
Journal of Chromatography B, 815 (2005) 275–284

Review

Methods of comparative proteomic profiling for disease diagnostics

Laura F. Steela,∗, Brian B. Haabb, Samir M. Hanashc

a Department of Microbiology and Immunology, Drexel University College of Medicine, Doylestown, PA 18901, USA
b The Van Andel Research Institute, 333 Bostwick NE, Grand Rapids, MI 49503, USA

c Fred Hutchinson Cancer Research Center, Seattle, WA 98109, USA

Received 17 August 2004; accepted 22 October 2004
Available online 26 November 2004

Abstract

The recent development of numerous technologies for proteome analysis holds the promise of new and more precise methods for disease
diagnosis. In this review, we provide an overview of some of these technologies including two-dimensional gel electrophoresis (2DE),
historically the workhorse of proteomic analysis, as well as some newer approaches such as liquid phase separations combined with mass

thod will be
roviding a
anding of
spectrometry, and protein microarrays. It is evident that each method has its own strengths and weaknesses and no single me
optimal in all applications. However, the continuing development of innovative strategies for protein separation and analysis is p
wealth of new tools for multi-dimensional protein profiling that will advance our capabilities in disease diagnostics and our underst
disease pathology.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Technologies used for the parallel analysis of large num-
bers of proteins are advancing rapidly. The increasingly pow-
erful tools for proteomic studies are providing new opportuni-
ties for the discovery of protein biomarkers that will be useful
for diagnosing disease, monitoring disease progression or the
efficacy of treatment, identifying new therapeutic targets, and
understanding the underlying mechanisms of disease.

Nucleic acid based technologies have been widely used
in studies of comparative gene expression profiling for
biomarker discovery. However, it is essential that these stud-
ies also be carried out at the protein level. Proteins are the
functional readout of genetic information and protein activ-
ity can be affected by many factors that are not reflected
in the RNA transcript population (transcriptome). For in-
stance, there can be a substantial discordance between mRNA
abundance and protein expression levels[1,2]. Further, over
200 different post-translational modifications[3] can regu-
late protein function by altering properties such as interac-
tions with other biomolecules or sub-cellular localization. In
developing tools for disease diagnostics, it is also important
to consider that many of the biological fluids that are rela-
tively accessible for analysis, such as serum, urine, and saliva,
are rich in protein but very poor sources of nucleic acids for
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The straightforward application of 2DE in disease pro-
teomics is well-demonstrated by a large study aimed at the
discovery of proteins that might serve as prognostic biomark-
ers for survival of lung cancer patients[12]. Proteins from
lung tissue of 90 patients with lung adenocarcinoma were
resolved by 2DE and 682 protein spots were quantified and
statistically analyzed for correlations with patient survival.
Using the top 20 proteins that showed a significant correla-
tion with survival, it was possible to generate a risk index that
was highly predictive of outcome for patients with early stage
tumors. Of a total of 46 spots shown to correlate with survival,
33 were identified by mass spectrometry, providing informa-
tion regarding biological changes associated with the tumor
tissue. Importantly, one of the proteins identified, phospho-
glycerate kinase 1 (PGK1), was detected in serum where it
retained its strong correlation with patient survival, suggest-
ing that it may prove useful in screens of disease progression.
It is worth noting that for most of the proteins identified in
this study, similar associations with survival were not found
at the mRNA level when the same[13] or different[14] tumor
sets were examined by microarray analysis[12]. This under-
scores the value of conducting studies at multiple levels of
gene expression.

2DE has been used by many investigators to compare the
protein complements of diseased and healthy tissue. Among
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An ideal proteome screening methodology would c

ine high throughput capabilities with detection of as m
rotein products as possible in a sensitive, reproducible
uantifiable manner. The wide-ranging biochemical he
eneity of proteins makes it unlikely that any single sep

ion and analysis method will be suitable for profiling the
roteome of any cell type, tissue, or biological fluid. In

ollowing sections, we describe several of the tools that
een used or that are being developed for protein biom
iscovery and disease diagnostics, each with its own stre
s well as limitations. Several reviews of proteomic inve
ations in disease diagnosis have been published[4–9]. Here,
e will emphasize recent studies that are illustrative of

eomic approaches currently being used.

