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Abstract

Beast cancer is the most diagnosed cancer in women, accounting for approximately 40,000 deaths annually in the USA. Significant
advances have been made in the areas of detection and treatment, but a significant number of breast cancers are detected late. The advent of
proteomics provides the hope of discovering novel biological markers that can be used for early detection, disease diagnosis, prognostication
and prediction of response to therapy. Several proteomics technologies including 2D-PAGE, 2D-DIGE, ICAT, SELDI-TOF, MudPIT and
protein arrays have been used to uncover molecular mechanisms associated with breast carcinoma at the global level, and a number of these
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technologies, particularly the SELDI-TOF hold promise as a proteomic approach that can be applied at the bedside for discoverin
patterns that distinguish disease and disease-free states with high sensitivity and specificity. Laser microdissection, a method for s
homogenous cell populations, coupled to 2D-DIGE or MudPIT constitute a new proteomics-based paradigm for detecting disease in
specimens and monitoring disease response to therapy. This review describes proteomics technologies, and their application in th
analysis of breast carcinoma.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Breast cancer still imposes significant healthcare burden
on women worldwide. For example, in the United States,
women have a one in eight lifetime risk of developing breast
cancer, and it is estimated that over 200,000 women will be
diagnosed with breast cancer in 2004. The standard clini-
cal and pathological approaches to breast cancer staging are
the AJCC criteria of tumor size, axillary lymph node status,
and presence or absence of distant metastases. Other vali-
dated predictive factors include the assessment of estrogen-
receptor (ER), progesterone-receptor (PR), and human epi-
dermal growth factor receptor 2[1,2]. Wider adoption of
mammographic screening has increased the number of breast
lesions detected but many breast cancers are still not de-
tected early enough, and patients with nodal involvement or
metastatic disease often display significantly different clini-
cal phenotypes and responses to therapy[3]. This underscores
the need to identify new biological markers and adopt new
strategies for detection and management of breast cancer.

The most commonly reported and evaluated breast can-
cer biomarkers are either (i) associated with hormone recep-
tion, cell cycle regulation, extracellular matrix modification,
cell proliferation, tumor suppression, (ii) are oncogenes or
proto-oncogenes, (iii) are linked to familial/hereditary breast
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dysfunctions existing in tumor cells, the presence of single
nucleotide polymorphisms, changes in DNA copy numbers
or altered levels of RNA may have little or no effect on the
events actually happening at the protein level, or directly be
relevant to the biological nature of the disease and response
to therapy. The requirement therefore exists for comprehen-
sive protein expression profiling using modern proteomics
technologies, especially because cancer is increasingly be-
ing recognized as a proteomic disease.

It is now widely recognized that proteomics has the po-
tential to revolutionize disease diagnosis and management
[8]. The greatest expectations from proteomics come from
pharmaceutical research for new protein targets and valida-
tion of detected targets[9], whereas clinical researchers hope
that proteomics will facilitate the identification of diagnos-
tic, prognostic and predictive biological markers. The human
genome sequence has been completely determined and thou-
sands of genes identified or predicted[10,11]. Although 62
genes or more are possibly associated with the onset, pro-
gression and/or severity of breast cancer[5], the specific
roles played by the majority of these genes are yet to be
clearly elucidated at the protein level, and only a small num-
ber have been clinically validated or associated with clinical
phenotypes. New developments in functional genomics and
proteomics will enable high throughput parallel analysis of
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4]. Since the molecular character of each tumor is diffe
ccurate and objective classification of the tumor can
e carried out after screening the breast tumor with m
le markers. But choosing the right combination of m
rs that will be sufficiently sensitive and selective for
ases is not straightforward. Several biomarkers that
een used for breast cancer diagnosis, prognostication
iction of response to therapy and overall survival have
escribed[5]. Amongst the reported markers, the hormo
eceptors, particularly, estrogen (ER) and progesterone
re the most widely used, particularly, to identify patie

hat will benefit from hormonal therapy. A number of
eported biological markers are used to identify metas
isease or identify patients at high risk for disease pro
ion or recurrence[5]. Unfortunately, no single marker wi
ufficient “predictive power” across all categories of pati
as been reported[6] and our experience supports the gen
otion that breast cancer prognostication and manage

