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Breast cancer is among the most commonly diag�
nosed invasive malignancies and the second leading
cause of cancer death in women globally [1]. Breast
cancer is a complex disease. Accumulation of numer�
ous molecular alterations causes gaining of an increas�
ingly invasive and resistant phenotype [2]. The vari�
ability of the host background and heterogeneity of
malignant cells create distinct subgroups of tumors
with different phenotypes and clinical outcomes. 

Improvement of breast�cancer detection at its early
stages through identification of diagnostic biomarkers
is of critical importance. Also, classification of the dis�
ease heterogeneity by defining more reliable diagnos�
tic/prognostic factors and developing molecular ther�
apies for selective targeting of the tumor cells is of great
importance. One way to identify such biomarkers is

through analysis of alterations that occur at the gene or
protein level in tumor tissue as compared to normal
tissue. Proteomics has several advantages over genom�
ics since proteins are more reflective of the current
state of the cell’s microenvironment, can undergo a
vast range of posttranslational modifications affecting
protein stability, localization, interactions, and func�
tions, and represent more accessible and relevant ther�
apeutic targets [3].

Probably the most widely used proteomic technol�
ogy for identification of alterations in protein expres�
sion between different types of samples is two�dimen�
sional gel electrophoresis (2�D PAGE) [4] or a variant
of the technique with improved sensitivity, reproduc�
ibility and rapidity – two�dimensional differential gel
electrophoresis (2�D DIGE) [5] coupled with mass
spectrometry (MS) analysis. In order to identify and
evaluate cancer�related proteins tumor tissues, blood
plasma, or secreted body fluids (such as urine, sweat
and saliva) are used as a source of biological material.
Out of these, the tumor tissue itself, backed up by full
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clinical and histological evaluation, is the most reli�
able source for identification of new cancer�specific
protein changes. A large number of 2�D PAGE and re�
cently a growing number of 2�D DIGE�based proce�
dures have been applied to preclinical models of breast
cancer, however, data generated from clinical samples
is still limited [6–17]. 

From all classified breast cancers, invasive carcino�
mas represent 70–80% and include more than 10 dif�
ferent types. Among these, infiltrating ductal carcino�
mas (IDC) are the most aggressive forms associated
with poor prognosis [18]. The aim of this study was to
identify specific proteins in IDC, with distorted ex�
pression. For this, the 2�D DIGE/MS/MS technolo�
gy was used. The results of this study may aid in iden�
tification of novel candidate biomarkers for IDC and
in expanding the database of candidate proteins that
could be used as diagnostic and therapeutic targets in
breast cancer research.

EXPERIMENTAL

Tissue samples. Normal and tumor breast tissues
were obtained from the Department of Thoracic and
Vascular Surgery, Clinical Center, Skopje. The tissues
were histologicaly characterized at the Institute of Pa�
thology, Medical Faculty, University “St. Cyril and
Methodius”, Skopje. An informed consent for the use
of these tissues for research purposes was obtained
from the patients.

Patients’ clinical records including age at diagno�
sis, histology, tumor size and lymph node status were
reviewed to preselect the tissue samples. All of the tu�

mor samples contained more than 50% tumor cells
and were stored at –80°C before use. Five tumor sam�
ples and five normal tissue samples were chosen from
the tissue archive based on the type of tumor, TNM
classification, estrogen receptor/progesterone recep�
tor (ER/PR) and human epidermal growth factor re�
ceptor 2 (Her2) status (table 1), and pooled separately
for the 2�D DIGE analysis. In order to minimize the
influence of individual variations, all 10 samples were
from different individuals. The decision to work with
proteins pooled from a small number of well matched
tumors was made to minimize the misinterpretation of
protein profiles arising from random differences of
gene expression of different tumors.