. Two-dimensional gel electrophoresis for proteome
nalysis

.1. The basic technology

Two-dimensional gel electrophoresis (2DE), develope
he mid-1970s[10,11], was the first method to allow the re
lution and simultaneous display of hundreds of prote
ecent improvements in the implementation of this b

echnology, together with the explosion of protein sequ
nformation resulting from genomic studies, and the deve

ent of techniques for peptide analysis by mass spectrom
ave fueled the emergence of proteomics as a powerfu

or comparative gene expression profiling.
he more recent studies is one in which proteins from pe
ral blood mononuclear cells (PBMCs) were compared

ween healthy individuals and those with rheumatoid ar
is [15]. Twenty-nine differentially expressed protein sp
ere found in gels that could be used in hierarchical c

ering for the accurate separation of healthy individuals f
hose with arthritis. Some of the proteins were identified
ass spectrometry and have known roles in inflamma
r autoimmune processes[15], showing that this approa
ill be of value both diagnostically and in helping to und
tand the disease pathology. Another recent study used
nd mass spectrometry to identify proteins whose expre

s modulated in oral tongue squamous cell carcinoma[16].
pproximately 600 protein spots from ten pairs of matc

umor and surrounding non-tumor tissue were compare
DE and spots showing consistent differences were id
ed by peptide mass fingerprinting. Many of the obse
hanges could be explained in terms of tongue tumor pa
gy, the increased vascularization of the tumor tissue, or
roteins whose expression has been found to be modu

n other tumors as well[16].
While direct comparisons of tumor and non-tumor tis

re clearly informative, it is also true that interactions am
he heterogeous cell types that comprise the tumor mic
ironment are critical to disease progression[17]. In order to
apture proteins engaged in this intercellular cross-talk, m
ds are being devised to sample fluids that contact dis

issue. For instance, nipple aspirate fluid is being exam
or markers of breast cancer[18] and urine is being studie
or markers of urinary tract disease[19]. Proteins from fluid
hat directly perfuses breast tumor tissue were collected
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supernatants of short term cultures of freshly excised tumor
tissue[20]. These tumor interstitial fluid (TIF) proteins were
characterized by 2DE with subsequent identification of 267
proteins by mass spectrometry, immunoblotting, or compar-
ison to existing databases. Proteins were found representing
many aspects of cellular metabolism, cell-cell interactions,
and angiogenesis, indicating that TIF protein profiles will
likely be a rich source of information related to the interplay
between healthy and diseased cells, as well as to the body’s
defense response to the diseased tissue.

A novel application of 2DE has been in the discovery of
circulating autoantibodies in cancer patients. There is evi-
dence of a humoral immune response against tumor antigens
in some cancer patients that might be used in serum-based
assays of disease progression or in the development of an-
ticancer vaccines[21–23]. Proteins isolated from tumor tis-
sue or cell lines are resolved by 2DE and then transferred
to membranes for immunoblotting against patient sera. Im-
munoglobulins present in the sera that have reactivity against
tumor proteins can be detected in these 2D blots and the anti-
genic protein can be identified by mass spectrometry after
alignment of the blot with a stained gel. Sera from patients
with lung cancer[21,24], hepatocellular carcinoma[22], re-
nal cell carcinoma[23,25], and neuroblastoma[26] have been
studied in this way, and in each case, autoantibodies specific
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proteins vary by as much as 12 orders of magnitude in abun-
dance and a small number of proteins, including albumin,
immunoglobulins, transferrin, haptoglobins,�1-antitrypsin,
acid-1-glycoprotein, constitute as much as 80% of the total
protein[33]. Affinity based methods are available for the spe-
cific removal of many of the abundant proteins, making minor
but possibly informative proteins more accessible to detec-
tion and analysis[19,34]. Improvements in the detection of
some serum proteins that can be gained by removal of albu-
min are illustrated inFig. 1. It is also becoming evident that
proteins such as albumin and the immunoglobulins can serve
as carrier proteins, able to bind potentially useful biomarkers
[35]. It will undoubtedly be beneficial to examine proteins
and peptides that co-elute with the abundant proteins, as well
as those left in the unselected population, in any separation
strategy.

