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ABSTRACT
Breast cancer is the most commonly diagnosed type of cancer and a major cause of death in women. Reliable biomarkers are urgently needed

to improve early detection or to provide evidence of the prognosis for each individual patient through expression levels in tumor tissue or

body fluids. This proteomic analysis focused on the nuclear structure of human breast cancer tissue, which has been shown to be a promising

tool for cancer biomarker development. The nuclear matrix composition of human breast cancer (n¼ 14), benign controls (n¼ 2), and

healthy controls (n¼ 2) was analyzed by high-resolution two-dimensional gel electrophoresis and mass spectrometry. Validation studies

were performed in an individual sample set consisting of additional breast cancer tissues (n¼ 3) and additional healthy control tissues

(n¼ 2) by one-dimensional immunoblot. In this setting, we identified five proteins that were upregulated in human breast cancer tissue,

but absent in the healthy and benign controls (P< 0.001). These spots were also present in the investigated human breast cancer cell

lines but absent in the MCF10a cell line, which represents normal human epithelial breast cells. Two of the breast cancer-specific

proteins have been confirmed to be calponin h2 and calmodulin-like protein 5 by one-dimensional immunoblot. This is the first

study demonstrating the expression of both proteins in human breast cancer tissue. Further studies are required to investigate the

potential role of these proteins as biomarkers for early diagnosis or prognosis in human breast cancer. J. Cell. Biochem. 112: 3176–

3184, 2011. � 2011 Wiley Periodicals, Inc.
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B reast cancer is the most common cancer in women. Every

year more than 1.3 million women worldwide are diagnosed

with breast cancer, while nearly 500,000 patients die due to this

disease [Jemal et al., 2010].

The early diagnosis of breast cancer in a potentially curable stage

improves the prognosis and consecutively reduces mortality of

breast cancer patients. Clinical breast examination, imaging by

mammography as well as tumor biopsy are the only recommended

methods for breast cancer screening in the non-high risk population

[Smith et al., 2010]. The established screening by clinical breast

examination and mammography is able to detect breast cancer in

early stages and has been shown to reduce mortality [Tabar et al.,

2003; Berry et al., 2005].

Nevertheless, mammography screening, especially in patients

under the age of 50 remains controversial, especially due to

significant rates of false negative as well as false positive results

leading to overdiagnosis and overtherapy [Jorgensen and Gotzsche,

2009]. It is mainly young women (<50 years) with a high density of

the breast who show low sensitivities in mammography [Buist et al.,

2004]. The sensitivity of mammography in women aged 50 years
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and older ranges from 68% to 90%, while in women aged 40–

49 years, the sensitivity is lower, with estimates between 62% and

76% [IARC, 2002]. Likewise, a meta-analysis of randomized

controlled trials showed a decreased mortality reduction of 15%

in young women (39–49 years) undergoing regular screening by

mammography, compared to 30% in women aged 49–59 years

[Heron et al., 2009]. Therefore, established mammography screening

programs are mainly addressed to older women (50–69 years)

[Schopper and de, 2009]. However, you have to note that one of five

breast cancers occurs in this non-screened younger subgroup, which

suffers from more aggressive and rapidly growing forms of breast

cancer [Brekelmans et al., 1996]. Moreover, breast cancer is the most

common cause of cancer death among young females aged 20–59

years [Jemal et al., 2010].

Thus, it is of great clinical interest to use biomarkers for

breast cancer detection in sublinical stages and/or to get prognostic

or predictive information about the individual disease. During the

last two decades, genomic and proteomic technologies have

significantly increased the number of potential DNA, RNA, and

protein biomarkers in breast cancer [Brennan et al., 2007; Goncalves

and Bertucci, 2011]. However, no reliable non-invasive test has

become available to date for clinical routine [Harris et al., 2007;

Debald et al., 2010; Smith et al., 2010]. Regarding proteomic

approaches, a major challenge is based on the complexity of the

human proteome and its dynamic state. Even current mass

spectrometry (MS)-based technologies are still failing to achieve

comprehensive access to low abundance proteins in complex

biological samples. However, low abundance proteins represent

numerous potential tumor-specific biomarkers [Petricoin et al.,

2006]. A promising strategy to overcome this problem would be to

fractionate sophisticated samples or to examine specific sub-cellular

proteins.