Preparation of total protein extract from tissue. The
frozen tissues were pulverized with liquid nitrogen in a
mortar. The resultant tissue powder was weighed and
15 volumes of UTCD solution (8 M urea, 2 M thio�
urea, 4% 3�[(3�cholamidopropyl) dimethylammo�
nio]�1�propanesulfonate (CHAPS), 50 mM dithio�
threitol (DTT)) were added. The samples were thor�
oughly mixed and allowed to dissolve on ice for
30 min. If the samples were too viscous, they were put
through a 21G needle for few times. The samples were
centrifuged at 14000 rpm for 10 min at 4°C, and the
supernatant was transferred into a clean tube. The pro�
tein concentration in all of the samples was measured
using the Bradford method [19] in duplicate against a
standard curve of bovine serum albumin. Equal
amounts of proteins from each sample (150 µg) were
pooled and purified with the 2�D Clean�UP Kit (“GE
Helthcare”) according to the manufacturer’s instruc�
tions. The pellets were dissolved in 40 µL of UTC buff�

Table 1. Characterization of breast tissues used in this study

No Age Histology Stage ER/PR Her 2
pTNMa

Gb Tissue type
T N M

1 66 Carcinoma ductale invasivum IIA 3+/+ + pT2 pN1a pMx G2 Nontumor

2 65 Carcinoma ductale invasivum IIA 2+/1+ + pT2 pN1a pMx G2 Nontumor

3 63 Carcinoma ductale invasivum IIA 3+/+ + pT2 pN1a pMx G2 Nontumor

4 68 Carcinoma ductale invasivum IIA 3+/2+ + pT2 pN1a pMx G2 Nontumor

5 69 Carcinoma ductale invasivum IIA 2+/1+ + pT2 pN1a pMx G2 Nontumor

6 65 Carcinoma ductale invasivum IIA 3+/2+ + pT2 pN1a pMx G2 Tumor

7 64 Carcinoma ductale invasivum IIA 3+/+ 3+ pT2 pN0 pMx G2 Tumor

8 63 Carcinoma ductale invasivum IIA 3+/2+ + pT2 pN1a pMx G2 Tumor

9 66 Carcinoma ductale invasivum IIA 3+/+ + pT2 pN1a pMx G2 Tumor

10 65 Carcinoma ductale invasivum IIA 2+/1+ 3+ pT2 pN1a pMx G2 Tumor

aThe TNM Classification of Malignant Tumors (TNM) is a cancer staging system that describes the extent of cancer in a patient’s body.
T – describes the size of the tumor and whether it has invaded nearby tissue; N – describes regional lymph nodes that are involved; M –
describes distant metastasis (spread of cancer from one body part to another).
bG (1–4) is the grade of the cancer cells (i.e. they are “low grade” if they appear similar to normal cells, and "high grade" if they appear
poorly differentiated).
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er (8 M urea, 2 M thiourea, 4% (w/v) CHAPS), quan�
tified by Bradford method and stored at –80°C.

Fluorescent labeling with CyDye DIGE fluor mini�
mal dyes. The pH of protein samples was adjusted to
8.5 with 1.5 M Tris�HCl. Proteins were labeled with
the CyDye DIGE Fluor minimal dyes (“GE Health�
care”) according to the manufacturer’s instructions.
Forty five micrograms of protein from each sample
were minimally labeled with 400 pmol of Cy3 or Cy5,
respectively. Cy2 was used to label an equivalent
amount of the internal standard containing equal
amounts of all samples. The samples were randomized
between gels to ensure an even distribution between
those labeled with Cy3 and Cy5 minimal dyes and to
avoid repetitive linking of the same sample type with
the same dye on multiple gels.