2.2.2. Sample prefractionation and laser capture
microdissection (LCM)

Additional methods of sample fractionation prior to 2DE
analysis are being used, essentially adding a third dimension
to protein separations. More low abundance proteins become
detectable when gels are loaded with proteins from individ-
ual fractions, rather than the total cell or tissue lysate. Of
course, disadvantages to this approach are that it multiplies
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o a limited number of tumor proteins were found. Althou
t is incompletely understood why some tumor proteins
ome antigenic in a subset of patients, the antitumor
odies often correspond to proteins that are overexpre
islocalized, or mutant in the tumor. There is also evide

hat increased cytokine activity contributes to the deve
ent of autoantibodies in some patients[21].

.2. Limitations and improvements to 2DE technology

Despite successes with 2DE, the method has many, o
escribed limitations. For instance, solubility problems

ead to an under-representation of hydrophobic memb
roteins, highly basic proteins are difficult to resolve in
imension focusing gels, and the dynamic range of dete
ossible in gels can be exceeded by the dynamic ran
rotein abundance in samples, making the detection o
bundance proteins difficult. Many of these limitations
eing addressed, both through improvements to the tec
gy and by using 2DE together with other technologie

ake advantage of the complementary strengths of each
etergents are being used to extend the utility of 2DE to m
f the low solubility proteins[27,28]and work continues t

mprove the resolution of basic proteins[29–31]. Gels tha
ocus proteins in a very narrow pH range in the first dim
ion, so-called zoom gels, can be used to increase the nu
f proteins resolved in the 2D system[32].

.2.1. Removal of abundant proteins
The problems posed by widely different levels of prote

n a sample are particularly notable in serum or plasma w
,

r

oth the total number of gels required and the total am
f sample necessary for a given analysis as well as intro

ng the potential for protein loss or degradation as the n
er of sample handling steps increases. Nevertheless,
hromatographic separations, including those based o
xchange, hydrophobic interactions, differential affinity,
ize exclusion, have all proven useful in increasing the n
er of proteins resolved by 2DE (reviewed in[36]). Reversed
hase high performance liquid chromatography (RP-HP
as used to fractionate proteins from cultured human b
pithelial cells (HBL-100), cultured B-cells (BL60-2), a
at lung tissue[37]. Subsequent 2DE showed a reproduc
ractionation that allowed detection of proteins not cle
isible in gels of unfractionated cell lysates, including so
hat were experimentally induced by the apoptotic agent
osporine[37]. Solution phase isoelectric focusing has a
een applied as a prefractionation step. A procedure fo
roscale solution isoelectrofocusing (musol-IEF) has b
eveloped that uses a series of small volume chambe

orm discrete pH zones for the high resolution separatio
roteins based on pI [38]. Experiments with mouse seru

38] and human breast cancer cell extracts[39] have demon
trated that prefractionation by this procedure increase
oading capacity and greatly enhances the resolution pos
ith narrow pH range first dimension IPG strips.
Another form of sample prefractionation can be achie

t the cellular level. Tumor specimens invariably con
ixed populations of cells, with variable proportions of d
ased and normal cells, as well as mixed cell types natu
ccuring in the tissue. Clearly, protein expression differe
rising from the disease state could be masked by the
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Fig. 1. Improved resolution and detection of serum proteins after human serum albumin (HSA) removal. A close-up view is shown of a 2D gel region including
and just below the position of the major albumin spot: (a) gel with total serum proteins; (b) gel with HSA removed. A 3D image of the boxed region is shown
below each gel. Note the numerous low abundance spots that can now be visualized for analysis. Arrows in panel (b) point to spots that are obscured in thegel
shown in panel (a). Reprinted from[34] with permission.

