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High-throughput proteomic analysis of human
infiltrating ductal carcinoma of the breast

Large-scale proteomics will play a critical role in the rapid display, identification and
validation of new protein targets, and elucidation of the underlying molecular events
that are associated with disease development, progression and severity. However,
because the proteome of most organisms are significantly more complex than the
genome, the comprehensive analysis of protein expression changes will require an
analytical effort beyond the capacity of standard laboratory equipment. We describe
the first high-throughput proteomic analysis of human breast infiltrating ductal carci-
noma (IDCA) using OCT (optimal cutting temperature) embedded biopsies, two-
dimensional difference gel electrophoresis (2-D DIGE) technology and a fully auto-
mated spot handling workstation. Total proteins from four breast IDCAs (Stage I, IIA,
IIB and IIIA) were individually compared to protein from non-neoplastic tissue obtained
from a female donor with no personal or family history of breast cancer. We detected
differences in protein abundance that ranged from 14.8% in stage I IDCA versus nor-
mal, to 30.6% in stage IIB IDCA versus normal. A total of 524 proteins that showed
� three-fold difference in abundance between IDCA and normal tissue were picked,
processed and identified by mass spectrometry. Out of the proteins picked, �80%
were unambiguously assigned identities by matrix-assisted laser desorbtion/ioniza-
tion-time of flight mass spectrometry or liquid chromatography-tandem mass spec-
trometry in the first pass. Bioinformatics tools were also used to mine databases to
determine if the identified proteins are involved in important pathways and/or interact
with other proteins. Gelsolin, vinculin, lumican, alpha-1-antitrypsin, heat shock protein-
60, cytokeratin-18, transferrin, enolase-1 and �-actin, showed differential abundance
between IDCA and normal tissue, but the trend was not consistent in all samples. Out
of the proteins with database hits, only heat shock protein-70 (more abundant) and
peroxiredoxin-2 (less abundant) displayed the same trend in all the IDCAs examined.
This preliminary study demonstrates quantitative and qualitative differences in protein
abundance between breast IDCAs and reveals 2-D DIGE portraits that may be a reflec-
tion of the histological and pathological status of breast IDCA.

Keywords: High-throughput proteomics / Infiltrating ductal carcinoma / Two-dimensional differ-
ence gel electrophoresis PRO 0560

1 Introduction

Proteomics includes the large-scale global analysis of
proteins expressed by the genome of an organism. The
typical aim being to look for quantitative changes that

occur as a function of disease, treatment or environment.
Although genomic and mRNA profiling technologies will
continue to provide valuable insights into the biology of
cancers, there are limits to the type and amount of in-
formation that can be generated at the DNA and mRNA
levels [1] and transcriptional mechanisms do not always
mirror translation [2, 3]. Large-scale proteomics will play
a critical role in the rapid identification and validation of
new protein targets [4], and elucidation of the underlying
molecular events associated with disease development,
progression and severity [5–7]. However, because of
the complexity of the proteome of most organisms, the
systematic and complete cataloging of protein expres-
sion changes will require an analytical effort beyond the
capacity of standard laboratory equipment and through-
put.
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Windber PA 15963, USA
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OCT, optimal cutting temperature; PR, progesterone receptor
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Proteomics strategies have been used to identify cancer-
specific protein markers that could provide the basis for
the development of new methods for diagnosis, treatment
and early disease detection [6, 8–16]. It is apparent from
the number of reports in literature that two-dimensional
electrophoresis (2-DE) is still the benchmark for large-
scale separation of complex protein mixtures. 2-DE cur-
rently offers the best resolution possible because it sepa-
rates proteins according to two independent physico-
chemical parameters: isoelectric point and size [4, 11,
17, 18] and the gel serves as an efficient fraction collector
that protects the protein molecules until picked [4]. The
application of 2-DE in proteomics has greatly expanded
beyond the original concept of simply providing a com-
plete picture of the proteins expressed in individual sam-
ples. Recent developments have led to the availability of a
spectrum of 2-DE specific reagents, precast gels, immo-
bilized pH gradient strips, multiple detection and identifi-
cation techniques and bioinformatics tools for automated
and quantitative image analysis [1, 4, 19, 20]. Many mod-
ifications of 2-DE have significantly improved reproduci-
bility, sensitivity and resolution [21–24]; it is still difficult to
fully duplicate the pattern of protein expression using
conventional 2-DE methods [11, 25].