s significantly improved by the use of multiple biomark
5] that will most likely be identified by proteomic analy
f breast carcinoma. The central dogma of molecular
gy is still based on the transcription of genomic DNA i
RNA and translation of mRNA into proteins, the functio
nit of genes[7]. But, while DNA and RNA analysis throug

echniques such as cDNA microarrays, comparative gen
ybridization, loss of heterozygosity (LOH) and single
leotide polymorphism (SNP) analysis are important in id
ifying genetic abnormalities and uncovering the molec
housands of genes in individual patients and amongst p
ations, and open up the possibility of providing more de
t the global level on the molecular mechanisms assoc
ith breast carcinoma. The new sub-discipline of proteo

ermed “clinical proteomics”, that emphasizes the applica
f proteomics technologies at the bedside[12] holds signif-

cant promise for early detection and management of b
ancer patients.

. Proteomics technologies

The first requirement of proteomic analysis is the sep
ion of the complex mixtures containing as many as se
housand proteins[13]. A complex protein mixture mu
e resolved into individual proteins or manageable g
f proteins, or digested into peptides before identifica
y mass spectrometry (Fig. 1). A survey of the proteomic

iterature indicates that several strategies and ena
echnologies are in use for proteomic analysis of norma
iseased specimens and for identification of cancer-sp
rotein markers[4,14–22]. While many of the reporte
trategies and techniques hold promise, only a few
een rigorously tested, widely used and/or proven to
easonably effective for comprehensive proteomics of b
arcinoma. Amongst the well-known large-scale biol
ethods that have been adopted for proteomics, poly

amide gel electrophoresis (PAGE), Isotope Coded Affi
ags (ICAT) technique, Multidimensional Protein Iden
ation Technology (MudPIT), protein array technology
urface enhanced laser-desorption ionisation-time of
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Fig. 1. Generalized schematic representation of the workflow process for
proteomic analysis of biological samples.

(SELDI-TOF) technologies are the proteomics strategies
that have been most widely used for cancer research. An
emerging tool with increasing application in proteomics
research is the laser assisted microdissection technology.
Laser capture microdissection technology permits selection
of a homogenous tumor population from a field of normal
appearing cells and vice versa, to improve the accuracy of
comparative proteomics studies.

2.1. Polyacrylamide gel electrophoresis (PAGE)

Out of all the protein separation methods in literature,
polyacrylamide gel electrophoresis (PAGE) is the most
widely used technique for separation of complex protein mix-
tures prior to protein identification by mass spectrometry.
There are two main versions of PAGE, viz. one-dimensional
gel electrophoresis (1D-PAGE) and two-dimensional gel
electrophoresis (2D-PAGE).

2.1.1. One dimensional gel electrophoresis (1D-PAGE)
1D-PAGE is the single most widely used and least expen-

sive analytical protein separation technique that is reasonably
useful for proteomic analysis. In 1D-PAGE, the protein sam-
ple is dissolved in a loading buffer that usually contains a
reductant (dithiothreitol, or mercaptoethanol) and SDS[23].
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2.1.2. Two-dimensional gel electrophoresis (2D-PAGE)
Two-dimensional gel electrophoresis (2D-PAGE) is the

“benchmark” for large-scale separation of complex protein
mixtures and is currently regarded as the most practical and
useful separation method for proteomics. Amongst all the
proteomics methods currently available, 2D-PAGE is the
most reported in breast cancer literature as the technique
used for proteomic characterization of breast cancer, prob-
ably because it offers the best resolution and is amenable to
automation. Varieties of the 2D-PAGE have been used for
proteomics analysis of human breast ductal carcinoma in situ
[25], infiltrating ductal carcinoma of the breast[4] and for
comparison of the protein profiles from fibroadenomas to
those from IDCA[26]. In 2D-PAGE, proteins are separated
according to two independent physico-chemical parameters.
(i) Proteins are first separated by iso-electric focusing (IEF)
based on the iso electric point of proteins and then (ii) by
PAGE based on the molecular weight of the protein[9,13,23].
Due to new technological developments, a standard spectrum
of 2D-PAGE reagents, high resolution pre-cast gels, immobi-
lized pH gradient strips, multiple detection and identification
techniques, integrated imaging and bioinformatics tools are
now available for proteomic characterization of biological
specimens[9,27]. 2D-PAGE and mass spectrometry has been
used to study protein expression in breast biopsies[25] and
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ased on molecular weight. Separated proteins are visu
y staining the gel with colloidal dyes such as Coomassie