Our group investigates nuclear matrix proteins (NMP), which

represent only 1% of the total cell proteome. In 1974, the nuclear

matrix was first described as the structural framework scaffolding of

the nucleus, consisting of the peripheral lamins, protein complexes,

an internal ribonucleic protein network, and residual nucleoli

[Berezney and Coffey, 1974]. Most of the NMP are common to all cell

types, but numerous NMP are tissue and cell type specific

[Getzenberg, 1994]. NMP have been demonstrated to participate

in many vital cellular functions, such as steroid hormone binding,

gene transcription, and gene translation [Leman and Getzenberg,

2008]. The main characteristics of cancer cells are alterations in the

size and shape of the nucleus that reflect the analogous alteration of

the nuclear matrix. Recently, alterations of several NMP have been

shown to be cancer-specific biomarkers. These findings have been

successfully developed into non-invasive, blood- and urine-based

tests with high sensitivity and specificity for prostate, bladder as

well as colon cancer, which have now to be validated in correctly

designed large studies to demonstrate their clinical utility [Van Le

et al., 2005; Leman et al., 2007a,b; Walgenbach-Brunagel et al.,

2008]. The aim of this study was to investigate the NMP composition

in human breast cancer, benign control, and healthy breast tissue by

two-dimensional gel electrophoresis, silver staining, and mass

analysis in an effort to identify unique cancer associated nuclear

proteins.

PATIENTS AND METHODS

TISSUE SAMPLES AND CELL LINES

Human breast tissues were obtained from the Department of

Obstetrics and Gynecology at the University of Bonn Medical Center

and from the Department of Plastic and Aesthetic Surgery at the

University of Bonn Medical Center in cooperation with the tissue

bank of the Center for Integrated Oncology Cologne-Bonn. For all

specimens, histopathological workup was performed by an experi-

enced, board-certified breast pathologist. The characteristics of the

cancer and the control patients for two-dimensional gel-electro-

phoresis as well as verification experiments by one-dimensional

immunoblot are summarized in Table I. None of the patients

received neo-adjuvant treatment prior to surgery. The investigations

conformed to the principles outlined in the Declaration of Helsinki

and were performed with permission by the responsible Ethics

Committee of the School of Medicine, University of Bonn.

To verify the epithelial character of specific protein spots, we

investigated the NMP composition of different breast cancer cell

lines as well as the NMP composition of MCF10a, which represents

normal human epithelial breast cells. Breast cancer cell lines

(HCC1937, BT474, SkBr3, and MCF7) as well as the MCF10a cell line

were obtained from the American Type Culture Collection and

cultured under appropriate conditions.

NUCLEAR MATRIX PROTEIN PREPARATION

NMPwere extracted according to techniques as previously described

[Getzenberg et al., 1991]. Briefly, the frozen breast cancer samples

were pulverized in a Micro-Dismembrator (B Braun Biotech

International) and transferred to a buffer containing 0.5% Triton

X-100 (Carl Roth, Germany) and 2mM ribonucleoside vanadyl

complexes (Sigma–Aldrich) to release lipids and soluble proteins.

Next, the solution was filtered through a 350-mm nylon mesh and

underwent treatment with DNase as well as RNase-A to remove the

soluble chromatin and RNA. The remaining fraction, consisting of

intermediate filaments and NMPs, was disassembled with 8M urea

and the insoluble components (mainly carbohydrates and extracel-

lular matrix) were pelleted. After the urea was dialyzed out, the

intermediate filaments were allowed to reassemble and were

subsequently removed by centrifugation. In a final step, the

NMPs were precipitated in ethanol and resolved in 2D sample buffer

(9M urea, 4% CHAPS, 82mM TBP, 0.4% ampholyte) or phosphate-

buffered saline (PBS) for one-dimensional immunoblot analysis. The

described reactions, except for digestion with DNase and RNase,

were performed on ice. All solutions contained 1mM PMSF to

inhibit serine proteases. To remove potentially interfering con-

taminants a sample cleanup was performed (ReadyPrep 2-D

Cleanup; Bio-Rad). The protein concentration was quantified by a

reducing agent compatible microplate BCA protein assay kit

(Thermo Scientific) with bovine serum albumin as a standard.