The recently introduced variety of 2-DE, termed differ-
ence gel electrophoresis (DIGE) promises to significantly
improve the speed, reproducibility, sensitivity of 2-DE-
based proteomics and ease the drudgery associated
with comparing multiple gels, homologous protein spots
and comparative experiments [11, 26, 27]. The DIGE con-
cept involves the covalent labeling of each pool of protein
extract with different fluorescent dyes such as cyanine
dyes [11, 25–28] or Alexa dyes [25]. Equal concentrations
of the differentially labeled protein samples are mixed and
coseparated during the same 2-DE process. The 2-DE gel
pattern is then visualized by imaging of the gel with a flu-
orescence scanner by sequential excitation of the fluores-
cence dyes used. The protein : dye ratio is deliberately
kept high (�95%) so that only the proteins containing a
single dye molecule are visualized on the gel [27]. The
charge and mass of the fluorescence dyes used in 2-D
DIGE are carefully matched to reduce dye-induced shift
of proteins during 2-DE [27]. A comparison of the images
generated by scanning of the DIGE gel at two wave-
lengths allows the quantitation of each spot [11, 25–27]
and the use of a third dye permits the comparison of
multiple gels [28], thereby reducing the reproducibility
problem. Quantitative analysis of protein profiles is re-
ported to be fast and accurate because it is based on
the relative fluorescence intensities captured from a sin-
gle gel. 2-D DIGE has been used successfully for prote-
omic analysis of proteins from Escherichia coli cell ex-
tract, colorectal adenocarcinoma cell lines, mouse liver

homogenates, esophageal tissue sections, breast ductal
carcinoma in situ, and breast cancer cell systems over-
expressing ErbB-2 [11, 12, 25–28]. The accompanying
DeCyder software (Amersham Biosciences, Piscataway,
NJ, USA) clearly distinguishes protein expression differ-
ences that were statistically significant and correlate with
data obtained by Western blotting [11, 28]. The compari-
son of the spot intensities using the difference in-gel ana-
lysis module of the DeCyder software is relatively more
objective than the conventional approaches involving
manual adjustment of the brightness/contrast of two gel
images [11].

The recent proteomic analysis of human breast ductal
carcinoma in situ (DCIS) revealed novel protein expres-
sion patterns or modification trends that were distinct
from the results of nucleic acid based approaches [12],
suggesting that the proteomic portrait of human breast
IDCAs will likely be different from the results obtained by
mRNA and DNA analysis. We are not aware of any paper
describing the use of 2-D DIGE technologies for proteom-
ic analysis of human breast infiltrating ductal carcinoma
(IDCA). We are actively studying breast infiltrating ductal
carcinomas (IDCAs) because this disease imposes signif-
icant cancer burden on women worldwide. Elucidation
of the proteins that are differentially expressed in IDCAs
could lead to a better understanding of the complex
molecular events that are associated with breast cancer
progression and cellular signaling as well as potentially
providing the basis for the development of new methods
to manage breast IDCA. In this study, protein extracts
from test (IDCA, n = 4) and reference (reductive mammo-
plasty, n = 1) samples were labeled with fluorescent dyes,
mixed and subjected to 2-D DIGE. The fluorescence sig-
nals generated after 2-D DIGE were analyzed and the dif-
ferentially expressed proteins picked and processed with
a fully automated spot handling workstation and identified
by mass spectrometry. Subsets of the identified proteins
were then used as queries to search multiple databases
of interacting proteins using proprietary and commercially
available bioinformatics tools. This work represents the
first high-throughput proteomic analysis of human breast
IDCA using the 2-D DIGE technologies and a fully auto-
mated spot handling workstation.

2 Materials and methods

2.1 Sample processing

Breast tumors classified as IDCAs were obtained from the
Institutional Review Board (IRB) approved tissue bank
jointly setup by the Clinical Breast Care Project (CBCP)
of Walter Reed Army Medical Center, Washington DC,
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USA; Joyce Murtha Breast Care Center, Windber Medical
Center, Windber PA, USA and Windber Research Insti-
tute, Windber PA, USA. Specimens were obtained from
fully informed and consenting donors, and only used for
research projects approved by the IRB of all the institu-
tions. Board certified clinical oncologists and pathologists
carried out clinical consultation and histological analysis
of biopsies and all the samples were made anonymous
before transport to the Windber Research Institute tissue
banking facility. Each specimen was collected using strin-
gent and uniform standard operating protocols devel-
oped by the CBCP. Typically, biopsies were placed in ster-
ile containers within 3 min of a medically indicated surgi-
cal procedure and held on ice until embedded in OCT
(optimal cuttung temperature) medium. The time from the
removal of lesions by surgery to embedding in OCT did
not exceed 1 h. For this study, we used four poorly differen-
tiated IDCAs with known histological stage, estrogen re-
ceptor (ER), progesterone receptor (PR) and human epider-
mal growth factor receptor-2 (HER-2/neu Erbb2) status.

For proteomic analysis, multiple 8–10 �m sections were
shaved off each OCT embedded tumor in a cryostat. The
first, middle and last sections were stained with hematox-
ylin and eosin (H&E) and examined by a pathologist to
ensure that at least 70% of the tissue sections used for
the proteomic study contained tumor cells. At least eight
shavings sandwiched by sections verified histologically
were pooled, suspended and homogenized in 100 �L of
2-DE lysis buffer (7 M urea, 2 M thiourea, 30 mM Tris, 5 mM

MgAc, 4% CHAPS, 1% NP-40), incubated at room tem-
perature (23 � 1�C) for 30 min with vortexing at �10 min
intervals. The homogenate was centrifuged at 14 000�g
for 10 min and the clear supernatant transferred to a
clean, and sterile microcentrifuge tube and stored at
�80�C until needed.

