computational algo-
ithms that statistically measure the probability
f proteins identified from the mass spectral

ata.9,10 Rigorous computational algorithms and

ephrology, Vol 27, No 6, November 2007, pp 574-583
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Mass spectrometry analysis of the kidney 575
tatistical methodology allows for the reduction
f false-positive rates and, therefore, improved

dentifications. Further, central to defining a
rotein’s contribution to specific cellular and
isease processes is the ability to accurately
ssess the relative quantity of individual pro-
eins in the targeted biological samples. Differ-
nt strategies for quantitative assessment of
rotein abundance from mass spectrometry
ata have been developed and tested for quan-
itative profiling of a variety of complex biolog-
cal samples.11-15 In addition, computational
rograms for the statistical comparison of mul-
iple experimental/disease samples and con-
rols are being developed.8,9,16,17 This will allow
odeling of proteomics data to identify poten-

ial targets for molecular intervention for spe-
ific diseases. This article describes different
ypes of sample purification strategies and gen-
ral components of the 2D-LC-MS/MS approach

igure 1. 2D-LC-MS/MS analysis of complex biological
amples. Selectively purified or enriched protein mix-
ures are digested with a proteolytic enzyme of choice
irectly in solution. Digestions with trypsin or dual di-
estions with trypsin/chymotrypsin or trypsin/Lys-C typ-

cally are performed. To achieve a high level of separation
nd sensitivity, the resulting peptides are fractionated us-
ng 2D capillary-scale liquid chromatography. The most
ommonly used chemistries are strong cation exchange
or the first dimension and reversed-phase for the sec-
nd dimension. As the peptides elute into the mass
pectrometer they are ionized and selected for MS/MS
nalysis. This generates spectra of ions resulting from a
eries of collision-induced peptide bond fragmenta-
ions. High-probability peptide and protein assign-
ent is accomplished using computational algorithm-

ssisted database correlations (SequestSorcerer, http://
ww.sagenresearch.com/products.html) and filtering

ProteinProphet, http://tools.proteomecenter.org/software.
hp). These lists of proteins are submitted to bioinformatic
latforms (Ingenuity Systems, http://www.ingenuity.
om or DAVID Bioinformatics Database, http://david.
bcc.ncifcrf.gov/content.jsp?file�about_us.html) to as-
ist predictions of regulatory models.
nd then discusses how these methodologies n
re being applied to the discovery of proteins
hat regulate critical cellular processes in kid-
ey biology and disease.

EFINING COMPONENTS OF
ELECTIVELY ISOLATED PROTEIN
OMPLEXES WITH 2D-LC-MS/MS ANALYSIS

ey to defining molecular events that regulate
ritical cellular functions is the elucidation of
rotein networks. The basic reason for defining
rotein networks is that identification of pro-
eins that co-purify with a particular target pro-
ein or complex will help define events that
egulate a known biological process of the tar-
eted proteins or cellular system. For example,
argeted purification of a transcription activa-
or/repressor with known involvement in renal
brosis may lead to a better understanding of
he disease mechanism. Another more global
xample is characterization of plasma mem-
rane proteins in podocytes. The systematic
urification of targeted protein complexes cou-
led with mass spectrometric identification has
llowed regulatory protein maps of different
ell types or signaling pathways to be con-
tructed.18-25 These maps have greatly aided in
ur understanding of the function and regula-
ion of proteins in the cell. This section of the
rticle describes some of the strategies that
ave been developed and applied for the puri-
cation and enrichment of targeted protein
omplexes from cell lines and tissues (Fig. 2).