The final pellet containing NMPs represents<1% of the total cellular

proteins.

HIGH-RESOLUTION TWO-DIMENSIONAL GEL ELECTROPHORESIS

Isoelectric focusing was carried out in a PROTEAN IEF Cell (Bio-Rad)

according to the manufacturer’s instructions. Samples containing
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100mg of NMP were added to 24 cm immobilized pH gradient (IPG)

strips (Bio-Rad) in the range of IP 3–10. After 16 h of passive

rehydration two wet paper wicks were inserted between the IPG strip

and the electrode. A gradient at 200V for 2 h, 500V for 2 h, 2,000V

for 3.5 h and 8,000V for 2 h was applied to the IPG strips. The

temperature throughout this process was maintained at 208C. After
isoelectric focusing the IPG strips were equilibrated in EQ-buffer I

(6M urea, 0.375M Tris/HCl pH 8.8, 20% glycerol, 2% SDS, 2% DTT)

and EQ-buffer II (6M urea, 0.375M Tris/HCl pH 8.8, 20% glycerol,

2% SDS, 2.5% iodoacetamide) for 15min each. The equilibrated

strips were loaded onto 10% polyacrylamide gels and overlaid with

1% agarose. The separation in the second dimension was performed

in a Investigator 2-D Electrophoresis System (Genomic Solutions)

until the bromphenol blue front reached the end of the gel. After

SDS–PAGE the separated NMPs were visualized bymass-compatible

silver staining (SILVERQUEST silver staining kit; Invitrogen).

The gels were analyzed using the PDQuest 2D analyzing software

(Bio-Rad). Only clear and reproducibly identical spots in all of the

gels were included in the analysis.

MASS SPECTROMETRIC ANALYSIS

Spots of interest were automatically cut from silver stained gels and

processed using a trypsin profile IGD kit (Sigma–Aldrich) following

the manufacturer’s instructions. For analysis eluted peptides were

separated using an Ultimate 3000 LC system (Dionex-LC Packings,

Germany). Samples were loaded onto a monolithic trapping column

(PepSwift, 200mm� 5mm) by the loading pump of the system

operating at 10ml/min, and 0.1% Heptafluorobutyric acid in water

was used as mobile phase. After 5min, valve was switched and the

sample was eluted onto the analytical separation column (PepSwift

monolithic capillary column, 200mm� 50mm), using a flow rate of

500 nl/min. The mobile phases used were H2O/0.1% formic acid (v/v)

for buffer A and 100% ACN/0.1% formic acid (v/v) for buffer B.

Peptides were resolved by gradient elution using a gradient of

5�50% buffer B over 20min, followed by a gradient of 50�90%

buffer B over 1min. After 5min at 90% buffer B, the gradient

returned to 5% buffer B preparing for the next run. Column effluent

was monitored using a 3 nl UV flow cell (214 nm).

Mass spectrometric analysis was done via online ESI-MS/MS

using an HCTUltra ion trap mass spectrometer (Bruker Daltonics,

Germany). All measurements were carried out in positive ion mode.

MS-spectra were acquired in standard-enhanced mode between 300

and 2,000m/z at a rate of 8,100m/z/s. Fragmentation of peptides

from MS-spectra using CID was done in Auto-MS2 mode, selecting

precursor ions according to the following parameters: number of

precursor ions¼ 5, minimal ion intensity¼ 10,000, ion excluded

after two spectra, exclusion release after 1min. MS2 data acquisition

was done in ultrascan mode with a scan range of 50–3,000m/z at a

scan speed of 26,000m/z/s.