iant blue or silver stain and excised from the gel for iden
ation by mass spectrometry. The degree of protein reso
y 1D-PAGE is relatively low and a single protein band fro
D-gel may contain several hundred proteins. Thus, alth
D-PAGE can help reduce protein complexity when dea
ith biological specimens like cerebrospinal fluid and lu

ining fluid that contain limited amounts of proteins, it
f little utility in proteomic analysis of biopsies and tum
pecimens containing complex protein mixtures becau
he limited separation capacity[24].
for proteomic phenotyping of metastatic and invasive bre
cancer[28].

The recently introduced variety of 2D-PAGE, terme
“two dimensional difference gel electrophoresis”[29]
has significantly improved the speed, reproducibility a
sensitivity of 2D-PAGE based proteomics[4,17,30,31]and
permitted the use of this versatile technology in a hi
throughput research environment[32]. The 2D-DIGE con-
cept involves the covalent labeling of protein extracts w
different fluorescent dyes, e.g. cyanine (Cy2, Cy3, or C
dyes[4,17,30,31,33,34]or Alexa dyes[35]. Two approaches
of DIGE, termed “minimal” and “saturation” labeling
procedures have been described[32]. The earliest and by far
the most commonly used DIGE application is the “minim
labeling” procedure, in which the protein-to-dye ratio
deliberately kept high (>95%) so that only the protei
containing a single dye molecule are visualized on the
[33].

Typically, the “test” protein sample is labeled with Cy
and the reference sample is labeled with Cy5[4]. Equal con-
centrations of the differentially labeled protein samples
mixed and co-separated during the same 2D-PAGE proc
The 2D-DIGE gel pattern is then visualized by scanning
gel at two wavelengths using a fluorescence imager (Fig. 2).
Since the charge and mass of the fluorescence dyes
in 2D-DIGE are carefully matched, there is minimal dy
induced shift of proteins during 2D-PAGE[4,33]. A compar-
ison of the images generated by scanning of the 2D-DI
gel at the Cy3 and Cy5 wavelengths allows the quantitat
of each spot with the accompanying image analysis s
ware, e.g. the 2D-DIGE DeCyder Software[4,15,30], and
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Fig. 2. Generalized workflow process for the GE Healthcare 2D-DIGE technology. Test, reference and a 1:1 mixture of the two samples are labeled with cyanine
(Cy2, Cy3 and Cy5), mixed and separated by 2D-PAGE (iso-electric focusing, first dimension; and polyacrylamide gel electrophoresis, second dimension).
The gel generated is scanned at three wavelengths and the image generated analyzed with the accompanying difference in gel analysis (DIA) and biological
variation analysis (BVA) software’s available in DeCyder (GE Healthcare). Candidate protein spots are picked from Sypro Ruby stained gels and identified by
mass spectrometry (MS analysis). Incorporation of laser microdissection (LCM) improves the accuracy of comparative and quantitative proteomics.

for making multiple gel comparisons. 2D-DIGE effectively
eliminates or drastically reduces gel-to-gel variability asso-
ciated with standard 2D-PAGE and improves the accuracy of
quantitative protein profiling. Determination of protein ex-
pression differences between a “test” and a “reference” sam-
ple is fast and accurate because it is based on the relative
fluorescence intensities captured from a single 2D-DIGE gel
[4,30].

The “saturation labeling” procedure is specifically devel-
oped for the analysis of scarce protein samples, e.g. sam-
ples obtained by laser-microdissection[36]. The “saturation”
labeling dyes (CyDye DIGE Fluor Cy3 and CyDye DIGE
Fluor Cy5) are different from the “minimal labeling” dyes
because of the presence of maleimide reactive groups that
covalently bind to the cysteine residues on proteins via a
thioether linkage[32]. In the “saturation” labeling protocol,
the aim is to label all available cysteine residues thereby in-
creasing the fluorescence signal generated by labeled protein
samples and hence the total number of proteins detectable on
a gel (Fig. 3). The minimal and saturation labeling protocols
have been successfully used to study protein isolated from
cells captured from breast tissue by laser microdissection
[32,34,36].