2�D DIGE. The 2D�DIGE analysis was performed
in duplicate, on two types of Immobiline Drystrip gels:
broad range (pH 3–10) (DIGE analysis 1) and medi�
um range (pH 4–7) (DIGE analysis 2). The separate
CyDyes labeling reactions were combined and rehy�
dration buffer was added to a final volume of 450 µL.
For the Immobiline Drystrip gels pH 3–10, we used
Rehydration buffer 1 (8 M urea, 2 M thiourea, 2%
(w/v) CHAPS, 1.2% (v/v) DeStreak Reagent, 0.5%
(v/v) immobilized pH gradient (IPG) buffer pH 3–10,
trace of bromophenol blue), while for the Immobiline
DryStrip gels pH 4–7, rehydration buffer 2 (8 M urea,
2 M thiourea, 2% (w/v) CHAPS, 10 mM DTT, 1.2%
(v/v) IPG�buffer pH4–7, trace of bromophenol blue)
was used. Isoelectric focusing (IEF) of rehydrated
24�cm Immobiline Drystrip gels was performed on an
Ettan IPGphor 3 System (“GE Helthcare”). The Im�
mobiline Drystrip gels pH 3–10 and pH 4–7 were fo�
cused until a total of 52.6 kV and 64.5 kV was reached,
respectively. The focused proteins in the IPG�strips
were immediately equilibrated in two incubation
steps, each lasting 15 min, at room temperature. In the
first step, the equilibration buffer was supplemented
with 62.5 mM DTT for reduction, followed by alkyla�
tion in the same buffer containing 2.5% (w/v) iodoac�
etamide instead of DTT. For protein resolution in the
second dimension, the strips were applied onto homo�
geneous 12%�polyacrylamide gels, and SDS�PAGE
was carried out on three gels simultaneously (Ettan
DALTsix system; “GE Healthcare”), at 2.5 W per gel
for 30 min, followed by 16 W/gel for 4 h.

DIGE imaging and analysis. The five 2�D DIGE gel
images were scanned on an Ettan DIGE imager
(“GE Healthcare”). Gel images with approximately
the same pixel value without any saturation were ob�
tained by adjusting the exposure time. All of the gels
were scanned at 100�dpi resolution. Images were
cropped using Image QuantTL software (“GE
Healthcare”) to remove the areas extraneous to the gel
image. DIGE images were analyzed using Image Mas�
ter Platinum Software 7.1 (“GE Healthcare”). Protein
abundance was expressed as “volume ratio” according

to the normalization method provided by Image Mas�
ter Platinum Software. The ratio values for a given spot
between normal and tumor samples were calculated
from the volume ratio mean (VolRatio Mean) values
for normal and tumor samples. Statistically signifi�
cant, differentially expressed proteins were selected
basing on two criteria: ANOVA (which in this case
corresponds to Student’s t�test) <0.05 and ratio >2.
Protein spots with a significant difference were excised
from a preparative gel stained with Coomassie G�250
(CBB) and analyzed by MALDI�TOF�TOF MS.

Setting up of preparative 2�D gels for spot picking.
For preparative colloidal CBB�stained gels, 45 µg of
each of the 10 protein samples were combined, to give
a total of 450 µg of protein. The volume was adjusted
to 450 µL with the appropriate rehydration buffer de�
pending on the pH range of the strip. The IEF and sec�
ond dimension SDS�PAGE were run according to
standard procedures. Gels were fixed in 30% (v/v) eth�
anol, 2% (v/v) phosphoric acid for 30 min, balanced in
pre�staining buffer: 12% (w/v) (NH4)2SO4, 2% (v/v)
phosphoric acid, 18% (v/v) ethanol – for another
30 min and stained in staining solution: 1% (w/v)
CBB, 12% (w/v) (NH4)2SO4, 2% (v/v) phosphoric ac�
id, 18% (v/v) ethanol – for 72 h. The gels were stored
in the staining solution until the spots of interests were
manually picked.