2.2 Sample preparation for 2-D DIGE

Total protein concentration was determined by the micro
Bradford assay (Pierce, Rockford, IL, USA), and similar
protein concentrations were used for two dye 2-D DIGE
analysis. Protein from four breast IDCAs (WRI-329, WRI-
369, WRI-393, WRI-457) were individually compared to
normal breast tissue obtained after reductive mammo-
plasty. Approximately 50 �g of each test protein (IDCA)
suspended in lysis buffer was labeled with 200 pmol of
cyanine 3 (Cy3), and 50 �g of reference protein (reductive
mammoplasty) was labeled with 200 pmol of Cy5 ac-
cording to the manufacturer’s protocol (Amersham Bio-
sciences). After labeling, 125 �g of test and 125 �g of
reference protein were added (unlabeled) to the respec-
tive pools, to bring the final concentration of each pool to
175 �g. The additional protein was added to increase the

total protein concentration, eliminate the need to perform
separate preparative 2-D DIGE in parallel, and enable
downstream processing and analysis of differentially
expressed proteins by peptide mass fingerprinting. The
total amount of protein used for each 2-D DIGE experi-
ment was 350 �g (test, 175 �g; reference, 175 �g).

2.3 2-D DIGE analysis

The differentially labeled specimens (test and reference)
were combined and mixed with 450 �L of rehydration
buffer (2 M thiourea, 7 M urea, 4% CHAPS, 1% NP-40,
10% isopropanol, 5% glycerol, 0.5% 3–10 IPG buffer
and 20 mM DTT), before being applied to a 24 cm IPGphor
strip (pH 3–10) in a strip holder for rehydration at 30 V for
12 h. The first dimension separation was carried out using
an IPGphor isoelectric focusing system (Amersham Bio-
sciences). The total focusing time was 65 500 Vh and
the strips were equilibrated in two steps: (i) 15 min in a
solution containing 6 M urea, 50 mM Tris (pH 8.8), 30%
glycerol, 2% SDS and 0.5% DTT; and (ii) 15 min in a simi-
lar solution containing 4.5% iodoacetamide rather than
DTT. After equilibration, second dimension electrophore-
sis was performed in an ETTAN Dalt 6 (Amersham Bio-
sciences) at 160 W for 6 h, using 12% isocratic polyacryl-
amide gels previously cast in 20�24 mm glass plates, of
which one inner side was precoated with bind-silane.
After 2-DE, gels were scanned on the Typhoon 9400
variable mode imager (Amersham Biosciences) using ex-
citation/emission wavelengths specific for Cy3 (532 nm/
580 nm) and Cy5 (633 nm/670 nm). Differentially ex-
pressed proteins were identified with the DIA module of
DeCyder. Images were normalized, statistically analyzed
and differentially expressed proteins identified and quan-
tified with DeCyder-DIA (Amersham Biosciences) using
the Cy dye generated images. The normalized spot
volumes generated in DeCyder-DIA and showing �three-
fold difference between the test and reference samples
were summed up and the overall difference in spot vol-
ume between the IDCAs tested for statistical significance
by t-test using Excel (Microsoft). After DIA, each gel was
stained with SYPRO Ruby (Molecular Probes, Eugene,
OR, USA) and the image captured using an excitation
wavelength of 457 nm and emission wavelength of
610 nm. A pick list was generated from the SYPRO Ruby
stained gels using DeCyder-DIA.

2.4 Automated protein spot picking and in-gel
digestion

The spot picking, destaining, digestion, extraction,
MALDI sample preparation and spotting on MALDI target
slides were carried out robotically in an enclosed fully
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automated spot handling workstation (ETTAN ProSpot;
Amersham Biosciences). Briefly, each picked gel plug
was rinsed by three wash cycles in which 150 �L 50%
methanol/50% water, containing 15 mM ammonium bicar-
bonate was applied, left to stand for 15 min, and then
removed. The plugs were dehydrated in 75% acetonitrile
for 20 min, the solution removed, and the trays placed
into a heated, air circulating drying module and dried for
10 min. To the dried plugs was added 7 �L of digestion
solution (containing 40 ng/�L sequencing grade trypsin
in 15 mM ammonium bicarbonate), and the plate was
robotically transferred to the digestion station where it
was covered and maintained at 37�C for 1 h. Eighty micro-
liters of extraction solution (50% acetonitrile containing
0.1% TFA) were then added to each well and left to stand
for 20 min. The extract solutions were transferred to a
clean 96-well plate, and the extraction repeated. The
plate containing the combined extracts was then evapo-
rated to dryness. MALDI samples were prepared by re-
constituting the dried peptides in 5 �L of 50% aceto-
nitrile containing 0.5% TFA. An aliquot of 0.3 �L was
then applied to the clean MALDI target slide surface
and allowed to dry. The spots were redissolved by the
addition of 0.3 �L of matrix solution (�-cyano-4-hydroxy-
cinnamic acid saturated solution in 50% acetonitrile
containing 0.5% TFA) and finally allowed to dry before
MALDI-MS. The plate containing the remaining peptides
was stored at �20�C until LC-MS/MS analyses could be
performed on the samples that were not identified by
MALDI-MS.