2.2. Isotope coded affinity tags (ICAT) technology

Isotope-coded affinity tagging (ICAT) originally devel-
oped in the laboratory of Dr. Reudi Aebersold is an emerg-
ing protein profiling technology that utilizes stable isotope
labeling to perform quantitative analysis of paired protein
samples (Fig. 4). Protein samples or peptides are isotope la-
beled, separated by high performance liquid chromatography
and identified by mass spectrometry[37]. While other pro-
tein profiling techniques like 2D-DIGE comparatively profile
the naturally occurring forms of peptides and proteins, ICAT
analysis profiles the relative amounts of cysteine-containing
peptides derived from tryptic digests of protein extracts. The
isotope tags, e.g.12C (light) and13C (heavy) bind covalently
to cysteine moieties of amino acids within proteins[38,39].
Like the cyanine dyes used in 2D-DIGE, the isotopic tags
used are similar in structure and chemical properties, but are
different in mass. In one of the most popular versions of ICAT,
the light tag contains eight hydrogen atoms whereas the heavy
tag contains eight deuterium isotopic forms. There will there-
fore be a mass difference of exactly eight mass units between
similar proteins labeled with the light and heavy tags[37,39].
Available literature indicate that the ICAT technology can be
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Fig. 3. 2D-DIGE gels showing the fluorescent signal obtained from of 100�g breast tissue proteins and analyzed using the “minimal” (A) or “saturated” (B)
2D-DIGE protocols. Since more proteins are detectable with the “saturated” labeling dyes, this is the recommended approach for analysis of samples such as
ductal lavage where low amounts of protein are expected.

used to routinely identify 300–400 proteins per sample, a
number that is far less than what is typically achieved with
the 2D-PAGE technology.

The ICAT technology has been used successfully to study
protein expression in mammalian[40] and liver cells[41]
and for quantitative expression proteomics on limited breast
tumor cells obtained by laser microdissection[42]. In the
later study, a total of 76 proteins were identified and some

of the proteins for example, mitochondrial isocitrate dehy-
drogenase, actin and 14-3-3 protein xi/delta were found to
be significantly upregulated in breast tumor cells[42]. Even
though the number of proteins identified in a typical ICAT
run are far less than those reported for 2D-PAGE, the high
throughput, quantitative nature and reproducibility achiev-
able makes ICAT one of the most powerful emerging pro-
teomic technologies that will increasingly be used for high
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CAT reagents, mixed and digested into peptides using trypsin. The reagen
olumn of avidin beads to isolate the ICAT-tagged peptides by affinity chrom
pectrum (A) reveals the concentration of the L-labeled and H-labeled prot
hich the peptide originated. P1–P3 are hypothetical proteins in the mixture
omparative and quantitative proteomics of pathology samples.
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eins in the two samples and the MS–MS spectrum (B) reveals the protein from
analyzed. Incorporation of laser microdissection (LCM) improves the accuracy of
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Fig. 5. Schematic representation of the process of multidimensional pro-
tein identification technology (MudPIT). Denatured protein complex iso-
lated from biological samples are digested into peptides and subjected to
two-dimensional liquid chromatography on strong cation exchange (SCX)
column coupled to a reverse-phase (RP) column. Peptides are fragmented
by tandem mass spectrometry and proteins in the complex are identified by
computational translation of tandem mass spectra to amino acid sequence
using genomic sequences.

throughput proteomic characterization of biological speci-
mens. Recently, ICAT was described as an excellent tool for
degradomic research, particularly, for discovery of proteases
and for exploring proteolytic function in complex and dy-
namic biological context[43].

2.3. Multidimensional protein identification technology

Multidimensional protein identification technology (Mud-
PIT) is a novel proteomic technique in which two liq-
uid chromatographic steps are interfaced back-to-back in a
fused silica capillary to permit two-dimensional high per-
formance liquid chromatography[44]. MudPIT incorporates
high-pressure liquid chromatography (HPLC, LC/LC), tan-
dem mass spectrometry (MS/MS) and database-searching al-
gorithms to rapidly analyze complex protein mixtures[45].
Specifically, a column containing a strong cation exchange
(SCX) material is coupled to a column containing reversed
phase (RP) materials and then to a tandem mass spectromete
Typically the complex peptide mixture generated from pro-
tein lysates are loaded onto the biphasic column for simulta-
neous separation and analysis by mass spectrometry (Fig. 5).