Mass spectrometry: in�gel tryptic cleavage. In�gel
digestion was carried out with trypsin as described by
Schevchenko et al. [20] with minor modifications and
using for all steps a Freedom EVO 100 digester/spotter
robot (“Tecan”, Switzerland). Spots were first
destained two times with a mixture of 100 mM ammo�
nium bicarbonate (ABC) and 50% (v/v) acetonitrile
(ACN) for 45 min at 22°C and then dried using 100%
ACN for 15 min. Protein spots were then reduced with
25 mM ABC containing 10 mM DTT for 1 h at 60°C
and then alkylated with 55 mM iodoacetamide in
25 mM ABC for 30 min in the dark at 22°C. Gels piec�
es were washed twice with 25 mM ABC and finally
shrunk two times with 100% ACN for 15 min and dried
using 100% ACN for 10 min. Bands were finally com�
pletely dehydrated after 1 h at 60°C. Gel pieces were
incubated with 13 µL of sequencing grade modified
trypsin (“Promega”, USA; 12.5 µg/mL in 40 mM
ABC with 10% ACN, pH 8.0) overnight at 40°C. After
digestion, peptides were washed with 30 µL of 25 mM
ABC, shrunk with 100% ACN and extracted twice
with a mixture of 50% ACN�5% formic acid. Extracts
were dried using a vacuum centrifuge “Concentrator
plus” (“Eppendorf”). 

Mass spectrometry: identification. For MS and
MS/MS analysis, peptides were redissolved in 4 µL of
alpha�CHCA (2.5 mg/mL in 70% ACN�0.1% trifluo�
roacetic acid). One microliter and a half of each sam�
ple were spotted directly onto a MALDI plate (“Ap�
plied Biosystems”, USA). Droplets were allowed to
dry at room temperature. Samples analysis was per�
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formed using a MALDI�TOF�TOF 4800 mass spec�
trometer (“Applied Biosystems”). Spectra acquisition
and processing was performed using the 4000 series
explorer software (ABI) version 3.5.28193 in positive
reflectron mode at fixed laser fluency with a low mass
gate and delayed extraction. External plate calibration
was performed using 4 calibration points spotted onto
the 4 corners of the plate using a mixture of five exter�
nal standards (PepMix 1; “LaserBio Labs”, France).
Peptide masses were acquired by steps of 50 spectra in
the range of 900 to 4000 Da. MS spectra were summed
from 500 laser shots from an Nd�YAG laser operating
at 355 nm and 200 Hz. After filtering tryptic�, keratin�
and matrix�contaminant peaks up to 15 parent ions
were selected for subsequent MS/MS fragmentation
according to mass range, signal intensity, signal to
noise ratio, and absence of neighboring masses in the
MS spectrum. MS/MS spectra were acquired in 1�kV
positive mode and 1 000 shots were summed by steps
of 50. Database searches were carried out using Mas�
cot version 2.2 (“MatrixScience”, UK) via GPS ex�
plorer software (ABI) version 3.6 combining MS and
MS/MS inquiries on human proteins from Swiss�Prot
Databank containing 20325 sequences (January 2011)
(www.expasy.org). The search parameters were as fol�
lows: carbamidomethylation as a variable modifica�
tion for cysteins and oxidation as a variable modifica�
tion for methionines. Up to 1 missed tryptic cleavage
was permitted and mass accuracy tolerance of 30 ppm
for precursors and 0.3 Da for fragments were used for
all tryptic mass searches. Positive identification was
based on a Mascot score above the significance level
(i.e. <5%).The reported proteins were always those
with the highest number of peptide matches. Under our
identification criteria, no result was found to match to
multiple members of a protein family.

Network analysis. Pathway analysis was carried out
for proteins found to be differently expressed in tumor
and control samples. International protein index ac�
cession numbers were imported into Ingenuity Path�
way Analysis (IPA) version 7.5�2202 (“Ingenuity Sys�
tems”, Mountain View, CA; http://www.ingenuity.com).
The identified proteins were mapped to the most sig�
nificant networks generated from previous publica�
tions and public protein interaction databases. A p val�
ue calculated with the right�tailed Fisher’s exact test
was used to yield a network’s score and to rank net�
works according to their degree of association with our
data set. 

RESULTS

Analysis of differentially expressed 
proteins by 2�D DIGE

To identify the differentially expressed proteins
which are strongly associated with IDC, we compared
the protein profiles between pooled IDC and normal
breast tissues. DIGE 1 analysis was used in order to

obtain a full protein profile for the breast cancer tissue,
while DIGE 2 analysis was used to achieve higher res�
olution in the pI range between 4 and 7, where most of
the breast cancer�related protein changes would be ex�
pected according to previous studies [11, 21]. Repre�
sentative 2�D gel images of DIGE 1 and DIGE 2 pro�
tein profiles are shown in figure 1a.

