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“Keep away from those 
who try to belittle your 
ambitions. Small people always 
do that, but the really great 
make you believe that you too 
can become great.” 
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ABSTRACT 
Breast cancer (BC) takes thousands of woman’s lives yearly. Several factors have 

been found to influence initiation and development of breast cancer, and to affect 

prognosis and treatment of this disease. This thesis is focuses on opening-out this 
complexity and search for approaches that may lead to individualized treatment of 
breast cancer patients. 

We studied clinical samples of breast tumors and adjacent normal tissues using 

protein-based proteomics. By studying each patient individually, we identified proteins 
that changed expression during carcinogenesis (p53, Smad2, etc). We observed 
significant differences in the lists of cancer-related proteins between individual patients. 
We demonstrated that meta-data analysis of the identified proteins is the most efficient 

way to describe common and individual features of tumors from different patients. Our 
validation study by immunohistochemistry analysis of identified molecules (PYK, 
Smad2, CK2α) confirmed the changed expressions between tumor and normal tissue, 

and thereby confirmed the conclusions obtained with proteomics analysis. Thus, we 

found that meta-data analysis approach is suitable for improved and individualized 
diagnostics and selection of treatment.   

Transforming growth factor-β (TGFβ) is a potent regulator of tumorigenesis. In 

our study of the clinical cases, we demonstrated that TGFβ signaling might be 

influenced in breast tumorigenesis. Phosphoproteomics analysis of TGFβ action on 
MCF10A human breast epithelial cells showed a complex regulation of cell signaling, 
with strong representation of functional domains such as metabolism. One of the targets 
of TGFβ is 14-3-3σ protein, and we found that 14-3-3σ was of a crucial importance for 

the cross-talk between TGFβ and p53 signaling.  
We reported also proteins identified by expression proteomics, which are 

regulated by TGFβ in human breast epithelial cells that have phenotype similar to 

normal breast epithelial cells. We found more than 100 proteins that were regulated 
by TGFβ. Among them, Casein Kinase 2α (CK2α), Structure-Specific Recognition 
Protein-1 (SSRP1) and protein convertase-4 (PC4) may be involved in TGFβ-
dependent inhibition of cell proliferation by modulating p53 phosphorylation.  

Therefore, presented here study describes development of tools for individualized 

treatment of patients, and provides insights in the complexity of cancer related 
signaling in breast epithelial cells. 
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I INTRODUCTION  
 
1.1 BREAST CANCER 

The first mentioning about breast cancer is dated 1500 B.C. Since that time many 
discoveries have been made to improve diagnostics and treatment of this disease 
(Donegan, 1984). Unfortunately, breast cancer today is still the second most common 
type of cancer among woman and the fifth most common cause of cancer-associated 

death.  
Breast cancer is a complex disease, whose development is influenced by many 

different factors that include single gene mutation, hormonal status, life style and 
environment. 

Different approaches have been proposed to classify and grade types of the breast 
cancer and to suggest optimal treatment. Unfortunately, the heterogeneity of the breast 
neoplasia is high, and there is a need for more methods and markers for improved 
diagnostics as well as for treatment (Cianchetti, E., R. Cotellese, 1985; Morrison, A. S., 

C. R. Lowe, 1972). The switch to the more individualized analysis of each BC patients 
and tumor, focusing on each patient, using the personalized medicine approach, will 
improve treatment outcosme.  
 

1.1.1 The Breast  

The human female breast is a bilateral organ with a complicated anatomical structure. 
The breast contains the lobules and ducts that form unique system for production and 
delivery of milk during the lactation period (Lynch, Cariati, & Purushotham, 2006). 

Network of ducts and lobules are surrounded by stromal tissue and adipocytes (Figure 1 
reproduced from Lynch, 2006).  
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Genetic factors haves a strong impact on the development of the breast cancer. 
Many studies have shown an association between mutations in the BRCA1 and 
BRCA2 genes and the enhanced risk for cancer development (Proia et al., 2011). That 

includes also family history of the breast cancer that is characterized by specific 
frequent mutations of these genes (Cianchetti, E., R. Cotellese, 1985) and (Wolff, 
2006). 