The biphasic column which is placed in-line with the
HPLC system also acts as an ion source for the tandem
mass spectrometer thereby reducing dead-volumes and band
b reas-
i the
S phase
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d into
t tified
b data-
d d sub
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peptide and hence the protein, the mass spectra generated are
matched to database entries of peptide sequences, by using,
e.g. the SEQUEST algorithm to interpret the MS/MS data and
identify the peptide sequence from which it was generated.

Although very little information currently exist on the
application of MudPIT in cancer research, this technology
MudPIT has been used to study cytokinesis proteins[46],
consensus mammalian mediator subunits[47], and for con-
current proteomic analysis of both membrane and soluble
proteins[48] demonstrating the potential power and versatil-
ity of this emerging high throughput proteomic technology.
Quantitative MudPIT has also been found to be both intra- and
inter-experimentally reproducible at the peptide and protein
levels and suitable for identification of low abundant proteins
[49]. MudPIT is now widely regarded as the proteomic strat-
egy that may help alleviate some of the problems associated
with 2D-PAGE and ICAT based proteomics technologies,
because it permits a rapid and simultaneous separation and
identification of proteins and peptides in a complex mixture
without the need for pre- or post-separation labeling.

2.4. Surface enhanced laser desorption ionization-time
of flight technology

Surface enhanced laser desorption ionization-time of
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SELDI-TOF is a potentially powerful clinical proteomi
ool for identification of patients at risk for developm
f cancer based on the direct analysis of body fluids
erum, plasma, ductal lavage, cerebro spinal fluid and u
high profile and well publicized ovarian cancer study

ized SELDI-TOF to identify protein peaks in serum t
istinguished patients with ovarian cancer from those w
ut ovarian cancer[17]. While the study design, sensitiv
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tilizing a proteomic approach, specifically the serum

eomic signature, for stratifying patients in the clinic. It
lso been reported that the SELDI-TOF is being applie
range of pathological stages of ovarian cancer[8]. Inter-

stingly, the SELDI-TOF technology has also been rece
pplied to breast cancer research[50]. In this study, Puszta
nd co workers used the SELDI-TOF technique to ex

ne proteomic changes that occur in response to pacl
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phamide chemotherapy in plasma of 69 patients with stage
III breast carcinoma and 15 normal volunteers. The authors
report the identification of a single chemotherapy inducible
SELDI-MS peak and five additional peaks that appear to dis-
tinguish plasma obtained from patients with breast carcinoma
from the plasma obtained from normal healthy volunteers.
Considering that the ovarian[17] and breast cancer[50] stud-
ies dealt with different cancers and patient cohorts, it is clear
that in spite of the criticism and skepticism, the SELDI-TOF
is an emerging and potentially powerful proteomic tool that
has attributes, e.g. cost and ease of use, that is lacking in other
proteomics technologies. In our opinion, the new generation
SELDI-TOF’s incorporating improved/novel ion sources and
new peak identification algorithms, are amongst the reason-
ably sensitive and affordable proteomic tools currently avail-
able that can be used in the clinic for rapid screening of patient
serum or plasma to identify protein patterns and signatures
associated with breast cancer.

2.5. Protein array technology

Protein arrays are one of the latest proteomic technologies
that hold significant promise for molecular and biochemical
pathway elucidation via the mapping of all the expressed pro-
teins. This technology, which emulates the DNA microarray
t f pro-
t iques
[ illary
s otein
a otein
a e of
t eins
w -
p the
w rch
i an-
t igh
s he
d og-
i ar-
r as
a re-
c logy
c gen-
e such
d rays
u -
p ain
t reby
i tions.

3

art of
t ation

and identification of the proteins expressed by the genome of
an organism, as a function of normal development, aging, dis-
ease or environment. The ultimate goal of proteomics is to
characterize protein pathways, networks and signaling events
that are relevant in disease. It is now widely recognized that
comparative proteomics will play an important role in pro-
viding new insights into cancer development and progression
as well as in the identification and validation of new protein
targets for diagnostic and therapeutic purposes[9,16,54,55].