In DIGE 1 analysis the master gel contained
1679 spots, 1 245 of which were detected and matched
on all three gels. In DIGE 2 analysis the master gel
contained 1803 spots, 1399 of which were detected
and matched on all three gels. Of all detected spots
26 spots were found to be differentially expressed
(ANOVA < 0.05 and ratio > 2) in DIGE 1, and 24 spots
were differentially expressed in DIGE 2 (table 2). In
DIGE 1 only 4 proteins were overexpressed in tumor
samples (tab. 2, spots 7, 8, 17 and 21) and 9 proteins
were overexpressed in tumor samples in DIGE 2
(tab. 2, spots 3, 7, 11, 14, 15, 16, 17, 18 and 24).

MS identification of differentially expressed proteins

Of the 50 combined differentially expressed pro�
teins in the two assays, 39 were successfully identified
by MS (results summarized in table 3). Unidentified
spots were those that had low concentrations and/or
low molecular mass. Among the identified spots,
9 were found in both DIGE 1 and DIGE 2 (fig. 1b).
One protein was identified in two different spots in
DIGE 2 (spot 9 and 10). Overall, a total of 29 different
proteins were identified by MS. With IPG strip pH 3–
10, in the pI range between 3 and 7, we have found
12 differentially expressed proteins compared to
19 proteins found when IPG strip pH 4–7 was used.
However, IPG strip pH 3–10 allowed us to detect
7 differentially expressed proteins in the pI range be�
tween 7 and 10, one of which was overexpressed in tu�
mor tissues. All differentially expressed proteins iden�
tified both in DIGE 1 and DIGE 2 displayed the same
expression trends in both assays.

Protein networks

The highest ranked network generated by the Inge�
nuity software (fig. 2) had an F�score of 26 (p = 10–26)
and was associated with the following functions: cellu�
lar growth and proliferation, cancer, cell cycle. Most
of the differentially expressed proteins in IDC are
closely connected within the network through two ma�
jor nodes: beta�estradiol and tumor necrosis factor
(TNF). Beta�estradiol is involved in a number of cel�
lular processes that favor increased proliferation [22],
stimulate G/S�phase transition [23] and suppress ap�
optosis [24] in breast cancer and numerous other types
of cancer as well. TNF is involved in the regulation of
a wide spectrum of biological processes including cell
proliferation [25, 26] and apoptosis [27]. This cytok�
ine has been implicated in a variety of diseases, includ�
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Fig. 1. 2�D map of the proteome obtained from breast tissues. a – Typical preparative colloidal Coomassie G�250 stained gels
with differentially expressed proteins marked with numbered arrows. b – A map of differentially expressed proteins in IDC, based
on type of IPG strip used. Different shapes represent the functional classes of proteins, while their color indicates the degree of
overexpression (grey) or underexpression (white) of the corresponding protein in tumor samples as compared to normal ones.

ing autoimmune diseases, insulin resistance, and can�
cer, including breast cancer [28, 29].

DISCUSSION

We applied proteomic techniques to protein ex�
pression profiling of IDC tumor and normal tissues. A
comparative analysis of the human breast tissue pro�
teome by 2�D DIGE in combination with MS/MS by
MALDI�TOF�TOF enabled us to identify 29 proteins
that showed significant changes in their expression
levels between tumor and normal tissues. 

Fourteen proteins from those highlighted in the
study were reported to be associated with at least one
type of cancer, while six ones (apolipoprotein A�I
[11], catalase [30], proliferating cell nuclear antigen
[28], glyoxalase I [21], hemoglobin beta [31] and pro�
filin 1 [32]) were associated specifically with breast

cancer. The fact that in this study a number of proteins
already known to be associated with breast cancer has
been identified corroborates the approach used, indi�
cating that it successfully exposes differentially ex�
pressed proteins in an ex vivo system. 