Raw MS data for each LC run were processed using DataAna-

lysisTM version 4.0. The spectrum was screened for compounds

using the software’s AutoMS/MS search feature applying the

following parameters: intensity threshold¼ 10,000; max number of

compounds¼ 500; retention time¼ 0.4. Identified compounds were

subsequently deconvoluted and exported for protein database

comparison with BioToolsTM version 3.1. In BioToolsTM, the

exported compounds were run against an in-house SwissProt v51.6

database using the Mascot 2.2.02 algorithm. The searches were

carried out using the following parameters: enzyme¼ trypsin;

missed cleavages¼ 1; taxonomy¼ all entries; variable modifica-

TABLE I. Characteristics of Cancer Patients as well as Healthy and Benign Controls

Sample Age at diagnosis Menopause Histology T-stage Nodal-status Metastasis Grade

Cancer patients
Tumor 1 50 Postmenopausal Invasive-ductal 1 0 0 2
Tumor 2 72 Postmenopausal Invasive-ductal 1 0 0 2
Tumor 3 74 Postmenopausal Invasive-ductal 4 1 0 3
Tumor 4 63 Postmenopausal Invasive-ductal 1 0 0 2
Tumor 5 58 Postmenopausal Invasive-ductal 2 1 0 3
Tumor 6 65 Postmenopausal Invasive-ductal 1 1 0 2
Tumor 7 66 Postmenopausal Invasive-ductal 1 3 0 2
Tumor 8 64 postmenopausal Invasive-ductal 3 3 0 3
Tumor 9 41 Premenopausal Invasive-ductal 2 0 0 2
Tumor 10 48 Premenopausal Invasive-ductal 2 1 0 3
Tumor 11 59 Postmenopausal Invasive-ductal 1 0 0 3
Tumor 12 41 Premenopausal Invasive-ductal 1 0 0 2
Tumor 13 56 Postmenopausal Invasive-ductal 1 1 0 3
Tumor 14 70 Postmenopausal Invasive-ductal 1 2 0 3
Tumor 15a 59 Postmenopausal Invasive-ductal 1 1 0 2
Tumor 16a 63 Postmenopausal Invasive-lobular 1 1 0 2
Tumor 17a 50 Premenopausal Invasive-mucinous 2 3 0 3

Sample Age at diagnosis Menopause Histology

Benign and healthy controls
Control 1 48 Postmenopausal Healthy breast tissue (breast reduction)
Control 2 20 Premenopausal Healthy breast tissue (breast reduction)
Control 3 19 Premenopausal Fibroadenoma
Control 4 18 Premenopausal Fibroadenoma
Control 5a 48 Postmenopausal Healthy breast tissue (breast reduction)
Control 6a 53 Postmenopausal Healthy breast tissue (breast reduction)

aSample was used for protein validation by one-dimensional immunoblot.
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tions¼ oxidation (M) and carbamidomethylation (C); peptide

tolerance¼ 300 ppm; MS/MS tolerance¼ 1.1 Da; significance

threshold P¼ 0.05.

NUCLEAR AND CYTOPLASMIC PROTEIN EXTRACTION

To rule out a cytoplasmic expression of calponin h2 by one-

dimensional immunoblot, a NE-PER nuclear and cytoplasmic

extraction kit (Thermo Scientific) was used for the preparation of

nuclear and cytoplasmic extracts. The protein concentration was

quantitated by a reducing agent compatible microplate BCA protein

assay kit (Thermo Scientific) with bovine serum albumin as a

standard.

ONE-DIMENSIONAL IMMUNOBLOT

To validate the calponin h2, which was identified by MS analysis,

NMP-extracts of human breast cancer, healthy breast tissue, and

human breast cancer cell lines were studied.

One-dimensional immunoblotting was performed on NMP-

extracts of additional breast cancer patients and additional healthy

controls, which had not been used for protein separation by two-

dimensional gel electrophoresis. To outline the specificity of the

identified proteins we also investigated different histological breast

cancer types (ductal, lobular, and mucinous). Ten micrograms of

NMP per sample were separated by 12% SDS–PAGE (Invitrogen),

transferred onto nitrocellulose membranes and blocked overnight in

BSA in TBS with 0.5% Tween-20. The following day, membranes

were incubated with anti-Calponin h2 1:200 (No: sc-16608; Santa-

Cruz) for 2 h at room temperature. Anti-Lamin A/C 1:200 (No: sc-

56140; Santa-Cruz) was used as a nuclear and anti-a-Tubulin 1:200

(No: sc-58666; Santa-Cruz) as a cytoplasmic control. Species-

appropriate fluorescently conjugated secondary antibodies were

applied for 1 h at room temperature. Membranes were analyzed

using an Odyssey Infrared Imaging System (LI-COR, Australia).