Native protein immunoaffinity purification
nd epitope/fusion-tag purification are 2 gen-
ral types of approaches used for affinity puri-
cation of targeted proteins.20 The immunoaf-
nity purification method uses antibodies to
ative targets, enabling one to universally iso-

ate protein complexes from cellular extracts,
liminating issues associated with genetic
verexpression and extraneous fusion tag-me-
iated effects. This method is advantageous
specially in studies of tissue or primary cells,
here genetic manipulation is limited. How-

ver, all antibodies have some degree of
ross-reactivity to proteins other than the tar-
et protein, which results in false-positive
dentifications. Thus, when feasible, high-af-
nity epitope tagging offers an effective alter-

ative.

http://www.sagenresearch.com/products.html
http://www.sagenresearch.com/products.html
http://tools.proteomecenter.org/software.php
http://tools.proteomecenter.org/software.php
http://www.ingenuity.com
http://www.ingenuity.com
http://david.abcc.ncifcrf.gov/content.jsp?file=about_us.html
http://david.abcc.ncifcrf.gov/content.jsp?file=about_us.html
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576 T.D. Cummins and D.W. Powell
An innovation in epitope tagging that was
eveloped initially in yeast uses a tandem affin-

ty purification (TAP) methodology (Fig. 2D).19

y using 2 different extremely high-affinity
pitope tags (protein A and calmodulin binding
equences), nonspecific interactions are mini-
ized dramatically, allowing selective isolation

f relatively pure target complexes. The use of
niversal affinity reagents and methodology
lso eliminates the need for specialized re-
gents and optimization for different targets
nd offers an effective comparative experi-
ental control for assessing target-specific in-

eractions. The TAP approach has been used
outinely in combination with 2D-LC-MS/MS
o discover novel protein–protein interac-
ions in selective protein complexes isolated
rom model organisms, as well as mammalian

igure 2. Approaches used to purify targeted protein
omplexes from cell or tissue extracts. These approaches
se affinity molecules coupled to a beaded matrix. This
llows for isolation of targeted protein complexes with
entrifugation or gravity flow chromatography. After the
nitial protein recovery, the beads are washed to minimize
ecovery and identification of nonspecific proteins. (A) This
pproach uses polyclonal antibodies designed against a
pecific target protein. (B) For this approach the target
rotein is expressed with a fusion epitope tag attached to

ts C- or N-terminus and recovered using an antibody
gainst the tag. (C) This method uses non–immune-based
ffinity interactions, such as glutathione S-transferase/glu-
athione or biotin/streptavidin. (D) This is a 2-step affinity-
urification approach. The target protein is expressed with
high-affinity tags (calmodulin binding peptide [CBP] and
protein A sequence) attached to its C- or N-terminus. A

pecific protease cleavage site is placed strategically be-
ween the 2 different affinity tags. This allows elution or
elease of the targeted complex from the first affinity (im-
unoglobulin G [IgG]) step. Then the complex is recovered

n a second step using a calmodulin matrix.
ells.3,18,22 c
An important facet of establishing an effec-
ive high-throughput means to characterize reg-
latory protein networks is that it provides an
xpedient and systematic approach to elucidate
pecific molecular mechanisms regulating the
tructure and function of the targeted complex
Fig. 3). A 2D-LC-MS/MS analysis is used to com-
are the composition of the targeted com-
lexes isolated from cells or tissues from exper-

mental/disease conditions versus appropriate
ontrols. For example, a model for chronic kid-
ey disease could compare the changing com-
osition of protein complexes resulting from
xposure of renal cells to different pro-inflam-
atory cytokines.26 An example of examining a
ore direct molecular process is determining

he effects of deleting or mutating a compo-
ent(s) of the target complex.3,27 Quantitative
omparison of experimental/disease purifica-
ion with controls is facilitated using isotope-
abeling or label-free approaches. These tech-
iques are discussed in greater detail in a later
ection.