geneity of the sample. Laser capture microdissection (LCM)
allows precise dissection, so that malignant cells or their non-
malignant counterparts can be cleanly separated from neigh-
boring cells in biopsy material[40]. The value of LCM in
proteomic profiling is illustrated in a recent study of pan-
creatic ductal adenocarcinoma (PDAC), where both normal
and malignant ductal epithelial cells represent only a small
percentage of the tumor mass[41]. When 2DE was used to
compare proteins from non-malignant pancreatic tissue with
those from normal ductal cells collected by LCM, there were
numerous differences, presumably due to the small contribu-
tion made by ductal cells to the heterogeneous undissected
tissue. LCM was then used to prepare populations enriched
in normal or malignant ductal cells from pancreatic tumors.
Nine differentially expressed proteins that varied consistently
between the normal and malignant ductal cells could be de-
tected by 2DE of the LCM collected samples[41]. In a second
example, LCM was used to help in profiling proteins from
matched normal ductal/lobular units and ductal carcinoma in
situ (DCIS) of the breast[42]. In this study, too, distinct pro-
tein profiles were generated by 2DE of proteins isolated from
frozen tissue sections or LCM collected epithelial cells, and
the two methods of tissue sampling produced only partially
overlapping lists of differentially expressed proteins[42].
LCM is a highly labor intensive procedure that yields limited
a ning

large numbers of samples. Nevertheless, it sharply focuses
comparisons of proteins found in a subset of cells from het-
erogenous tissue, and proteins identified in cell populations
obtained by LCM can be pursued in larger sample sets by
other analytical techniques, such as immunohistochemistry.

2.2.3. Two-dimensional difference gel electrophoresis
(2D DIGE)

A serious bottleneck in the evaluation of 2D gels is the
delineation of protein spot boundaries in the gel image, and
the matching of spots in a series of gels so that quantita-
tive comparisons can be made. Even with specialized imag-
ing equipment and sophisticated software, the process re-
quires time-consuming manual editing. This problem is ex-
acerbated by gel-to-gel differences that arise from unavoid-
able minor variations in the efficiency of protein entry into
the IPG strip, the transfer of proteins from the first to the
second dimension gel, or in local areas of the gel compo-
sition itself. Two-dimensional difference gel electrophoresis
(2D DIGE) is an analytical strategy designed to minimize
these problems, making sample-to-sample comparisons eas-
ier and more accurate, as well as reducing the number of gels
required to evaluate a series of samples[43,44], reviewed in
[45].

In 2D DIGE, different size and charge matched fluorescent
d lently
mounts of material and so it is not suitable for scree
 yes, such as Cy3 and Cy5 derivatives, are used to cova
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label the proteins of two samples that are to be compared. The
labeled protein samples are mixed together and then resolved
in a single 2D gel. Fluorescent signal from the Cy3 and Cy5
dyes can be imaged separately, and the ratio of labeling can be
determined for each spot, allowing quantitative comparisons
between the samples to be made within individual spots in the
image. Since the samples are run in a single gel, differences
due to technical variations are avoided and the process of gel
matching is eliminated. An internal standard can be added
to the mix, comprised of a combination of equal amounts of
each sample in the comparison series, labeled with a third
fluorescent dye, such as Cy2[46]. This refines the accuracy
of quantitation and helps in making comparisons among mul-
tiple samples.