2.5 Mass spectrometric identification of
proteins

MALDI peptide mass fingerprinting was carried out on an
ETTAN PRO MALDI-TOF mass spectrometer operating in
reflectron mode (Amersham Biosciences). Internal cali-
bration was performed using the trypsin autodigestion
peaks at m/z 842.509 and 2211.104. Each spectrum cor-
responded to the sum of 255 acquisitions, each of 8 laser
pulses, in which the threshold signal-to-noise exceeded a
set value. Protein identification by peptide mass finger-
printing was performed using the MASCOTsearch engine
(Matrix Science, London, UK) and the National Center for
Biotechnology Information protein database (NCBInr).
Proteins that were not resolved by MALDI-MS were sub-
jected to LC-MS/MS using a capillary HPLC system and a
Q-TOF API US mass spectrometer (Waters, Milford, MA,
USA), using the following solvent systems: A (95% aceto-
nitrile, 5% water, 0.1% formic acid) and B (5% aceto-
nitrile, 95% water, 0.1% formic acid). Peptide mixtures
were reconstituted in 10 �L of 95% water and 5% aceto-

nitrile containing 0.1% formic acid. Five microliters of this
solution were injected by microliter pickup into a 20 �L
injection loop and transferred onto a 5 mm C18 trap
column. After 3 min, the flow to the trap column was
reversed, and a gradient (95% A to 30% A over 40 min)
was applied to separate and elute the peptides onto a
PepMap C18 capillary column (Dionex, Sunnyvale, CA,
USA) at a flow rate of �250 nL/min. The mobile phase
composition was set at 85% B and held for 5 min to elute
all remaining peptides, then adjusted back to initial con-
ditions (95% A, 5% B) and allowed to re-equilibrate for
10 min prior to the next injection. The eluate was sprayed
directly into the ion source at the same flow rate. The cap-
illary voltage was set at 3500 V and a cone gas flow of
15 L/h was used. Peptide sequencing was performed by
data-directed analysis; the software was set to switch to
MS/MS mode as soon as a doubly, triply or quadruply-
charged ion was detected. For protein identification, the
PKL files containing all the MS and MS/MS information
obtained during each run were searched against the
SWISS-PROT database (www.expasy.org) using Protein-
lynx Global Server 1.1 (Waters). Protein identifications
based on fragment ion data from one or two peptides
only were manually verified before inclusion in our dataset
of identified proteins.

2.6 Proteome informatics

We evaluated the potential biological significance of the
differentially abundant proteins identified. To do this,
we selected a group of proteins showing a volume ratio
of � 3 between the IDCA and normal tissue and that
occured in at least 50% of the gels. Two types of re-
searches were conducted. One of them was to study
whether any of the selected proteins hasdbeen reported
to be involved in signaling pathways, or in important pro-
tein-protein interactions. We employed the bioinformatics
software, PathBlazer (InforMax, Frederick, MD, USA),
loaded with Database of Interacting Proteins (DIP, http://
dip.doe-mbi.ucla.edu), the Biomolecular Interaction Net-
work Database (BIND, http://www.bind.ca) and Kyoto
Encyclopedia of Genes and Genomes (KEGG, http://
fire2.scl.genome.ad.jp/kegg). We also searched the Bio-
Carta website (www.biocarta.com) for signaling pathway
information. Finally, we examined whether there are re-
ported protein-protein interactions or codysregulations
involving this group of differentially expressed proteins.
For this purpose we developed a prototype bioinfor-
matics tool using Access (Microsoft), to store and ana-
lyze the information retrieved from PubMed (http://
www.ncbi.nlm.nih.gov/PubMed) using protein names as
the query keywords, to search for co-occurrence of multi-
ple proteins in the group.
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3 Results

3.1 Cases

In this study we analyzed four breast tumors histologically
classified by a licensed pathologist as IDCA, with the aim
of determining if 2-D DIGE technologies will reveal pro-
teins differentially expressed in IDCAs. The sizes of the
tumors ranged from 0.5–7cm, tumor stage ranged from
stage I to IIIA and age of the donors at diagnosis ranged
from 30 y to 74 y (Table 1). All the tumors were poorly
differentiated with a Scarf-Bloom classification index of
8 or 9. The ER and PR status of all the specimens were
determined by immunohistochemistry (IHC) and the
HER-2 status by fluorescence in situ hybridization (FISH).
The protein sample used as reference for this compara-
tive proteomic study, was an histologically normal breast
tissue obtained from a 29 y old fully informed and con-
senting donor, with no personal or family history of breast
cancer.