The rest of the differentially expressed proteins
with relation to some type of cancer were the follow�
ing: actin, cytoplasmic 2 and profilin 1 are upregulated
and downregulated in liver cancer, respectively [33];
carbonic anhydrase 2 is downregulated in liver cancer
[33] and colon cancer [34]; vitamin D�binding protein
is downregulated in liver cancer [35]; ceruloplasmin is
downregulated in liver cancer [35] and upregulated in
ovarian cancer [36]; proliferating cell nuclear antigen
is upregulated in colon cancer [34, 37] and prostate
cancer [38]; cellular retinoic acid�binding protein 2 is
downregulated in colon cancer [39] and upregulated
in leiomyosarcoma [40]; complement factor B and ac�
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Table 2. The statistical significance (p < 0.05) and calculation of ratios of differentially expressed spots with more than two�
fold change in the protein level

Experi�
ment

Reference 
spota

ANOVA 
<0.05

VolRatio 
Mean (normal)

SD 
(normal)

VolRatio 
Mean (cancer)

SD
 (cancer) 

Ratio 
(N/C)

Fold 
changeb)

1 0.042 1.86 0.67 0.62 0.22 3.00 3.0
2 0.015 1.71 0.40 0.59 0.22 2.88 2.9
3 0.032 1.82 0.42 0.65 0.19 2.82 2.8
4 0.014 1.76 0.62 0.38 0.11 4.63 4.6
5 0.042 1.59 0.47 0.69 0.22 2.29 2.3
6 0.018 1.49 0.18 0.45 0.12 3.34 3.3
7 0.010 0.15 0.08 1.74 0.52 0.09 –11.3
8 0.021 0.71 0.08 1.58 0.40 0.45 –2.2
9 0.017 2.07 0.55 0.68 0.25 3.05 3.1

10 0.012 2.23 0.70 0.31 0.17 7.12 7.1
11 0.007 2.52 0.72 0.28 0.05 9.14 9.1
12 0.037 0.88 1.31 0.30 0.12 2.96 3.0

DIGE1 13 0.020 2.10 0.75 0.36 0.03 5.78 5.8
14 0.016 1.70 0.57 0.30 0.17 5.63 5.6
15 0.036 1.91 0.75 0.47 0.23 4.04 4.0
16 0.001 1.97 0.12 0.42 0.14 4.66 4.7
17 0.006 0.28 0.04 1.49 0.39 0.19 –5.3
18 0.025 1.83 0.47 0.75 0.06 2.43 2.4
19 0.003 2.86 0.82 0.73 0.35 3.91 3.9
20 0.023 2.37 0.63 0.30 0.16 7.94 7.9
21 0.035 0.33 0.15 1.37 0.49 0.24 –4.1
22 0.002 2.03 0.42 0.19 0.11 10.79 10.8
23 0.008 1.89 0.59 0.18 0.10 10.39 10.4
24 0.008 1.88 0.51 0.22 0.12 8.71 8.7
25 0.016 2.11 0.71 0.36 0.21 5.86 5.9
26 0.003 1.89 0.41 0.23 0.11 8.10 8.1

1 0.033 1.57 0.52 0.55 0.07 2.88 2.9
2 0.035 1.68 0.46 0.78 0.18 2.16 2.2
3 0.043 0.55 0.14 1.45 0.50 0.36 –2.6
4 0.011 1.64 0.37 0.60 0.06 2.75 2.7
5 0.048 1.75 0.71 0.50 0.06 3.49 3.5
6 0.007 0.83 0.79 0.28 0.11 2.93 2.9
7 0.028 0.49 0.20 1.63 0.50 0.30 –3.3
8 0.025 1.87 0.67 0.46 0.16 4.06 4.1
9 0.029 1.74 0.52 0.67 0.18 2.61 2.6