2D DIGE has been applied to a model system of breast
cancer[47]. Protein expression patterns were compared be-
tween a cell line established from human breast luminal ep-
ithelium (HB4a) and a derivative cell line that overexpresses
ErbB-2 (HBc3.6). Several proteins showing deregulation in
the HBc3.6 cell line could be identified by mass spectrometry
and are known to be associated with changes in cell morphol-
ogy, proliferation, cell transformation, or metastasis[47]. In
another study, proteins from colonic tumor tissue and nearby
normal mucosa from six colorectal adenocarcinoma patients
were compared by 2D DIGE[48]. Over 1500 spots were
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2D liquid phase-based strategies for the separation of com-
plex mixtures of proteins. Such strategies include SEC–CE or
SEC–RPLC as used by Jorgenson’s group to fractionate pro-
tein mixtures inEscherichia colilysates[53,54]. Le Coutre
analyzedE. colimembrane proteins with affinity chromatog-
raphy, followed by on-line RPLC–MS[55]. Feng reported the
use of ion-exchange chromatography (IEC) followed by on-
line eight-channel parallel RPLC–ESI-MS to purify recombi-
nant proteins in a high-throughput fashion[56]. A major ad-
vantage of liquid separations is that proteins are maintained in
solution that allows on-line intact protein characterization by
MS as well as protein recovery. Our group developed a novel
2D IEF-RPLC system to fractionate or resolve large numbers
of cellular proteins. These protein fractions were recovered
and applied to protein biochips to determine their antigenic-
ity in cancer[52,57,58]. The capacity of the 2D separation
system in practice is limited to resolving no more than 10,000
protein forms according to Giddings’ model, if each dimen-
sion has a capacity of 100; that capacity may not be sufficient
to achieve complete resolution of a cell or tissue proteome. It
is, therefore, beneficial to reduce sample complexity as much
as possible.

With the emergence of soft ionization techniques such
as fast atom bombardment (FAB), matrix-assisted laser
desorption ionization (MALDI), and electrospray ionization
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esolved and quantitatively analyzed by this method, y
ng 52 discrete proteins, identified by mass spectrometry
howed consistent differences between normal and canc
issue[48]. 2D DIGE has also been used to reveal diffe
ial protein expression in infiltrating ductal carcinoma of
reast (IDCA)[49].

The comparative power of 2D DIGE was combined w
he specificity of LCM to discover potential markers
sophageal carcinoma[50]. Cancerous and normal squam
pithelial cells were dissected from frozen esophageal t
ections and proteins were compared by DIGE. Nume
rotein spots were found to vary more than three-fold in
ression and are candidate markers of esophageal cance
f the proteins were identified by mass spectrometry and
ifferential expression in normal and cancer cells was
rmed by immunoblotting, demonstrating the feasibilty
his approach[50].

. Separation and analysis of proteins by liquid
hromatography and mass spectrometry

There is a great deal of interest at the present time in d
ping gel-free systems for protein analysis because of
otential for multiplexing[51,52]. An analogy may be mad

o DNA sequencing, notably as utilized in the genome pro
hich received a considerable boost when the switch
el-based approaches to a gel-free technology took p
ulti-modular combinations of HPLC, liquid-phase isoel

ric focusing (IEF), and capillary electrophoresis (CE) p
ide various options to develop high-resolution orthogo
o

ESI) more than a decade ago[59–61], biological mas
pectrometry (Bio-MS) has become a standard too
rotein analysis[62]. Biological samples subjected to m
pectrometry consist of three major types: (1) tissues
ell populations; and (3) biological fluids. Innovations
ass spectrometry continue to have a substantial impa
roteomics. Nano-electrospray techniques[63,64]combined
ith a hybrid quadrupole time-of-flight mass spectrom

andem mass analyzer (ESI Q-TOF MS/MS) enable exte
ragmentations to produce collision-induced dissocia
CID) spectra that allow unambiguous protein identifica
y peptide sequence tags through protein sequence da
earches. High-throughput proteomic analysis may als
erformed with a MALDI Q-TOF MS/MS tandem instr
ent[65,66] and MALDI TOF-TOF MS/MS tandem ma

pectrometry[67]. A new ion source for Fourier-transfor
on cyclotron resonance mass spectrometry (FTICR-
nables quick changes between MALDI and ESI modes[68].

Mass spectrometry in conjunction with proteomics,
een utilized primarily for protein identification. Howev

t is possible to profile tissues and biological fluids dire
sing mass spectrometry. The potential of mass spectr

ry to yield comprehensive profiles of peptides and prot
n biological fluids without the need to first carry out p
ein separations has attracted interest. In principle, suc
pproach would be highly suited for clinical applications
ause of reduced sample requirements and high throug
his approach is currently popularized, particularly for se
nalysis, by the technology referred to as surface-enha