3.2 Protein abundance in infiltrating ductal
carcinoma of the breast

All the samples studied were IDCAs with different tumor
stage, grade and age of the donors. To maximize the total
amount of protein loaded on each gel, we used whole
sections from OCT embedded tissue rather than cells
obtained by laser microdissection. A total of 175 �g of
protein from each sample was used for 2-D DIGE as
described in the Section 2.3. Four gels were run in parallel
and each gel contained Cy dye-labeled proteins from one
test sample (IDCA) and one reference sample (histolo-
gically normal). Gel images were generated with the

Typhoon variable mode imager (Amersham Biosciences).
Scanning at 10 � resolution lasted for 10 min per channel
and a minimum of 20 min was required to scan a two-
color 2-D DIGE gel. The ImageQuant (Amersham Bio-
sciences) file generated with the Typhoon imager was
transferred to DeCyder for statistical analysis. Each pair
of protein spots generated from the Cy3 (test) and Cy5
(reference) channels were converted to 3-D representa-
tions and displayed to show the relative peak volumes,
height and area of each spot. The 3-D simulation of the
protein spots allowed an objective inspection of spots
corresponding to proteins from the Cy3 and Cy5 chan-
nels. By comparing each IDCA sample to a common
normal (reference) sample, we were able to objectively
estimate the abundance of similar proteins in IDCAs and
generate quantitative data using the difference in-gel
analysis (DIA) module in DeCyder.

Based on a threshold mode of �3.0, the DeCyder-DIA
module detected protein spot differences that ranged
from 14.8% in stage I IDCA to 30.6% in stage IIB IDCA
(Table 2). As would be expected, 69–85% of the protein
spots detected were not different in abundance between
normal and cancer tissue, based on DIA. Our study
detected differences in the overall abundance of proteins
between the four IDCA specimens and normal tissue
(Table 2). The mean of the population of increased pro-
teins ranged from 6.47 in stage IIB IDCA, to 20.9 in stage
IIIA IDCA, whereas the mean of the population of de-
creased proteins ranged from �5.2 in stage IIA IDCA to
�6.0 in stage IIB IDCA (Table 2). We overlaid the images
from the Cy5 and Cy3 channels and pseudo-colored each
channel for better visual inspection. As shown in Fig. 1,
the 2-D DIGE images are comparable but there are per-

Table 1. Histopathological properties of breast IDCAs analyzed by 2-D DIGE

WRIa)-369 WRIa)-329 WRIa)-457 WRIa)-393

Histology IDCA IDCA IDCA IDCA
Tumor grade/Scarf-Bloom Poorly Poorly Poorly Poorly
classification Differentiated/8 Differentiated/9 Differentiated/9 Differentiated/8
Tumor stage (AJCCb) classification) I II A II B III A
Tumor size (cm) 0.5 1.2 4.2 7.0
Lymph node status (No. positive/total) 0/2 2/6 1/4 6/7
ER/PR status �/� �/� �/� �/�
HER-2 status/ratio (FISHc)) �/3.2 �/0.8 �/1.3 �/1.1
Age of donor (y) 75 52 47 30
Age at diagnosis (y) 74 52 46 30
Gender F F F F

a) WRI, Windber Research Institute
b) AJCC, American Joint Committee on Cancer
c) FISH, fluorescence in situ hybridization
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Figure 1. Two-color merged 2-D DIGE images in which the proteins expressed in infiltrating ductal
carcinoma (WRI-329, A1; WRI-369, B1; WRI-393, C1; WRI-457, D1) were compared to proteins from
normal (non-neoplastic) breast tisssue. Proteins from the carcinomas are colored red (Cy3) and pro-
teins from the normal breast tissue are colored green (Cy5). Proteins that are similar in levels appear
yellow. The scattergrams (A2, B2, C2, D2) to the right of the gels are plots of log spot volume in normal
vs. log spot volume in IDCA. Each data point represents normalized spot volumes of the Cy3 channel
(cancer, y-axis) and Cy5 channel (normal, x-axis) of all differentially abundant signals. The four quad-
rants represent, low in cancer and low-in-normal (LC/LN), low-in-cancer and high-in-normal (LC/HN),
high-in-cancer and low–in-normal (HC/LN) and high-in-cancer and high-in normal (HC/HN). Most of
the proteins detected were in the LC/LN quadrant.
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Table 2. Global protein abundance in human breast IDCAs based on 2-D DIGE and DIA

Difference in-gel analysis statistics Breast infiltrating ductal carcinomas

WRIa)-369 WRIa)-329 WRIa)-457 WRIa)-393

No. of proteins up-regulated in IDCA 25 84 139 74
No. of proteins unchanged in IDCA and normal 630 423 761 628
No. of proteins down-regulated in IDCA 84 60 196 75
Differentially expressed proteins (%) 109 (14.8) 144 (25.4) 335 (30.6) 149 (19.2)
Mean of increase population (� SD) 8.45 (8.0) 6.61 (6.2) 6.47 (6.2) 20.9 (36.4)
p-value – increase(t-test, 2-tailed, paired) 4.6�10�20 5.1�10�9 7.9�10�15 6.0�10�5

Mean of decrease population (� SD) �5.5 (3.4) �5.2 (2.7) �6.0 (4.5) �5.9 (5.3)
p-value – decrease (t-test, 2-tailed, paired) 1.0�10�29 6.0�10�18 6.5�10�22 3.9�10�21

a) Windber Research Institute

ceptible protein spot abundance and distribution differ-
ences as revealed by the log plot of the spot volumes of
the IDCA versus the normal sample (Fig. 1). The majority
of the protein spots were in the low-in-cancer (LC) and
low-in-normal (LN) quadrant of all the four samples
(Fig. 1). Summing up of all the normalized spot volumes
and using the t-test (two tailed, paired) to compare the
overall protein expression of all selected spots on the
four gels demonstrated statistically significant differen-
ces between the IDCAs with p-values ranging from p
= 1.03�10�29 to p = 6.0�10�5 (Table 2).