STATISTICS

Statistical analyses were performed using GraphPad InStat, version

3.06 (GraphPad Software Inc). P values were determined using

Fisher’s exact test. Two-sided P values lower than 0.05 were

considered statistically significant.

RESULTS

We investigated human breast cancer tissues of 14 different

patients with ductal-invasive breast cancer as well as four non-

malignant controls (two fibroadenoma and two healthy controls).

The NMP were extracted and separated by high-resolution two-

dimensional gel electrophoresis. Figure 1 shows a representative

two-dimensional gel (2D gel) of NMP in human breast cancer tissue

after mass-compatible silver staining as well as the location of the

cancer-specific protein spots (A, B, C, D, E). Representative 2D gels of

human healthy breast tissue and human fibroadenoma are shown

in Figure 2. Performing a computer-based comparison of all 2D gels

by PDQuest 2D analyzing software five protein spots (A, B, C, D, E)

were identified to be present in all human cancer tissues (14/14) but

not in any control (0/4; P< 0,001). The expression levels of the five

protein spots (A, B, C, D, E) for each individual tumor sample

are summarized in Table II. To rule out the possibility that the

differences in NMP composition may be due to the detection of NMP

from stromal, blood or other cell types, we also examined the

NMP composition of human breast cancer cell lines as well as the

NMP composition of MCF10a, which represents normal human

epithelial breast cells. The cancer-specific spots A–E were all present

in the investigated breast cancer cell lines, outlining the epithelial

source of the identified protein spots (Fig. 3). To exclude a potential

overlap of the benign or healthy epithelium in the non-malignant

controls due to their stromal fraction, we analyzed the MCF10a cell

line analogously. None of the breast cancer-specific spots was

present in the MCF10a cell line, indicating that the missing spots A–

E in the benign and healthy control tissues are not just artifacts due

to stromal interference. In addition, one protein spot (F) was

exclusively found in healthy breast tissue (2/2), but was absent in

fibroadenoma (0/2) and human breast cancer (0/14; P¼ 0.0065).

To clarify the identity of each specific protein by MS analysis, up

to four protein spots were automatically picked from silver-stained

two-dimensional gels and pooled prior to trypsin digestion to

enhance signal intensity and thus protein identification. Protein

spots A, B, D were successfully identified by ESI-MS. The breast

cancer-specific protein spots have been shown to be calponin h2

(CNN-2; Spot A), calmodulin-like protein 5 (CALML5; Spot B), and

heat shock protein (hsp) beta 1 (hsp27; Spot D). The molecular

weights and isoelectric points for each protein spot as well as the

MOWSE (molecular weight search) scores for the identified proteins

A, B, D are summarized in Table III. To date, MS analysis for spots C,

E, and F has not resulted in protein identification.

One-dimensional immunoblotting with commercially available

antibodies against CNN-2 was performed to validate the results of

MS analysis. These validation experiments were performed in an

individual sample set consisting of additional breast cancer tissues

(n¼ 3) and additional healthy control tissues (n¼ 2), which have not

been used for two-dimensional gel electrophoresis. As shown in

Fig. 1. Representative gel of nuclear matrix proteins (100mg) in human

breast cancer after high-resolution two-dimensional gel electrophoresis and

silver staining. Spots A–E are present in the investigated breast cancer tissues,

but absent in the healthy and benign controls.
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Figure 4, the antibody against CNN-2 detected a protein band at

37 kDa in the NMP-fraction of histological different human breast

cancer entities (ductal, lobular, and mucinous) but not in healthy

human breast tissue. This band was also present in the NMP-fraction

of the investigated breast cancer cell lines (Fig. 5). To rule out

the possibility of a contamination of the NMP extraction with

cytoplasmic proteins we performed a one-dimensional immuno-

blot analysis in the cytoplasmic and NMP fractions. A polyclonal

a-tubulin antibody specific for cytoplasmic a-tubulin (approxi-

mately 51 kDa) was used as a control and identified a-tubulin

exclusively in the cytoplasmic protein fraction. The NMP fractions

did not contain a band recognized by the a-tubulin antibody ruling

out a contamination of these fractions with cytoplasmic proteins.