Unlike the genome, the proteome is at a constant flux due
to development, aging, signaling, disease and environmental
insults. Thus, the cellular or tissue proteome of most organ-
isms is significantly more challenging to map, when com-
pared to the genome[4]. The current basic application of
proteomics can be grouped under four general categories,
namely (i) global protein mining, (ii) protein expression pro-
filing, (iii) protein network mapping and (iv) posttranslational
modification characterization[23]. Global protein mining is
the ultimate brute-force in proteomics and the most challeng-
ing, demanding and expensive proteomics application. This
proteomic application is particularly important and informa-
tive because it could allow the direct analysis and identifica-
tion of proteins present in a breast cancer specimen rather than
inferring the composition of the proteome by transcriptomics
(transcriptome profiling). In protein expression profiling, also
k ro-
t ch as
s f per-
t pres-
s sis
b ple,
e “test”
s lines
e post
t cial-
i n of
t with
e rmi-
n fied,
r im-
p for a
c rgets
p s.

of
p ion
a
t olo-
g c pat-
t and
d pplied
s diag-
n as a
p ins,
n be-
t This
p ics
echnology, can be used to directly measure the levels o
eins in tissues using fluorescence-based imaging techn
51]. The proteins can be arrayed on solid surfaces, cap
ystems or immobilized on beads. The most popular pr
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rray technology is attracting a lot of attention becaus

he potential of analyzing the levels of hundreds of prot
ithin a pathway of interest[52,53]. While a number of re
orts have demonstrated the utility of this technology,
ider application of protein arrays in biomedical resea
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he spotted antibodies on a three dimensional matrix, the
ncreasing the surface area for antibody–antigen interac

. Proteomic applications

Proteomics, defined as the study of the expressed p
he genome, involves the comprehensive display, quantit
nown as “expression proteomics”, the aim is to identify p
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tage 1 breast cancer or that change as a function o
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The application of a relatively new and sub-discipline
roteomics termed “clinical proteomics” in early detect
nd diagnosis of cancer has been reported[12]. Clinical pro-
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could affect cancer detection in particular and clinical prac-
tice in general because of its potential effect on detection,
diagnosis, selection of the line of therapy and assessment of
the effect of treatment.

4. Protein expression profiling of breast carcinoma

Most proteomics experiments are aimed at identification
of proteins that are differentially expressed in normal ver-
sus diseased specimens. Majority of the proteomics studies
in which breast cancer has been used as a model have uti-
lized breast cancer cell lines and core biopsies, and the focus
has been the identification of differentially expressed pro-
teins as a way of (i) defining the molecular and biochemical
pathways by which normal cells progress to cancer and/or
(ii) uncovering biological markers and therapeutic targets for
cancer. The successful performance of proteomics and accu-
rate measurement of altered protein expression depends on
the availability of good quality specimens and ability to ob-
tain cell populations enriched for nonmalignant or malignant
breast cells. Large scale proteomics of breast carcinoma is
now possible because of the establishment of biorepositories
dedicated to the collection and banking of normal and dis-
eased tissue suitable for integrated high throughput genomics
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[36] for the proteomics characterization of cancerous tissues.
Approximately 50,000 cells have been found sufficient for
2D-PAGE separation and visualization[60,25] and our lab-
oratory has successfully used∼30,000 cells for comparative
proteomics by 2D-DIGE[36].

The revolutionary “clinical proteomics” approach also
termed “proteomic pattern analysis”[17] could also be ap-
plicable for breast cancer, and is currently being applied to
a subset of serum samples (n=∼500) collected by the au-
thors from donors with, and without, breast cancer, as part of
the Clinical Breast Care Project (CBCP), biomarker discov-
ery program. Clinical proteomics has shown great promise
for early diagnosis of ovarian cancer and is considered suit-
able for identifying distinguishing protein patterns in serum,
plasma, ductal lavage, cerebro spinal fluid or urine of breast
cancer patients. Proteomic pattern analysis relies on the pat-
tern of proteins observed and does not rely on the identi-
fication of a traceable biological marker[61]. While there
are reports on the proteomic analysis of other breast malig-
nancies, the two most studied forms of breast cancer: ductal
carcinoma in situ (DCIS) and infiltrating ductal carcinoma
(IDCA) are discussed in more detail here.
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A major obstacle to accurate protein expression pr
ng is the degree of tissue heterogeneity of breast car

as, a phenomenon that can affect the result obtained
omparative proteomics experiments. While several met
ave been used to select homogenous cell populations

o proteomic analysis[57], laser capture microdissecti
LCM, PixCell II, Arcturus) or laser microdissection (LM
SLMD, Leica Microsystems) is the most appropriate for p