3.3 Protein identification by MS

A total of 737 protein spots showed � three-fold differ-
ence (between test and reference) in at least one of the
IDCAs. We selected 524 of such spots from the four
gels (�130 spots/gel) for identification by MS. Out of the
524 protein spots picked and processed, �80% (420/
524) were unambiguously assigned identities by MALDI-
MS or LC-MS/MS analysis. MALDI was employed as the
first stage of mass spectrometric identification due to its
high-throughput capability (288 samples in � 24 h). Ap-
proximately 85% (357/420) of the proteins identified
were assigned on the basis of MALDI peptide mass
fingerprinting alone, and at least four peptides matched
their in silico counterparts with an accuracy of � = 0.1 Da.
The remaining (�15%) were identified by LC-MS/MS with
the benefit of the added peptide sequence information
afforded by the data-directed analysis. The majority of
the proteins that were picked but could not be identified
by MALDI and LC-MS/MS analysis were found to be in
the low-in-cancer (LC) and low-in-normal (LN) quadrants
(Fig. 1) and so probably correspond to low abundant pro-
teins occurring at levels below the minimum protein con-
centration required for in-gel digestion and detection with

the mass spectrometers we used. Figure 2 shows an
annotated representative gel (WRI-329); the location of
some of the identified proteins and the corresponding list
of proteins are shown in Table 3. The full list of proteins
that displayed difference in abundance between normal
breast tissue and IDCA can be found at our website
(www.wriwindber.org/dige-idca/sir/03PE03/).

Three hundred and four of the proteins picked occurred
on at least 50% of the gels and 41 proteins which dis-
played volume ratios of � three-fold in at least one sam-
ple occurred on all four gels. Heat shock protein 70
(HSP70), proapolipoprotein, �-1-antitrypsin and peroxire-
doxin-2 are the only proteins with � three-fold difference
between IDCA and normal that were found on the four
gels, but the trend of abundance was not the same in all
the samples. HSP70 and peroxiredoxin-2 were the only
proteins that showed consistently higher and lower abun-
dance, respectively, in all the IDCAs. Several of the pro-
teins identified, e.g. serum albumin, alpha-1-antitrypsin,
�-actin and PRO2619 were found at more than one
location on the gels. Also, many proteins clustered in the
mass and pI range of 38–72 kDa and 5.1–6.0, respectively
(Fig. 2). We used in silico biology tools such as PathBlazer,
a protein-protein interaction and pathway-building tool
(Invitrogen-InforMax, Fredrick, MD, USA), to build path-
ways and identify proteins interacting with the proteins
we selected (Table 3).

4 Discussion

This study was aimed at determining the feasibility of
using the 2-D DIGE technology and a fully automated
spot handling workstation for high-throughput proteomic
analysis of human breast IDCA samples available at
the CBCP-WRI tissue depository. 2-D DIGE has been
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Table 3. Abundance (volume ratio) of selected proteins dysregulated in IDCAa)

Spot
No.

Volume
ratiob)

Protein ID gi Mass
(Da)

pI

1 �4.75 Gelsolin gi�121116 85679 6.2

2 4.93 Lumican gi�20141464 38411 6.5

3 6.15 Serum albumin gi�23307793 71334 6.1

4 16.74 Serum albumin gi�23307793 71334 6.1

5 �3.27 Alpha-1-antitrypsin gi�177831 46848 5.4

6 �3.13 Procollagen-proline, 2-oxoglutarate
4-dioxygenase (proline 4-hydroxylase)

gi�20070125 57480 4.76

7 �3.40 Alpha-1-antitrypsin gi�177831 46718 5.5

8 �3.11 Alpha-1-antitrypsin gi�1942629 44322 5.4

9 �6.02 Alpha-1-antitrypsin gi�177831 46718 5.5

10 �9.98 PRO2619 gi�11493459 58513 5.96

11 5.95 Protein disulfide isomerase A3 (EC 5.3.4.1) gi�2507461 57146 6

12 3.25 Fibrinogen beta chain gi�399492 56577 8.54

13 �4.39 PRO2619 gi�11493459 58513 6

14 �8.19 PRO2619 gi�11493459 58513 6

15 3.68 Pyruvate kinase, M1 isozyme (EC 2.7.1.40) gi�20178296 57787 8.2

16 �4.32 Alpha-1-antitrypsin gi�177831 46718 5.5

17 �4.38 Alpha-1-antitrypsin gi�177831 46718 5.5

18 �3.69 PRO2619 gi�11493459 58513 6

19 4.12 Fibrinogen gamma gi�223170 46823 5.5

20 5.94 PRO2619 gi�11493461 58513 6

21 3.96 Actin, beta gi�14250401 41341 5.6

22 4.61 Cytokeratin 18(424 AA) gi�30311 47305 5.3

23 5.84 Actin, beta gi�14250401 41321 5.56

24 �3.35 Similar to tubulin, beta 5 gi�12804891 38690 4.8

25 �4.97 Glycerol-3-phosphate dehydrogenase 1
(soluble)