10 0.042 1.68 0.55 0.70 0.15 2.39 2.4
11 0.028 0.33 0.04 1.47 0.54 0.22 –4.5

DIGE2 12 0.021 1.61 0.43 0.66 0.13 2.45 2.4
13 0.026 1.55 0.38 0.65 0.19 2.40 2.4
14 0.008 0.11 0.05 1.67 0.50 0.07 –14.9
15 0.047 0.51 0.10 1.43 0.48 0.36 –2.8
16 0.049 0.49 0.20 1.44 0.55 0.34 –2.9
17 0.008 0.39 0.06 1.63 0.39 0.24 –4.2
18 0.010 0.69 0.13 1.60 0.28 0.43 –2.3
19 0.004 1.65 0.29 0.47 0.16 3.50 3.5
20 0.032 1.70 0.53 0.61 0.20 2.78 2.8
21 0.008 2.69 0.62 0.67 0.25 4.00 4.0
22 0.047 1.71 0.61 0.52 0.29 3.31 3.3
23 0.014 2.28 0.72 0.28 0.23 8.09 8.1
24 0.023 0.24 0.08 1.43 0.49 0.17 –6.0

aSpot numbers are indicated in fig. 1a.
b “+” and “–” indicate the factor by which the spot intensity of normal tissue increases or decreases, respectively, relative to the cancer
tissue.
Proteins overexpressed in cancer tissues are highlighted in grey.
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tin, alpha cardiac muscle 1 are downregulated in pro�
static cancer [41], and hemoglobin beta is upregulated
in squamous cell cancer [42].

Ten proteins investigated were overexpressed in tu�
mor tissue and 9 of them were not associated with
breast cancer so far. We suppose that at least some of
these proteins could be used as candidate biomarkers
in breast cancer.

Macrophage�capping protein (CAPG) (14.86�fold
increase) is a member of the gelsolin/villin family of
actin�regulatory proteins. The overexpression of

CAPG was detected in colorectal cancer cell lines [43]
and cervical cell lines [44]. Cellular retinoic acid bind�
ing protein 2 (CRABP2) (6�fold increase) is a member
of the specific carrier proteins for the vitamin A family.
Its precise function remains unknown, but the induc�
ibility of the CRABP2 gene suggests that it is impor�
tant in retinoic acid�mediated regulation of human
skin growth and differentiation. CRABP2 associations
with cancer has been observed in two studies. Howev�
er, both upregulation [40] and downregulation [39] of
CRABP2 in cancer tissues was reported. Peptidyl�pro�
lyl cis�trans isomerase FKBP4 (4.51�fold increase)