For women who do not have a genetic predisposition for BC development hormonal 
status is an important risk factor. Notably, an increased expression of the estrogen 

receptors (ER) is associated with a high risk for development of the breast neoplasia. 
Psychological stress is another factor, which may suppress immune system allowing 

BC development by changing the status of the hormonal system. Perceived stress was 
proposed as one of the factors for breast cancer initiation, by chronic impairment of 

estrogen synthesis (Nielsen & Grønbaek, 2006).  
 
It has been shown that a regular intake of antibiotics increased risk of incidence of 

breast cancer (Moysich, Beehler, Zirpoli, Choi, & Baker, 2008). One of the 

explanations is that this risk is due to suppression of the immune systems and increased 
expression of the prostaglandins upon exposure to antibiotic (Wei, Wolin, & G. 
Colditz, 2010). 

There are reports that antidepressants also may significantly increase risk of having 

cancer, due to similarities of antidepressant chemical structure to the natural cellular 
regulators of growth (Moysich, Beehler, Zirpoli, Choi, & Baker, 2008). 
Antidepressants may in some cases suppress the immune system and increase level of 
the intracellular estrogen. 

 
Higher numbers of the incidents of breast cancer appear in developed countries in 

Northern America (mostly in USA) and Europe (especially Northern Europe countries), 
as compared to other regions (Cianchetti, E., R. Cotellese, 1985). Factors that decrease 

risk of the breast cancer are first pregnancy before age 20, low to moderate food intake, 
regular physical activity, menopause before age 45 and ovariectomy before age 35 
(Kelsey, 1993). 

Taking into account that the lifestyle in the modern world is full of persistent stress 

and increasing pollution, the number of cancer cases is expected to grow.  
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the breast has a worse rate of survival of patients, as compared to ILC, which develops in 
the cells that line the milk-producing lobules.  

 

 
Ductal Carcinoma In Situ (DCIS) is characterized by the presence of 

microcalcification and is believed to be a precursor for a future invasive breast cancer 
(IBC) with potential to methastasize. In more than 50% of cases of DCIS, without 
treatment, patients will develop infiltrating breast cancer (R. Axelrod, D.E. Axelrod, & 

Pienta, 2006) and (Sontag & David E Axelrod, 2005).  
Several models were proposed to describe breast cancer carcinogenesis from normal 

tissue to DCIS to IDC. In 1995, Sontag and Axelrod analyzed four different pathways for 
development of neoplasia: “linear”, “non-linear”, “parallel” and “branched”. The results 

suggest the possibility that 2 components may diverge from a common progenitor in some 
tumors with both DCIS and IDC (Erbas, Provenzano, Armes, & Gertig, 2006). 

 
All existing classifications of the breast cancer may be used in combination to 

achievemore accurate diagnostics and suggest relevant treatment. 

 
1.1.4 Current treatment  

 
There are several treatment options for patients presenting with breast cancer, these 

include surgery, radiation therapy, chemotherapy and (neo)adjuvant therapy. 
During the surgery, malignant tumors would be removed with a part of the breast, 

including lymph nodes or whole breast, according to the volume and spread of the tumor. 
Surgery includes lumpectomy, quadrantectomy and mastectomy (Sharabi, Bullocks, 

Dempsey, & Singletary, 2010). 
 
There are two primary types of radiation therapy: external beam radiation therapy and 

internal beam radiation, also called brachytherapy. In breast cancer, external beam 

radiation is much more common than internal beam radiation (Matsunaga et al., 2010). 
Chemotherapy is mostly used to tread cancer and to prevent relapse of the neoplasia 

after surgery. Chemotherapy is more effective to threat breast cancer on the early stages. 
Chemotherapy drugs have been developed via trials of various compounds, and may have 

more general actions on the cell functions, as compared to targeting therapies. As an 
example, DNA damage-inducing drugs would act on proliferating cells via multiple 
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mechanisms initiated by DNA damage (Chuthapisith, J. Eremin, El-Sheemey, & O. 
Eremin, 2010). Targeting drugs, in contrary, would address a specific enzyme. Therefore 
chemotherapy has generally higher propensity to heavy side effects, as compared to 

targeting drugs. However, chemotherapy has been applied with certain success since 
years, and continues to be used in clinics.  