eomic analysis of breast biopsies and solid tissue. Lase
rodissection is extremely important in quantitative and c
arative proteomics where tissue heterogeneity may ske
esults obtained. The LCM procedure involves the place
f a transparent plastic cap (CapSureTM) containing a thermo
lastic membrane over a section of tissue mounted on a

ogical glass slide, visualizing the tissue section under th
roscope and selectively capturing cells unto the memb
n the cap by applying short focused pulses from an infr

aser[58]. TheASLMDplatform uses laser ablation to cut o
elected sections of tissue mounted on a membrane, usin
aser. With theASLMD, the cut section drops by gravity in
he cap of a capture tube located beneath the stage[59].

In proteomic experiments, laser microdissection per
he dissection of cancerous tissue and selection of subpo
ion of cells, e.g. tumor cells from a field of normal appea
ells. Using LCM or LMD researchers can obtain more
urate representation of cells (tumor and normal appe
ells) and make more accurate comparisons of protein ex
ion in normal and diseased specimens. Laser microd
ion has been coupled to 2D-PAGE[25,57,60]and 2D-DIGE
Ductal carcinoma in situ (DCIS) is a heterogeneous
ase characterized by noninvasive clonal proliferation of

ignant epithelial cells arising from the mammary ducts
erminal ductal units[62]. DCIS represents the earliest
ectable cancerous lesion in breast and its incidence is
ecause of increased mammographic screening. A diag
f DCIS increases the risk of developing IDCA by 8–

old [37,63]and it is estimated that 25–50% of DCIS lesi
rogress to IDCA if left untreated[62,64,65]. DCIS can be

reated by total mastectomy, local excision plus adjuvant
py or local excision alone[66]. A number of high throughpu

echnologies including DNA microarrays and SAGE offer
otential to discover previously unknown alterations in g
xpression and identification of biological markers. Howe
roteomics of breast DCIS has revealed protein expre
nd modification trends that are distinct from results obta
y nucleic-acid based methods[25].

The proteomic analysis of DCIS has revealed 57 pro
hat show differential expression between normal cells
CIS[25]. Although the differential expression was predo

nantly due to differences in overall abundance, there
lso evidence of posttranslational modification indicating
roteomics is capable of uncovering qualitative and q

itative differences that exist between normal and dise
reast tissue. Proteins such as transgelin and the vo
ependent anion channel protein (VDAC) showed evid
f posttranslational modification[25]. A subset of protein

ncluding, Annexin V, profiling and HSP 90 showing diff
ntial expression on 2D gels have been confirmed by IH

urther evidence that current proteomic strategies have
cient sensitivity to detect clinically relevant changes
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therefore can be successfully used to explore protein expres-
sion trends and discover novel clinically relevant protein ex-
pression portraits previously unconnected to breast cancer.
Many of the differentially expressed proteins identified by
Wulfkuhle et al.[25] have not been previously associated with
breast cancer, underscoring the importance of proteomics
as a powerful hypothesis-generating tool in breast cancer
research.

4.2. Proteomics of infiltrating ductal carcinoma of the
breast

Infiltrating ductal carcinoma (IDCA) of the breast is the
most common and potentially aggressive form of breast can-
cer. In our laboratory, we have looked at protein expression
differences in normal and diseased specimens and also com-
pared protein expression changes between primary tumors
and lymph nodes. It is believed that such studies will uncover
novel biological markers and provide the basis for the devel-
opment of new methods to detect and treat breast cancer. The
proteomic analysis of infiltrating ductal carcinoma (IDCA) of
the breast by 2D-DIGE reveals a number of proteins that ap-
pear to be differentially expressed between breast IDCA and
matching normal tissue[4]. By comparing the test sample
(IDCA) to a common reference (normal tissue) it was pos-
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associated lymph nodes and adjacent normal appearing
tissue. Secondary aims of the study were to determine if the
differentially expressed proteins have been reported to play
any role in breast cancer development, progression and/or
severity and if they are associated with known tumor activa-
tion or suppression mechanisms. The breast tumors studied
were infiltrating ductal or infiltrating lobular carcinomas
and the lymph nodes were either positive or negative. We
detected qualitative and quantitative differences in protein
expression between tumors (IDCA and ILCA) and the
associated lymph nodes with an overall differential protein
expression (≥3-fold) ranging from 6.2 to 17% between
normal and diseased specimens. Example of the proteins
that showed≥3-fold difference in expression between breast
carcinomas (IDCA and ILCA) and associated lymph nodes
are ubiquitin-activating enzyme E1, transferrin, annexin VI,
l-plastin, Glutathione S-transferase A1, and protein disulfide
isomerase.