CUBN

CG

BYSL
AIF1 CP

PMM2 ASPB8

KRT9

TNF

PRL

Sod
APBB1

GLO1

CAPG
CSF3

KRT17

APOL1
OSMAPOA4

CD44

SLC4A8

MAPKAP1

ETFB

beta�estradiol

L�triiodothyronine

GHRHR

BMPR2

CNP

CA2
TUBA1B

SLC9A1

FNG

CA1

ASNA1

Carbonic anhydrase

enzyme ion chanel

other transporter kinase

cytokine

group

transmembrane receptor

G�protein coupled receptor

Fig. 2. Highest ranked protein network after IPA of functional associations between the breast cancer proteins identified by MS.
The F�score for this network (cellular growth and proliferation, cancer and cell cycle) was 26 (p = 10–26). Most of the differen�
tially expressed proteins in IDC are closely connected in the network through two major nodes, beta�estradiol and TNF. The net�
work is graphically displayed with proteins as nodes and the biological relationships between the nodes as lines. Different shapes
represent the functional classes of proteins. The length of a line reflects published evidence supporting the node�to�node rela�
tionship concerned. The color of the shapes indicates the degree of overexpression (grey) or underexpression (white) of the cor�
responding protein in tumor samples as compared to normal ones. 
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plays a role in immunoregulation and basic cellular
processes involving protein folding and trafficking.
The overexpression of the FKBP4 coupled with rela�
tive differences in its expression in tumors may have
important functional implications for estrogen recep�
tor alpha and other steroid receptors in breast cancer
[45]. Expression of human FKBP4 mRNA was also
observed in human breast cancer cell lines expressing
human Her2 [ERBB2] protein [46]. Methylthiori�
bose�1�phosphate isomerase (MRI1) (3�fold in�
crease) belongs to the family of isomerases, specifical�
ly those intramolecular oxidoreductases interconvert�
ing aldoses and ketoses. This enzyme participates in
methionine biosynthetic processes. To the best of our
knowledge, there are no published data linking MRI1
and cancer. However, Western�blotting must confirm
the presence of MRI1 because it was identified by only
one peptide (in MS/MS only 1 peptide was fragment�
ed, but 4 peptides were seen in the simple MS, three of
which were not fragmented). ATPase ASNA1 (2.78�fold
increase) is an arsenite transmembrane transporter. So
far, there is no report in the literature demonstrating
the relation of ASNA1 and cancer. Keratins (KRTs)
8 and 9 are members of the cytokeratin family. In
breast IDC keratins were found to be expressed both in
normal and in tumor tissues but the level of their ex�
pression was not determined [47]. In our study, KRTs
8 and 9 are overexpressed and underexpressed in tu�
mor tissues, respectively, by almost 3�times. Further
studies are needed to elucidate the possible role of
KRTs as markers for breast cancer. Lamin B1 (2.6�fold
increase) belongs to the family of proteins, which
make up the two�dimensional matrix of proteins lo�
cated next to the inner nuclear membrane and are
highly conserved in evolution. Lamin proteins are
thought to be involved in nuclear stability, chromatin
structure and gene expression, and are often aberrant�
ly expressed or localized in tumors [48]. Lamin ex�
pression is variable between and even within cancer
subtypes that limits their use as diagnostic biomarkers.
Phosphomannomutase 2 (PMM2) (2.34�fold in�
crease) catalyzes the isomerization of mannose�6�
phosphate to mannose�1�phosphate. In MCF7 cells
expressing human estrogen receptor alpha, 17�beta�
estradiol were reported to be involved in expression of
human PMM2 mRNA [49]. 

In conclusion, a use of a 2�D DIGE combined with
MS/MS by MALDI�TOF�TOF allowed us to reveal
the increased expression of several proteins, which
previously were not associated to breast cancer, such
as: CAPG, PMM2, ATPase ASN1, MRI1, FKBP4,
CRABP2, lamin B1, and keratin of type II. Since we
did not have the opportunity to use Laser Capture Mi�
crodissection (LCM) in order to obtain pure cell pop�
ulations for analysis, the samples used here, in addi�
tion to tumor cells, would also contain other cell types
and components of the stroma. This includes immune
and inflammatory cells, blood vessel cells, fibroblasts
as well as the extracellular matrix. Therefore, these

other cellular components could be the source of some
of the differences in the observed expression levels.
However, it has been shown that these cell types may
critically influence the multistep process of tumoro�
genesis [50, 51] and play a significant role in the overall
cancer development [52], so all of the differentially ex�
pressed proteins found in this study could be consid�
ered as a product of the overall IDC condition regard�
less of their origin. 

The proteins that have been identified in this study
appear to be involved in multiple and diverse pathways
and have established roles in cellular metabolism. The
possible role of these diverse pathways and their con�
nection with the signal transduction cascade of breast
cancer remains to be solved in the future. Validation
steps (Western blotting, immunochemistry, etc.) gen�
erally form an integral part of proteomic studies. Un�
fortunately, we have been unable to validate the data
yet, but this work is on the way. We believe that the ab�
sence of a validation step for the obtained data could
be at least partly compensated by the IPA results. The
insertion of the data set in IPA yielded a p�value of 10–26

(score 26). Therefore, the fact that the proteins differ�
entially expressed in IDC were clustered with a high
rank in the IPA network (associating the functions of
cellular growth and proliferation, cancer, cell cycle),
indicates that the selected protein data set is nonran�
dom and connected to the cancer pathways. However,
in the future, it is crucial to evaluate the suitability of
these candidate biomarkers on samples of larger and
independent patient cohorts by using independent
techniques.
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