igure 3. Defining regulatory events in targeted pro-
ein samples with 2D-LC-MS/MS analysis. The composi-
ion of whole-tissue/cell-extract or purified protein com-
lexes is characterized using the 2D-LC-MS/MS approach
escribed in Figure 1. Targeted protein complexes are
urified from cell or tissue extracts using the different ap-
roaches described in Figure 2. Quantitative differences
etween experimental/disease conditions and controls
re determined using isotope labeling (metabolic or

hemical tags) or label-free approaches.
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Mass spectrometry analysis of the kidney 577
OMPUTATIONAL
NTERPRETATION OF 2D-LC-MS/MS DATA

he earlier sections focused on how different
ypes of biological samples are prepared for
D-LC-MS/MS analysis. This section discusses
he different informatic platforms that are re-
uired for interpreting the data acquired from
D-LC-MS/MS experiments. Informatics is re-
uired to convert the mass spectral information

nto the identity of proteins in the biological
ample and comparison of experimental/dis-
ase conditions versus controls. Informatics is
sed to map the mass spectral data to a peptide
equence that can be compiled into the identity
f the proteins in the sample and for systematic
omparison of experimental/disease conditions
ersus controls. A number of efforts are under-
ay to develop and optimize informatics, start-

ng with the software of the mass spectrometry
nstruments, analyzing the acquired spectra,
nd comparing the results of multiple experi-
ents to generate models of protein function,
rotein structure, and disease predictions. For
rotein identification, the amino acid sequences

rom acquired MS/MS spectra are inferred by
omparing the theoretical properties of peptides
erived from translated genome sequences to the
xperimental mass spectrometry data (Fig. 1).
ultiple computer algorithms have been devel-
ped that process the unedited MS/MS data into

ists of peptide sequences that statistically corre-
ate with the raw mass spectrometry data. The

ost commonly used algorithms are SEQUEST
Thermo Fisher Scientific, Waltham, MA), MAS-
OT (Matrix Science, Boston, MA), and X!Tan-
em (www.thegpm.org/tandem).28-32 These
earch algorithms mathematically compare the
xperimental fragmentation ion (MS/MS) data
ith the predicted fragmentation ions of the pep-

ide sequences to generate scoring metrics de-
cribing the fit of the experimental and theoreti-
al data. By using different statistical approaches,
he algorithm incorporates the scoring metrics to
llow for ranking of the peptide sequences with
he experimental MS/MS spectrum.

Most of the search algorithms attempt to
e-assemble the identified peptide sequences
nto a list of proteins. Typically, the output of
eptide sequences and scoring metrics is fil-

ered, sorted, and organized into a list of the e
roteins that describe the initial protein com-
osition.2,17,31,33-36 Typically, a threshold value

s set on scoring output from the protein data-
ase search results. Only peptides with scores
bove a user-defined threshold are allowed to
ass through a filter into the final list of protein

dentifications. A biologist or clinician analyzing
he 2D-LC-MS/MS results then must sift through
hese large numbers of protein identifications
o evaluate their validity and biological signifi-
ance. Needless to say, this is a very time-con-
uming process that tends to be very subjective.
he final outcome typically is biased by the inves-

igator’s interpretation of the results. In the past
ew years, multiple statistical approaches, in-
luding linear discriminate analysis and machine
earning algorithms, have been proposed for val-
dating protein identifications from MS/MS re-
ults.8,10,16,37-39 Comparative analysis across multi-
le experimental and control experiments is also
ssential for developing disease and biological
odels. Manual comparison of results containing
undreds to thousands of proteins is a daunting
ask. Thus, software applications have been devel-
ped for automated comparison of data from mul-
iple 2D-LC-MS/MS experiments.9,17

UANTITATIVE ANALYSIS OF PROTEINS
ROM 2D-LC-MS/MS EXPERIMENTS

he effective assessment of a protein’s contri-
ution to a given cellular event or disease pro-
ess requires that the relative abundance of
roteins be determined accurately for quantita-
ive comparison analysis of experimental/dis-
ase samples versus appropriate controls. Al-
hough 2D-LC-MS/MS identification of proteins
rom complex biological samples is becoming
outine, the quantitative measurement of the
omponents in these complex mixtures is more
ifficult to achieve. Quantitative mass spec-
rometry–based proteomics traditionally has re-
ied on stable isotope labeling. Isotope labels
re incorporated into proteins such that 2 or
ore sample states being compared are tagged
ith different mass variants of the label. By
ixing the samples before mass spectrometry