aser desorption ionization (SELDI)[7]. Proteins from a pa
ient sample are captured by various types of surfaces
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different properties including adsorption, partition, electro-
static interaction, or affinity chromatography. Although such
surfaces are referred to as “chips”, they should not be con-
fused with microarrays as they do not involve any type of
arraying. Aside from the use of SELDI, the direct analysis of
tissues or biological fluids may be simply accomplished using
standard matrix-assisted laser desorption ionization without
the use of proprietary surfaces. Some quite noteworthy find-
ings have been reported using SELDI. They include the abil-
ity to accurately diagnose ovarian, prostate, breast, and other
types of cancer with minimal sample requirement and with
high throughput. A study of ovarian cancer that has attracted
considerable attention demonstrated the ability of SELDI in
combination with an algorithm, to correctly identify all can-
cer patients, including those with limited stage I disease
[69].

MALDI mass spectrometry has been utilized in an inno-
vative fashion to profile tissues in situ. A recent study utilized
this approach to classify lung tumors based on their proteomic
profile [70]. Proteomic spectra were obtained for 79 lung tu-
mors and 14 normal lung tissues. More than 1600 protein
peaks were detected from histologically selected 1 mm diam-
eter regions of single frozen sections from each tissue. Class-
prediction models based on differentially expressed peaks
enabled the classification of lung cancer histologies, distinc-
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applications. These methods and their applications in com-
parative proteomics are reviewed here.

4.1. Antibody arrays

Antibody arrays are useful for measuring the abundance
of multiple, specific proteins in low sample volumes. Anti-
body array methods are particularly well suited to profiling
many candidate biomarkers in large sets of biological sam-
ples, such as serum, to identify individual proteins or groups
of proteins that statistically associate with a particular condi-
tion. The multiplex capability of antibody arrays allows both
the efficient testing of many individual candidate markers and
also the evaluation of the use of multiple markers in combi-
nation. The use of multiple markers in combination may in
some cases have higher diagnostic accuracy than individual
markers. Since microarray experiments are generally rapid
to run and easy to analyze, large clinical studies are possible,
enabling the validation of multiple new or candidate markers.

Various technological implementations of antibody array
experiments have been demonstrated. A variety of substrates
and methods of antibody attachment have been used, such as
passive adsorption of antibodies onto membranes[72–75],
poly-l-lysine coated glass[76,77], or hydrogels[75,78], co-
valent linkage to amine-reactive coated glass[77,79,80], or
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etection of proteins with a lower molecular mass and the
culty in determining the identity of proteins whose mas
re measured because of lack of correspondence betwe
asses detected and those predicted for correspondin

eins, due to post-translational modifications.
There have been some concerns regarding the signifi

f the diagnostic patterns uncovered using SELDI bec
he molecules monitored in serum using this approach
ikely to be present at concentrations many fold higher
raditional cancer biomarkers. Such markers, therefore
nlikely to originate from the tumor and thus are consid

o be epiphenomena of cancer produced by other orga
esponse either to the presence of cancer or to a gener
ondition of the cancer patient such as debilitation or ac
hase reaction[71]. Thus, the role of MALDI and MALD
urfaces in profiling biological fluids remains to be de
ined.

. Antibody and protein arrays

Antibody and protein arrays offer an attractive com
ent to separation and mass spectrometry methods for
arative proteomics research. Various technologies for p

ng binding interactions on arrays of immobilized antibod
roteins or peptides are in development and use. Each
ology has its own advantages, disadvantages, and op
e
-

inkage of biotinylated antibodies to streptavidin-coated g
81]. The best choice of surface is not yet firmly establis
nd may depend on the application or the detection me
sed. Factors to consider in evaluating surfaces are r
ucibility and consistency in both the background and
ignals, the signal levels relative to the background le
nd the ability of the surface to maintain the antibodie

heir properly folded, reactive forms.
A variety of detection formats also have been emplo

andwich assays, using a pair of antibodies specific for e
arget, have been developed in a chip format for the m
lexed detection of cytokines[80,82–85]. Sandwich assay
ave the potential for very high specificity and sensitivit
etection. Rolling-circle amplification (RCA)[82,84], tyra-
ide signal amplification[80], and fluorescence[85] have
een used as detection methods for multiplexed sand
ssays. RCA significantly enhances fluorescence signa
educes detection limits in comparison to non-amplified
rescence methods. Its advantages for microarray assa