gi�21594877 38171 5.8

26 3.16 Proteasome (prosome, macropain)
activator subunit 1 (PA28 alpha)

gi�5453990 28876 5.8

27 �4.21 Carbonic anhydrase I: carbonic
dehydratase

gi�4502517 28909 6.6

a) These proteins are shown in Fig. 2.
b) Volume ratio shows the fold difference between the test (IDCA, WRI329) and reference (normal)

tissue. The negative sign (�) indicates that the protein occurred at a lower level in the IDCA.

used to study esophageal cancer and DeCyder-DIA
detected 58 proteins as up-regulated by � three-fold,
107 as down-regulated by � three-fold and 916 spots
similar [11], but there were no reports on the use of this
technology for proteomic analysis of breast IDCA. In-
house evaluation studies of the 2-D DIGE technologies
with breast cancer cell lines showed that �98% repro-
ducibility could be achieved if the recommended proce-
dures are carefully followed (data not shown). As de-

scribed in the Section 3.1, 2-D DIGE enabled the de-
tection of qualitative and quantitative differences in
protein abundance between pathologically different
breast IDCAs. We detected differential protein abundance
ranging from 14.8% (stage I IDCA) to 30.6% (stage IIB
IDCA). Statistically four significant differences in the over-
all protein spot volumes were observed between the four
IDCAs. This was not surprising because although all the
samples were classified as IDCA, the ER, PR and HER-2
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Figure 2. A representative 2-D DIGE image (WRI 329) showing 27 proteins found to be dysregulated
(� three-fold) in breast IDCA. Proteins from the cancer tissue were labeled with Cy3 and those from
the normal tissue were labeled with Cy5. Proteins that are less abundant in IDCA are colored blue
(e.g. spot nos. 1, 5 and 9) and proteins that are more abundant in IDCA are colored red (e.g. spot
nos. 2, 4 and 26). Proteins that are expressed at similar levels appear purple. The identities of these
spots are presented in Table 3 (see Section 3.3).

status, histological stage, age at diagnosis, lymph node
involvement and size were very different. Thus, the dif-
ferences detected may be a true reflection of the global
transcriptional/translational dysfunctions characteristic
of different histological and pathological stages of IDCA.
We used a relatively high cut-off (� three-fold difference)
to select proteins for in silico biology analysis and expect
that many of the selected proteins will also show the
observed trend if the proteins from the same tissue sec-
tions are interrogated by Western analysis. This assump-
tion is strengthened by experience in our laboratory with
breast cancer cell lines and the report of Zhou and cow-
orkers [11], which showed that proteins such as gp96,

which showed more than three-fold difference between,
test and reference samples after 2-D DIGE and DIA also
showed differential expression by Western analysis.

The finding that the majority of the protein spots occurred
in the low-in-cancer (LC) and low-in-normal (LN) quad-
rants was not surprising. This is because we utilized tis-
sue sections from OCT specimens rather than whole tis-
sue homogenates. This phenomenon, which is attributa-
ble to reduced tissue heterogeneity and/or low total
protein loading, has been previously observed when pro-
teomic analysis of breast tissue was performed with pro-
tein from tissue sections or cells captured by laser micro-
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dissection were used [40]. A number of the differentially
abundant proteins are known to be involved in breast
cancer or other human diseases. For example, gelsolin,
a protein that interacts with actin and regulates actin
polymerization occurred at significantly lower levels in
two of the IDCAs. Gelsolin and vinculin, also less abun-
dant (�2.4-fold lower in IDCA) in 50% of the breast
IDCAs, are involved in the Rho cell motility-signaling path-
way and both are regulated by phosphatidyinositol-4-
phosphate 5-kinase, type 1-alpha (see www.biocarta.
com for the Rho cell motility pathway). Notably, �-actin is
more abundant in 75% of the IDCA samples studied. This
finding is of interest because firstly, �-actin is considered
a house-keeping gene and its expression would be
expected to be comparable in the test and reference
samples. Secondly, gelsolin, which binds to �-actin,
occurs at a lower level in stage II IDCAs studied. Gelsolin
has been reported to be down-regulated in breast carci-
noma and its down-regulation correlates with the pro-
gression to breast carcinoma [29, 30]. SWISS-PROT
annotation also shows that dysfunction in gelsolin
expression is responsible for “Finnish type” familial amy-
loidosis [29, 30]. Another protein involved in cell migration
and proliferation that was identified as differentially abun-
dant in IDCA is lumican (Fig. 2, Table 3). Lumican is a
member of a small leucine-rich proteoglycan family
(SLRP), which plays an important role during embryonic
development, tissue repair and tumor growth [31]. Lumi-
can genes and proteins have been found to be over-
expressed in pancreatic cancer tissues, breast carci-
noma, uterine cervical cancer cells, and in benign pro-
static hyperplasia [31–34]. Furthermore, higher lumican
expression was associated with higher tumor grade,
lower estrogen receptor levels in the tumor, and younger
age of the patients [35]. In this study, we noted higher
levels of lumican (� four-fold) in stage IIA and IIB breast
IDCA. In addition to the proteins described above,
we also identified other differentially abundant proteins
including pyruvate kinase, �- and �-fibrinogen, cytoker-
atin 18, proline-4-hydroxylase and carbonic anhydrase
(Table 3). Our use of a prototype literature-mining tool
developed in-house, to mine reports in the public do-
main, also revealed literature that mentions some of the
proteins we identified. For example, cDNA for cytokera-
tin-18, �-actin, and pyruvate kinase have been found to
be expressed at high levels in pancreatic cancer cells
but not in normal tissue [36]. Fibrinogen �-chain and
fibrinogen �-chain fragments were identified in various
solid tumor types at the protein level, and fibrinogen
�-chain dimmer crosslinked by transglutaminase were
detected in plasma from tumor patients but not in
plasma from controls [37]. It is suggested that the eleva-
tion of �-fibrinogen correlates with tumor-associated
fibrin deposition [37].