nalysis, an assessment of the different mass
atio enables a pair-wise relative comparison of
rotein abundance levels. Sample mixing also

liminates the issue of experimental variability

http://www.thegpm.org/tandem
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578 T.D. Cummins and D.W. Powell
hat is associated with sample preparation and
D-LC-MS/MS analysis. Metabolic labeling of
ells before harvesting proteins and postisola-
ion chemical labeling of digested proteins are 2
table-isotope approaches that have been devel-
ped and refined for quantitative 2D-LC-MS/MS
nalysis.11,40,41

Metabolic labeling offers an elegant method
or in situ quantitative analysis of proteins and
rotein networks in cultured cells. The ele-
ance of this approach is that it allows compar-
tive assessment of protein abundance changes
n response to different disease-related or phys-
ologic conditions. A proven metabolic labeling
trategy involves introduction of stable iso-
ope–labeled amino acids in cell culture, where
roteins are tagged biosynthetically with stable

sotopes during protein synthesis.11 A number
f schemes have been developed to introduce
table isotopes of hydrogen, carbon, nitrogen,
nd oxygen into a variety of different essential
mino acids including arginine, tryptophan,
ysteine, aspartic/glutamic acid, and lysine. Ly-
ine or arginine often is the favorite choice for
D-LC-MS/MS experiments because lysine- or ar-
inine-terminated tryptic peptides presumably
ill contain a single stable isotope label. These

eagents also are available commercially as differ-
nt mass variants, allowing quantitative compari-
on of different cellular states in a single experi-
ent. For example, examination of changes in

argeted protein complex composition in re-
ponse to activation or inhibition of a particular
ytokine signaling pathway.

One of the first chemical labeling techniques
sed reagents called isotope-coded affinity tags
ICAT).12 ICAT reagents contain a reactive
roup for conjugation to cysteine residues and
biotin moiety for selective isolation of tagged
eptides using streptavidin beads. The original

CAT reagents consisted of a heavy form that
ontained 8 deuterium atoms, and a light form
hat contained no deuterium. A later version of
he ICAT reagent used 13C as the heavy iso-
ope.41 One of the drawbacks or concerns with
sing cysteine-targeted ICAT reagents is that
eptides that do not contain cysteine residues
ill be missed in the analysis. To address this

imitation, reagents that label at the N-terminus of

ll peptides have been developed. One of these o
eagents, termed isobaric tags for relative and
bsolute quantitation (iTRAQ), has become the
ethod of choice for chemical labeling.40 In ad-

ition to being amine-reactive, isobaric tags for
elative and absolute quantitation reagents use
ragmentation-tags of 4 different masses. This is
dvantageous because it enables up to 4 different
ample conditions to be compared in one exper-
ment. For instance, 4 different progression stages
f a particular type of nephropathy can be mon-

tored in a single experiment.
Because of the complexity of sample pro-

essing and the substantial costs associated
ith using stable-isotope reagents, approaches

or quantifying proteins in complex biological
amples using 2D-LC-MS/MS without the use of
abels have been pursued.3,13,14,20,39,42-44 Exper-
ments showing a linearity of MS ion intensity
r the number of spectral counts with peptide
r protein concentration provides the frame-
ork for effective label-free quantitative analy-

is of 2D-LC-MS/MS experiments.15,39,44 Two
roups recently used these methods for en-
ichment-based assignment of proteins to spe-
ific subcellular compartments.24,25 The utility
f these methods were supported by Western
lot and in situ imaging analysis and by consis-
ency with benchmark localization datasets. Our
roup also has proposed a label-free method for
stimating protein abundance from 2D-LC-
S/MS experiments using the spectral count
rinciple. This method estimates the relative
bundance of each identified protein by nor-
alizing the number of spectral counts match-

ng to the protein by its predicted molecular
eight. We call this value a protein abundance

actor. These data interpretation are facilitated
sing a web-based informatic system named
IGCAT (http://plato.kdp.louisville.edu/BIGCAT/

ndex.php).9 This label-free approach has been
ighly successful in the development of statistical
odels based on large sets of 2D-LC-MS/MS ex-
erimental data.1,3,20,45