While molecular alterations accompanying DCIS is the
earliest detectable form of breast cancer, the changes associ-
ated with, or that may trigger the transformation of a DCIS
to IDCA are largely unknown. A comparison of the proteins
identified as differentially expressed between breast DCIS
and normal breast tissue[16] and between breast IDCA and
normal breast tissue[4] shows some overlap. For example,l-
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DIA) module of DeCyderTM software[4]. Based on a thres
ld mode of≥3.0, protein expression differences that ran

rom 15.5% in stage-I IDCA to 30.6% in the stage-IIB IDC
ere detected[4]. Approximately, 69–85% of the protei
etected were not significantly different between the no
nd diseased samples. While 744 candidate protein spo
layed≥3.0 differences in levels between breast IDCA’s

he normal breast tissue, the functional role or how ma
ty of these proteins mediate the tumor process are la
nknown. Examples of the proteins detected as differen
xpressed were carbonic dehydratase, disulfide isom
elsolin and fibrinogen beta. The protein expression pr
nd observed trend for a number of the proteins is co

ent with information in literature for some of the protei
or example, fibrinogen gamma-chain and fibrinogen b
hain fragments have been identified in various solid tu
ypes at the protein level, and fibrinogen gamma-chain
er crosslinked by transglutaminase were detected in pl

rom tumor patients but not in plasma from controls[67].
t is suggested that the elevation of�-fibrinogen correlate
ith tumor-associated fibrin deposition[67]. Carbonic dehy
ratase, disulfide isomerase, gelsolin and fibrinogen be
verexpressed in IDCA whereas gelsolin, which is know
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issue.
In a separate study in our laboratory, 12 breast tum

nd the associated lymph nodes were analyzed by 2D-D
ith the aim of providing insights into the global patte
f protein expression in primary tumors compared to
-

,

lastin, Annexin V, and the 78 kDa glucose regulated pro
GRP78) were identified as differentially expressed betw
reast carcinoma (DCIS and IDCA) and normal breast ti

n both studies.l-Plastin is associated with actin binding, A
exin V is associated with membrane trafficking and lin

o cytoskeletal inhibition of PKC and pLAC whereas GRP
s active in the endoplasmic reticulum and believed to pro
ecretary proteins, bind peptides and is associated wit
HC [16]. The overlap in proteins differentially expresse
CIS and IDCA is noteworthy and suggests some rela
hip in the mechanisms triggering and/or driving both br
arcinomas.

. Conclusion

Available breast cancer literature reveals the pote
ower of proteomics as a tool for characterization of mo
lar dysfunctions associated with breast carcinoma an
ncovering targets for therapeutic interventions. Altho
ew strategies are needed to improve resolution and s

ivity, the technologies currently available have sufficien
olving power (e.g. 2D-PAGE), sensitivity (e.g. 2D-DIG
CAT), speed (e.g. MudPIT) and versatility (SELDI-TOF)
llow scientists to begin to perform mining and protein
ression analysis of breast carcinoma. Because of the
lexity of the proteome and limitations associated with
vailable proteomic technologies, comprehensive and
ate proteomic analysis of breast carcinoma will require
se of two or more proteomic technologies in tandem,
D-PAGE and MuDPIT or 2D-DIGE and ICAT, and incorp
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ration of noncore proteomic technologies like LCM, to study
each sample in detail.

In spite of the current limitations, proteomics is currently
the most promising approach that can be used at the global
level to reveal (i) relevant tumor associated biological net-
works, (ii) molecular relationships between different breast
carcinomas and (iii) the molecular mechanisms that drive the
progression of breast carcinomas, e.g. DCIS to IDCA. In con-
clusion, the emerging recognition that cancer is a “proteomic
disease”, and the recent demonstration that ovarian cancer
can be detected via a “clinical proteomics” approach has the
potential to increase the significance, and application of pro-
teomics in breast cancer research, diagnosis, prognostication,
assessment of therapeutic efficacy and/or toxicity.
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