hat it is an isothermal process and that the amplifica
roducts are covalently attached to the spot of origin—a

or important for planar, multiplexed assays.
An alternative to sandwich assays are “label-based

ays, in which the proteins to be detected are labeled
ags that allow detection after capture by immobilized a
odies. A benefit of the label-based assays is that only
ntibody per target is required (as opposed to two ant

es per target for a sandwich assay), making the develop
nd testing of assays for new targets straightforward.
apability will be important for research in which multip
are or newly discovered proteins are to be probed. Ano
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advantage of the label-based method is that competitive as-
says are possible, since two different samples, a test sample
and a reference sample, can be co-incubated on an array.
Competitive assays can lessen the requirement to match the
concentrations of analytes to a particular linear range for each
analyte. This feature may be important when a multiplexed
assay measures different analytes in widely varying concen-
tration ranges[86]. Competitive assays could be performed
using a labeled reference sample and an unlabeled test sample
[86], or both the test and reference samples could be labeled,
each with its own distinguishable label[76].

Labeled proteins have been detected by fluorescence
[74,78,87], RCA [75], or colorimetric methods[73]. RCA
detection of labeled proteins was developed as a means to im-
prove the detection sensitivity of the label-based antibody mi-
croarray assay[75]. Two pools of proteins were, respectively,
labeled with biotin and digoxigenin and co-incubated on anti-
body microarrays. The biotin-labeled proteins were detected
by RCA with green fluorescence and the digoxigenin-labeled
proteins were detected by RCA with red fluorescence. The
fluorescence was enhanced up to 30-fold relative to non-
amplified fluorescence, and the reproducible detection of
low-abundance proteins in serum samples was demonstrated.

Several reports have demonstrated the application of anti-
body microarrays to cancer proteomics research. Portions of
f odis-
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This result established the feasibility and value of multiplexed
serum biomarker detection. The further application and de-
velopment of the above methods are sure to yield valuable
results in cancer proteomics research.

4.2. Protein and peptide arrays

Protein and peptide arrays are complementary to antibody
arrays. They are useful for probing the interactions of pro-
tein and peptides with other antibodies, proteins, or other
molecules. The methods and applications of these technolo-
gies are discussed below.

“Reverse phase” protein arrays recently have proven use-
ful for probing the abundance of specific proteins in sets of
biological samples. Protein lysates from cell culture or tissue
samples are spotted in microarrays onto nitrocellulose mem-
branes. A labeled antibody specific for a particular protein is
incubated on a microarray, and quantification of the bound
antibody reveals the amount of that protein in each of the
samples. Therefore, reverse phase array experiments mea-
sure a single protein in many samples, in contrast to antibody
array experiments that measure many proteins in one sample.
Several demonstrations of the use of the technology for pro-
filing proteins in cancer have appeared. The technology was
used to measure proteins relevant to apoptosis pathways in
m -
f
m onal
C tivity
[

emi-
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t used
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p
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t
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t ul-
t ion-
e have
h nve-
n
t pot-
t oga-
t teins
t al-
rozen tumor specimens isolated by laser capture micr
ection (LCM) were probed by antibody arrays to iden
roteins both in the tumor tissue and in the surroun
troma that had levels correlating with advancement of
ase[73]. A similar study probed proteins in LCM-isolat

issue from hepatocellular carcinoma tumors and the
ounding environment, identifying proteins that may be
ociated with that disease[74]. Proteins in cultured colo
arcinoma cells were profiled by antibody arrays to id
ify proteins that may be regulated in response to radia
xposure[77]. In a novel application, microarrays of an
odies spotted onto nitrocellulose specifically captured
xpressing specific membrane antigens[72]. Suspensions o

eukocytes isolated from the blood of leukemia patients w
ncubated on microarrays of antibodies recognizing var
D antigens, and quantification of the bound cells by
eld microscopy identified antigens that accurately disc
nated CLL lymphocytes from normal lymphocytes.