About 15% of the selected proteins could not be identi-
fied by peptide mass fingerprinting because (i) their con-
centration was too low, or (ii) there were no database hits
with sufficient confidence. Based on our experience, we
estimate that we can only assign identities to protein
spots on 2-D DIGE gels equivalent to 50–80 fmol of pro-
tein. It will therefore be necessary to utilize more proteins
(i.e. � 175 �g) if the visualization, automated spot handing
and identification of such proteins by MS is desired. Our
study revealed the presence of many proteins in the mass
and pI cluster range of 38–72 kDa and 5.1–6.0, respec-
tively. Performing IEF using narrow range [4–7] IPG gradi-
ents may allow these proteins to be more fully resolved
and their extent of differential expression more accurately
measured. In most cases, the calculated pI and molecular
mass for the suggested protein identification reasonably
matched the observed position of the protein feature;
however in some cases the presence of proteins clearly
distant from their apparent pI were observed. This may
be partly due to protein comigration [41] because it has
been reported that the pI of proteins are not expected to
change since the dye molecule has a positive charge that
compensates the charge on the lysine moiety [4]. The Cy
dye adds � 0.5 kDa to the total Mr of the proteins [11],
but this is generally not perceptible and did not cause
any analytical problems.

There are concerns on the use of whole tissue for com-
parative genomics and proteomics studies because of
tissue heterogeneity [39]. However, it is not always possi-
ble to get enough tissue to perform laser microdissection
(LCM) and isolate enough cells for comparative prote-
omics research, without exhausting tissue that may be
recalled for diagnostic purposes. To maximize the amount
of protein loaded, we used whole sections, representing
the tumor, rather than cells acquired by LCM. In spite
of this, there were still protein spots detected by the DIA
module of DeCyder that had concentrations that were
apparently too low for automated in-gel digestion and
mass spectrometric analysis. A number of the proteins
picked and that showed differential abundance proved
to be classical blood proteins. The prevalence of blood
proteins like serum albumin and fibrinogen beta (Table 3)
is due to the presence of blood capillaries that typically
feed breast carcinomas. Although the use of tumor cells
captured by LCM can reduce the abundance of blood
proteins, these proteins were still present in the 2-D
DIGE experiments we performed with proteins from cells
procured by LCM [40].

In some cases, multiple spots of the same proteins were
found at different locations on the gel. The proteins with
multiple spots include PRO2619, �-actin and �-1-anti-
trypsin (Fig. 2, Table 3). PRO2619 is an albumin fragment,
and more than five of the spots picked from different
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regions of the same gel turned out to be PRO2619. Con-
sidering that PRO2619 is an albumin proteolysis frag-
ment, it is likely that some protein breakdown may have
occurred at the time of specimen collection or during
the 2-DE process. On the other hand this phenomenon,
which was also observed for vimentin, carbonic anhy-
drase, catalase and cytokeratin 8, may be partly due to
protein comigration and/or the existence of multimolecu-
lar forms of the same protein. It is reported that since a
maximum of �3000 proteins can be observed on a typical
2-DE process, several proteins will inevitably comigrate to
the same position [41] and isoforms of proteins or differ-
entially modified forms (e.g. glycosylation) of the same
protein may migrate to different locations on the gel. For
this study, spots of the same protein at different locations
of the gel were used for global spot volume analysis only
if the protein spot occurred on all the four gels.

5 Concluding remarks

Although this is a preliminary study, it is apparent that 2-D
DIGE has sufficient sensitivity as some of the proteins we
identified have been reported in breast pathologies. This
study demonstrates that 2-D DIGE is compatible with a
fully automated spot handling workstation and by cou-
pling in silico biology to wet laboratory experiments, it is
possible to gain insights into the biochemical role played
by dysregulated proteins prior to performing additional
wet laboratory experiments. Further studies involving the
use of more high quality IDCA samples are however
required to verify the pattern of expression of the identified
proteins.
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