PPLICATION OF 2D-LC-MS/MS
NALYSIS TO DEFINING REGULATORY
VENTS IN KIDNEY BIOLOGY AND DISEASE

he previous sections described some general
ackground information pertaining to the use

f 2D-LC-MS/MS analysis in defining regulatory

http://plato.kdp.louisville.edu/BIGCAT/index.php
http://plato.kdp.louisville.edu/BIGCAT/index.php
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Mass spectrometry analysis of the kidney 579
rotein networks. Here we discuss some spe-
ific kidney-related applications of these meth-
dologies.

dentification of Regulatory Signaling
vents in Cultured Renal Cells

key feature of this technology is that it allows an
nbiased assessment of interactions within perti-
ent signaling networks and changes that are me-
iated by disease-related stimuli or pharmacologic

nhibitors. Renal fibrosis is the final common
anifestation of a wide variety of chronic kid-

ey diseases (CKDs). This process is character-
zed by both glomerulosclerosis and tubulointer-
titial fibrosis, which results from improper
egulation of the body’s wound-healing system.
hus, identifying protein–protein interactions

hat are mediated by proinflammatory cytokines
ie, tumor necrosis factor [TNF-�]) or other
elated stimuli in glomerular and tubular cells
ill help define mechanisms regulating this

entral disease process. Bouwmeester et al18

sed the TAP-2D-LC-MS/MS approach for exten-
ive characterization of the TNF-�/nuclear fac-
or �B (NF-�B) signaling networks. TAP was
sed to purify 32 previously characterized com-
onents of the TNF-�/NF-�B transduction path-
ay in HEK293 cells. Comparing replicate ex-
erimental TAPs with non–TNF-� signaling–
elated TAP experiments, they identified 131
igh-confidence interactors, of which 80 were
reviously unknown interactors. Of these 80
andidates, 28 were selected for functional val-
dation studies using a combination of small
nterfering (si)RNA knock-down and NF-�B
ranscription activity analysis. Ten of these can-
idates reproducibly regulated NF-�B activity.
hese findings suggest that the TAP approach
ffers a substantial level of identification sensi-
ivity and functional specificity. Although this
eport shows the utility of the approach for
haracterizing targeted signaling complexes,
he challenge has been effective quantitative
ssessment and comparison such that modula-
ions mediated by altered cellular conditions
an be determined. A recent study described a
nique quantitative strategy for comparative
nalysis of LC-MS/MS results.23 The previously
escribed ion intensity-based label-free method

as used to assess the effects of pharmacologic p
hosphoinositide-3 kinase (PI3K) inhibition
Ly294002) on protein interactions with the
orkhead transcription factor Fox03A in
EK293 cells. This is a well-characterized net-
ork that was selected to show the validity and
erformance of the technology. Nonetheless,
his signaling cascade is a key regulator of trans-
orming growth factor (TGF-�) expression, a
rominent mediator of fibrosis in a number of
ypes of CKD.46-48 The primary challenge of this
ype of analysis is differentiating specific changes
part from those resulting from normal experi-
ental variably. To account for this, samples

rom PI3K inhibition and controls were mixed
t increasing ratio increments (LY/control: 0%,
0%, 80%, and 100%) before LC-MS/MS analysis.
hus, proteins with abundance changes that
ere commensurate with this ratio were inter-
reted to be PI3K-mediated changes. These
I3K-altered interactions were validated using

mmunofluorescence colocalization experiments.
he utility of this approach also was indicated by

dentification of previously characterized PI3K-
ediated events. Although these studies were
erformed with HEK293 cells and 2 distinct
rotein complexes, these methods should be
pplicable to any transfectable renal cell line
nd other signaling complexes of interest.