Another useful application for antibody arrays is to p
le sets of proteins in blood serum or other readily sam
iological fluids to identify candidate markers for cancer
gnosis. Such an application was demonstrated in the r
ucible and accurate measurement of multiple protein
erum samples from prostate cancer patients and co
78]. The clustering of antibody measurements and EL
easurements from four replicate experimental sets me

ng 53 different serum samples (Fig. 2) shows that replicat
icroarray measurements are highly reproducible and

he ELISA and microarray measurements substantially a
set of five candidate biomarkers was derived from the s
ith statistically different levels between cases and cont
alignant and normal prostate tissue[88], to investigate de
ects in signaling in ovarian cancer tissues[89], and to profile
ultiple proteins in 60 cancer cell lines used by the Nati
ancer Institute to screen compounds for anticancer ac

90].
Protein arrays also have been made from purified or s

urified proteins (as opposed to whole-cell lysates). H
hroughput expression and purification methods were
o produce proteins, and the arrayed proteins were us
robe specific binding interactions. One study looked a

nteractions of calmodulin- and phospholipid-interacting p
eins with arrayed yeast proteins that had been expresse
urified from 5800 open reading frames[91]. An efficient
ethod to produce arrays of proteins is to spot individ
acterial colonies of a cDNA library onto membranes,
uce the colonies for protein expression, and lyse the
n the membrane[92–94]. These arrays may be most use

or measuring protein–protein and protein–small mole
nteractions, and may eventually find application in diag
ics and comparative proteomics.

Another method to produce proteins for arrays is to
rate whole-cell lysates into the component protein f

ions using multi-dimensional liquid chromatography. M
iple modes of separation in succession (for example,
xchange chromatography followed by reverse phase)
igh resolving power, and liquid phase methods allow co
ient fraction collection. As previously suggested[58], pro-

ein fractions separated by liquid chromatography and s
ed onto microarrays could be used for the parallel interr
ion of thousands of proteins. An advantage of using pro
aken from their native states is that modifications and



282 L.F. Steel et al. / J. Chromatogr. B 815 (2005) 275–284

Fig. 2. Two-way hierarchical clustering of antibody microarray data. Serum samples from 33 prostate cancer patients and 20 healthy controls were measured
with eight different antibodies in four independent experiment sets. The red-colored branches of the dendrogram indicate serum samples from the prostate
cancer patients, and the blue-colored branches indicate serum samples from the controls. Each colored square represents one antibody measurement from one
array. The color and intensity of each square represent the relative protein binding from the sample versus the reference, red representing higher from the sample
and green representing higher from the reference. Black squares indicate relatively equal binding from the sample and reference, and gray squares indicate no
data. Reprinted from[78] with permission.

terations to the proteins are present, in contrast to proteins
expressed in foreign systems, such as in bacterial or insect
cells, that may not have correct post-translational modifica-
tions. A valuable application of such microarrays is the study
of immune responses in cancer patients[95–97]. Arrays of
tumor-derived proteins were incubated with sera from can-
cer patients and controls, and the level of antibody binding to
each protein fraction identified proteins that may commonly
elicit immune responses in prostate cancer[95,96] and in
lung cancer[97]. Circulating tumor-specific antibodies may
be valuable for cancer diagnostics.

Peptide microarrays also have been powerfully used to
study and characterize immune responses[98,99]. Sets of
peptides from candidate targets of autoantibodies in various
autoimmune diseases were collected and arrayed, and the ar-
rays were incubated with sera from patients with autoimmune
diseases such as autoimmune encephalomyelitis or multiple
sclerosis. The detection of antibody binding at each peptide
revealed the specificity of the autoimmune response in each

patient. The mapping of immunoreactivity in the autoimmune
patients could be used for diagnosis, prognosis, and tailoring
of antigen-specific tolerizing therapy.

The above applications and technologies demonstrate the
value of antibody, protein and peptide microarray methods.
Further improvements to the technologies and dissemination
of the methods should broaden their use and impact in bio-
logical research.
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