Additionally, performing one-dimensional immunoblot analysis in

the cytoplasmic fraction of human breast cancer tissue the antibody

against CNN-2 showed no positive reaction for calponin h2. These

results demonstrate that a cytoplasmic expression of CNN-2 could

also be excluded (Fig. 4).

DISCUSSION

In this study, we identified three proteins by two-dimensional gel

electrophoresis that were upregulated in the nuclear matrix of

human breast cancer tissue. These proteins were absent in healthy

human breast tissue and in benign controls.

The first protein has been shown to be heat shock protein beta-1

(hsp27). Overexpression of hsp27 is observed in numerous cancer

entities and, in particular, in human breast cancer [Ciocca and

Calderwood, 2005]. Upregulated protein levels have been associated

with estrogen receptor levels as well as better differentiation of

tumor cells suggesting a good prognosis. These data are still

controversially discussed as additional studies led to differing

findings [Ciocca and Calderwood, 2005]. Moreover, further studies

indicated a link between high levels of hsp27 and more aggressive

tumors as well as drug resistance [Oesterreich et al., 1993; Hansen

et al., 1999]. Likewise, hsp27 positive breast cancer from node-

negative patients is correlated to lower overall survival and survival

after first recurrence [Thanner et al., 2005]. The data showed that

heat shock proteins are involved in several aspects of tumor biology,

but their definite role in cancer diagnosis, prognosis and therapy

needs to be clarified [Romanucci et al., 2008].

Posttranslational modifications, especially phosphorylation of

hsp27 (Ser78 and Ser82) have been shown to be associated with a

nuclear translocation in transfection experiments [Geum et al.,

2002]. Our data demonstrate an expression of hsp27 in the nucleus

of human breast cancer tissue. A posttranslational modification of

nuclear hsp27 might explain the nuclear localization in our study.

These modifications could be specific for human breast cancer

tissue. Further studies are in progress to evaluate this hypothesis.

The second breast cancer-specific protein was found to be

calmodulin-like protein 5 (CALML5¼CLSP). Calmodulins are the

major calcium-binding proteins in non-muscular tissue, which are

known to interact with at least 50 different target enzymes and

structural proteins, including protein kinases, phosphatases,

phosphodiesterases, ATPases, and NO-synthases, mediating many

biological processes [Crivici and Ikura, 1995; Tabernero et al., 1997].

Fig. 2. Representative gels of nuclear matrix proteins (100mg) in human healthy breast tissue (A) and human fibroadenoma (B) after high-resolution two-dimensional gel

electrophoresis and silver staining.

TABLE II. Expression Levels of Breast Cancer-Specific Nuclear

Matrix Proteins After Two-Dimensional Gel Electrophoresis and

Silver Staining

Sample Spot A Spot B Spot C Spot D Spot E

Tumor 1 3 1 2 2 3
Tumor 2 3 3 3 2 3
Tumor 3 1 1 2 1 2
Tumor 4 1 1 3 2 1
Tumor 5 2 3 1 1 2
Tumor 6 2 1 2 1 2
Tumor 7 2 2 2 2 1
Tumor 8 1 3 3 3 1
Tumor 9 1 2 3 3 3
Tumor 10 1 1 1 1 1
Tumor 11 2 1 2 2 3
Tumor 12 1 2 2 1 1
Tumor 13 1 2 1 1 1
Tumor 14 3 3 3 3 3

A scoring system of 1¼weak, 2¼moderate, and 3¼ strong was used to evaluate
differences in protein expression for each individual tumor sample.
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Calmodulin (CaM) is composed of 148 amino acid residues, two

globular domains and a single peptide chain containing four

calcium-binding sites. CaM is found in all eukaryotic cells and its

amino acid sequence is highly conserved, in particular its primary

amino acid sequence which is virtually identical in many different

species.