ssessment of Protein Expression
rofiles in Selective Cellular
omponents of the Kidney

nother important application of LC-MS/MS
nalysis is the identification of selectively en-
iched subsets of cellular proteins from animal
issue (reviewed by Andersen and Mann49).
hese studies provide valuable insight into in
ivo protein function and regulation. One such
ecent report used centrifuge-based isolation
oupled with 2D-LC-MS/MS to characterize the
rotein composition of 4 different subcellular

ractions (cytosol, membrane, mitochondria,
nd nuclei) from a variety of mouse tissues
ncluding kidney.25 Approximately 700 pro-
eins from each kidney fraction were identi-
ed. Cellular localization specificity was indi-
ated by protein abundance or enrichment as
etermined by a spectral counting– based, la-
el-free quantitative approach described in a

revious section. The validity of these assign-
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580 T.D. Cummins and D.W. Powell
ents was indicated further by concordance
ith benchmark datasets. A few of the un-

haracterized assignments also were vali-
ated experimentally with immunofluores-
ence imaging. An annotated list of the
dentified proteins can be viewed at http://
ap.med.utoronto.ca/�mts. Another study fo-
used on the enrichment and identification of
ntegral and nonintegral membrane proteins
f rat renal collecting duct cells.50 By co-
alently labeling specific medullary prepara-
ions with biotin the investigators were able
o affinity-purify and differentially identify
roteins present in apical versus basolateral
ollecting duct membranes. The purified pro-
eins were first separated by sodium dodecyl sul-
ate–polyacrylamide gel electrophoresis, and di-
ested gel sections were applied to 1-dimensional
C-coupled MS/MS analysis. This approach is used
ommonly as an alternative to a 2-dimensional
C-coupled MS/MS approach. However, the
D-LC approach eliminates time-consuming, gel-
elated sample preparation and, although not
ompared extensively, presumably improves the
verall sensitivity of protein identification. Sev-
nteen integral and 44 nonintegral apical and
3 integral and 134 nonintegral basolateral
embrane proteins were identified in this

tudy. The localization of a few of the candi-
ate proteins were confirmed using immuno-
uorescence confocal microscopy. This list of
roteins was compiled with other previously

dentified medullary collecting duct membrane
roteins and can be viewed at dir.nhibi.nih.
ov/papers/IKem/imp/index.htm. These ex-
ensive protein localization maps aid in our un-
erstanding of normal kidney biology and the
ethodologies establish the framework for

dentifying proteins that are regulated in animal
odels of different kidney diseases.

ssessment of Protein Expression
atterns in Kidney Disease and Relevant
ellular Models

dentification of protein expression changes
hat are mediated by kidney disease–related
timuli in relevant in vitro cellular models
reatly improves our understanding of the dis-
ase process and aids in the discovery of novel

herapeutic targets. Progressive renal failure in M
KD is typified by an accumulation of acti-
ated fibroblasts (myofibroblasts) and subse-
uent myofibroblast-mediated deposition of
xcessive extracellular matrix in the tubu-
ointerstitium.51,52 The exact origin of these

yofibroblasts is not understood clearly, but
here is emerging evidence that suggests tubu-
ar epithelial cell transdifferentiation into myo-
broblasts (EMT) is a major contributor.51,53-56

MT is activated in animal models of renal fi-
rosis and in cell cultures by several profibrotic
actors including albumin, angiotensin II, fibro-
last growth factor, and TGF-�.47,53,55-59 Of
hese, TGF-� plays a central role in the renal
brosis associated with a number of CKDs.48

uch of our understanding of the molecular
echanism in EMT comes from studies defining
ediators of EMT in tumor metastasis.59 One

uch study used matrix-assisted laser desorption
onization–time-of-flight–assisted 2D-LC-MS/MS
oupled with the iTRAQ stable isotope labeling
pproach to define proteins that were ex-
ressed differentially during TGF-�–induced
MT in human lung tumor cells.38 A total of 51
ifferentially expressed proteins (29 up-regu-