Mehul et al. [2000] discovered and biochemically characterized a

new skin-specific calcium-binding protein that was named

calmodulin-like skin protein (CLSP) based on its homology (52%)

with CaM and its tissue-specific expression in the epidermis. A real-

time PCR analysis in human tissue, including heart, testis, skeletal

muscle, pancreas, liver, small intestine, placenta, spleen, kidney, and

epidermis, demonstrated the specificity of CLSP in the epidermis,

while a faint expression was also found in lung tissue [Mehul et al.,

2000]. CLSP and CALML5 are different names for the same protein,

which can be used equivalent. It could be shown that CLSP is

TABLE III. Protein Identification by Mass Analysis

Protein
spot

Breast
cancer Fibroadenoma

Healthy
control

Identified
protein

MW
(Da) pI

MOWSE
score

Sequence
coverage (%)

Specific nuclear matrix proteins in human breast cancer
A 100% (14/14) 0% (0/2) 0% (0/2) Calponin-2 33,675 6.95 140 12
B 100% (14/14) 0% (0/2) 0% (0/2) Calmodulin-like protein 5 15,883 4.34 588 76
C 100% (14/14) 0% (0/2) 0% (0/2) Unidentified 25,000a 4a — —
D 100% (14/14) 0% (0/2) 0% (0/2) hsp beta1 22,768 5.98 184 20
E 100% (14/14) 0% (0/2) 0% (0/2) Unidentified 20,000a 4.5a — —

Protein
spot

Breast
cancer Fibroadenoma

Healthy
control

Identified
protein

MW
(kDa) pI

MOWSE
score

Sequence
coverage (%)

Nuclear matrix protein only found in healthy breast tissue
F 0% (0/14) 0% (0/2) 100% (2/2) Unidentified 20,000a 4a — —

aApproximate MW and pI in 2D-gel.

Fig. 3. Protein spots A–E are present in human breast cancer tissue, but absent in human benign and healthy controls. Comparing the expression of nuclear matrix proteins in

human breast cancer tissue (n¼ 14), healthy control tissues (n¼ 2), and benign control tissues (n¼ 2) by high-resolution two-dimensional gel electrophoresis and silver

staining, protein spots A–E were specific for normal human breast cancer tissue. These spots were also absent in the MCF10A cell line, which represents human normal epithelial

breast cells. The epithelial source of these protein spots was confirmed by the expression in the human breast cancer cell lines SkBr3, Bt474, or HCC1937.
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involved in epidermal differentiation [Mehul et al., 2001].

Investigating gene expression patterns in human breast cancer

tissue, Porter et al. [2003] found CLSP to be upregulated in invasive

and metastatic breast cancer. To our knowledge, we are the first to

describe the presence of CLSP in human breast cancer on a protein

level.

The third protein has been shown to be calponin h2, a member of

the calponin family. Calponins are a family of 34–37 kDa

cytoplasmic Ca2þ-binding proteins, which bind in vitro to F-actin

and tropomyosin [Takahashi et al., 1986]. There are three isoforms

(basic h1, neutral h2, and acidic h3) sharing high sequence identity

within the first 273 amino acids, but differing significantly in their

carboxyl-terminal sequences [Tang et al., 2006]. Calponin h1 was

first characterized by Takahshi et al. as a smooth muscle-specific

protein that inhibits the actin-activated ATPase activity of myosin in

vitro [Takahashi et al., 1986].

Strasser et al. [1993] demonstrated the existence of calponin h2,

which is encoded by a different gene. This neutral isoform is

expressed in both, smooth muscle as well as non-muscle cells [Wu

and Jin, 2008]. It is found in fibroblasts and epidermal keratinocytes

with a role in stabilizing the actin filaments [Fukui et al., 1997].

Hossain et al. [2006] analyzed the expression of calponin h2 in

smooth muscle and several non-muscle organs in the mouse and

found high levels of expression in the spleen and in lung alveolar

epithelials. The high amount of calponin h2 found in the spleen may

reflect the expression described in endothelial cells [Sakihara et al.,

1996; Tang et al., 2006]. A significant upregulation of calponin h2 is

found in the growing smooth muscles, such as embryonic stomach

and urinary bladder as well as the uterus during early pregnancy in

mice [Hossain et al., 2003]. The high expression of calponin h2

decreases in adult smooth muscle cells, indicating its potential role

during cell proliferation. It is known that calponins are involved in

numerous functions in muscle and non-muscles cells. However, the

expression of calponins, particularly of calponin h2, in cancer cells

and their biological function has not been widely studied to date

[Wu and Jin, 2008].