ated and 22 down-regulated) were identified. A
ajority of the proteins up-regulated by TGF-�

ctivity regulate cell migration, adhesion, and
nvasion, suggesting an invasive phenotype and
ndicating the utility of this approach. However,

ost of these proteins typically are expressed at
elatively high abundance and although pheno-
ypic EMT changes were detected by immuno-
lotting, none of these or other typical EMT mark-
rs were identified. This suggests sensitivity
imitation of this approach. Arguably, electros-
ray-based linear ion traps are the most sensitive
f the currently available mass spectrometers.
owever, the iTRAQ reagents were designed
xclusively for use with Applied Biosystems
ime-of-flight– based mass spectrometers. Al-
hough attempts have been made to develop
trategies to allow use of iTRAQ with ion trap
nstruments, these methods have not been ap-
lied routinely.

dentification of Novel Regulators of
iabetic Nephropathy

ur laboratory is using ion trap-assisted 2D-LC-

S/MS and spectral counting-based label-free

http://tap.med.utoronto.ca/mts
http://tap.med.utoronto.ca/mts
http://dir.nhibi.nih.gov/papers/IKem/imp/index.htm
http://dir.nhibi.nih.gov/papers/IKem/imp/index.htm
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ethods to identify global protein expression
hanges in whole renal tubular extracts from
-month-old OVE26 type 1 diabetic and control
ice. This diabetic mouse model and this time
oint was selected because at this age these
nimals display features of late-stage human di-
betic nephropathy, including albuminuria and
IF.60 Overall, we have identified over 14,000
ifferent proteins with just 10 �g of tubular
rotein from replicate diabetic and control MS
xperiments. This has allowed us to begin map-
ing the renal tubular proteome (Cummins et
l, unpublished data). Thus far, we have identi-
ed 477 significantly differentially expressed

igure 4. Histogram showing functional distribution of
ouse renal tubular cells. Replicate 2D-LC-MS/MS ana

iabetic and control mice. Protein abundances were det
pproach.3 Data filtering and quantitative comparative an
he histogram shows groups of proteins that were sign
ersus control samples. Each bar represents the function
atch that functional group with a significance thresh
unctional categories for proteins increased and (B) decreased
P � .05) proteins in the diabetic tubular cells
s compared to controls. Using Ingenuity Path-
ays analysis (www.ingenuity.com), histo-

rams were generated to illustrate functional
nformation for this subset of differentially reg-
lated proteins (Fig. 4). Interestingly, there ap-
ears to be a functional trend in that many of
hese diabetes-regulated proteins are involved
n glucose metabolism and energetics. It is bio-
ogically plausible that in the high-glucose envi-
onment of diabetes that these types of molec-
lar processes would be regulated in this
anner. We also observed differences for pro-

eins with substantial biological relevance, but

set of differentially expressed proteins in OVE26 diabetic
ere performed on renal tubular extracts from OVE26
d using a previously described spectral counting-based
was performed using an in-house web-based program.9

ly (P � .05) differentially expressed proteins in diabetic
p that maps back to the dataset and how well the data
P � .05. The top 14 functional groups are listed. (A)
a sub
lyses w
ermine
alysis

ificant
al grou
old of
in diabetic extracts.

http://www.ingenuity.com
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582 T.D. Cummins and D.W. Powell
hese had P values greater than .05. Many of
hese regulated proteins are EMT and fibrosis
elated proteins (Powell et al, unpublished
ata). Another diabetes-induced protein of par-
icular interest was albumin. This may be be-
ause these diabetic animals display profound
lbuminuria starting at about 3 months of age.60

n concordance with our MS results, immuno-
istochemistry showed enhanced albumin ex-
ression in the cortical tubules of diabetic mice
data not shown in lieu of Cummins et al, un-
ublished data). We propose that these biolog-

cally relevant findings indicate the utility of this
ethod for unbiased discovery of novel regula-

ory events in kidney disease and that selective
nalysis of different components of the nephron
ill help define site-specific regulation.
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