The upregulation of calponin h2 in human breast cancer and also

its nuclear localization has not been described before. Validation

experiments in an individual sample set of patients with ductal-

invasive, lobular-invasive as well as mucinous-invasive breast

Fig. 4. Calponin h2 in the NMP-fraction of different human breast cancer subtypes. Nuclear matrix protein (NMP) extracts (10mg/lane) of ductal-invasive (Tumor 15),

lobular-invasive (Tumor 16), and mucinous-invasive (Tumor 17) human breast cancers as well as two healthy control tissues were fractionated on SDS–PAGE and subjected to

immunoblotting with a specific antibody against human Calponin h2. A specific band at 37 kDa indicates the expression of Calponin h2 in different human breast cancer

subtypes. This band is not found in both human healthy breast tissue controls, indicating the specific expression of Calponin h2 in human breast cancer. Total cell lysates of H358

cells (human lung cancer cell line) were used as a negative, cytoplasmic lysates of HepG2 cells (human hepatocellular carcinoma cell line) were used as a positive control. Lamin

A–C (70 kDa) was used as a loading control for the NMP fraction. To confirm the nuclear expression of Calponin h2 we also investigated a cytoplasmic extract (10mg/lane) of

human breast cancer tissue (cyto-extract Tumor 15). The specific antibody against human Calponin h2 did not detect Calponin h2 in the cytoplasmic fraction. The absence of

nuclear proteins was confirmed by a negative reaction for Lamin A–C (70 kDa). A cytoplasmic contamination of the investigated NMP extracts could also be excluded by a

negative reaction for a-Tubulin (55 kDa).

Fig. 5. Calponin h2 in the NMP-fraction of breast cancer cell lines. Nuclear

matrix protein (NMP) extracts (10mg/lane) of the breast cancer cell lines

SkBr3, MCF7, and Bt474s were fractionated on SDS–PAGE and subjected to

immunoblotting with a specific antibody against Calponin h2. A specific band

at 37 kDa indicates the nuclear expression of Calponin h2 in the investigated

breast cancer cell lines, confirming the epithelial source of Calponin h2. A

cytoplasmic contamination of the investigated NMP extracts could be excluded

by a negative reaction for a-Tubulin (55 kDa). The presence of a nuclear protein

fraction was confirmed by a positive reaction for Lamin A–C (70 kDa).
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cancer could confirm the expression of calponin h2 in the NMP-

fraction of all investigated breast cancer subtypes. The detection of

calponin h2 in human breast cancer cell lines confirms the epithelial

expression and excludes potential impurites by other cell types,

such as smooth muscle, blood, or endothelial cells. A cytoplasmic

contamination of the investigated NMP-fractions was excluded.

Calponin h2 is an actin-binding protein [Rozenblum and Gimona,

2008]. While the existence of actin filaments in the nucleus has been

doubted for a long time, nuclear actins have been shown to play an

important role in chromatin remodeling, transcriptional regulation,

RNA processing, and nuclear export [de Lanerolle et al., 2005;

Grummt, 2006]. Recently, a number of other actin- and actin-

binding related proteins have been identified in the nucleus, but the

question whether these proteins and how they participate in nuclear

actin regulation processes remains largely unanswered [Dingova

et al., 2009]. Further studies are required to evaluate these nuclear

functions during carcinogenesis, particularly with regard to the

demonstrated upregulation of calponin h2 in human breast cancer.

Apart from the nuclear localization of calponin h2, CLSP, and

hsp27, our data show a specific expression in human breast cancer

tissue compared to healthy and benign controls. Studies performed

by Schenk et al. [2008] and Sheng et al. [2006] demonstrated the

existence of calponin h2 as well as CLSP in the human plasma

proteome. As these proteins can be found in human blood, a blood-

based assay detecting the upregulation of calponin h2 as well as

CLSP might be used to separate healthy controls from breast cancer

patients. The challenge will be to perform correctly designed large

retrospective studies including independent validation sets, fol-

lowed by prospective validation studies to demonstrate the clinical

benefits for patients [Pepe et al., 2001; Ludwig andWeinstein, 2005].

We are currently investigating the potential role of the identified

proteins as diagnostic and prognostic biomarkers in human breast

cancer that could potentially help to improve the management of

this disease.
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