 
Targeting therapies are often called for (neo)adjuvant therapy. For treatment of breast 

cancer have been developed drugs targeting ERs, EGF signaling and a number of 

intracellular kinases (Di Cosimo & Baselga, 2008). Estrogen receptors maybe blocked by 
removing the ovary in premenopausal woman with ER+ cancer, or can be blocked by 
drugs. Selective estrogen receptor modulators (SERM) are hormonal treatment used in 
women with estrogen receptor positive breast cancer. SERMs work by preventing natural 

estrogen from sending signals to the estrogen receptor. An example of SERMs is 
tamoxifen. Another way to block estrogen activity is drugs classified as aromatase 
inhibitors and used to block conversion of the androgens to estrogen (Bilynskyj, 2010; Lin 
et al., 2010).  

Neoadjuvant therapy may be applied to the patient before main treatment (adjuvant 
therapy), to reduce the tumor size. 

 Often treatment comprises a combination of several therapies, and the goal of the 
treatment is to block the growth of the primary tumor and to prevent metastasis.  In cases 

of metastasis, tumors may spread to the bones, liver and brain through accessing blood 
vessels. In the caseofmetastasis, a patient would require chemotherapy and the whole 
body irradiation. Drawbacks with conventional treatment are that they often rely on a 
higher dose of drugs and radiation. That may lead to enhance side effects, toxicity and 

may affect the whole body physiology. 
 

 
1.1.5 Molecular mechanism of breast tumorigenesis 

 
Tumors can arise from a single cell, accumulated and passing mutation from a 

generation to a generation of daughter cells. These mutations affect oncogenes and 
tumor-suppressor genes. Many of genomic changes occur in genes associated with 
cellular adhesion, motility, signal transduction, transcriptional regulation, cellular 

metabolism and DNA\RNA processing (Chittenden et al., 2008). 
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The genome condition of a neoplasia has a significant impact on tumor behavior. In 
breast cancer tumors, aneuploid and triploid tumors were associated with higher grade 
and bigger size in comparison to the diploid tumors (Kronenwett, 2006). Aneuploid and 

triploid tumors show an increased level of the genomic instability and accumulated 
mutations. They also have a significant potential to develop metastasis. Several genes 
and their products are involved in processes of tumorigenesis. The most explored genes 
are BRCA1, BRCA2, TP53, ER and PR. 

 

The mutations for genes BRCA1 and BRCA2 are associated with higher risk for the 
lifetime developing breast or ovarian cancer (Moorman et al., 2010). Both BRCA1 and 
BRCA2 are involved in upholding of the genome stability. BRCA1 and BRCA2 are 
controlling the DNA damage repaire. BRCA2 is associated with tumor suppressor 

genes, as tumors with BRCA2 mutations generally exhibit loss of heterozygosity 
(LOH) of the wild-type allele. 

 
The BRCA1 protein interacts with other tumor suppressors, DNA damage sensors, 

and signal transducers and forms a large multi-subunit protein complex known as the 
BRCA1-associated genome surveillance complex (BASC). BRCA1 protein is involved 
in regulation of transcription, DNA repair of double-stranded breaks, and 
recombination. BRCA2 protein contains several copies of a 70aa motif called the BRC 

motif, and these motifs mediate binding to the RAD51 recombinase which functions in 
DNA repair. Mutations in this gene are found in more than 80% of the hereditaty breast 
and ovarian cancers. Alternative splicing of BRCA2 plays a role in modulating its 
subcellular localization and physiological functions (Bertwistle & Ashworth, 1998; E. 

Y. H. P. Lee & Muller, 2010). 

 
1.1.5.1 Molecular diagnostics  
 

Molecular diagnostics rely on expression and activities of a number of genes and 

proteins. These genes and proteins have been described as potent regulators of breast 
tumorigenesis, and therefore have been found to correlate with development of breast 
cancer. Potential predictor markers are the expression of Her2\neu oncogene product, 
p53 protein, estrogen (ER) and progesterone (PR) receptors, estrogen-regulated protein, 

Cathepsin-D (cath-D), CD44 and Ki67. Also, a positive correlation was found between 
overexpression Her2\neu and p53 (Taneja et al., 2010).  
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Expression of the ER and PR has been correlated with type of the breast cancer and 
is used to choose treatment. A negative correlation between Her2\neu overexpression 
and ER has been shown. The Her2\neu overexpression was significantly associated 

with comedotype carcinoma. This indicates that tumor cells from a subset of DCIS, 
which includes comedotype carcinoma (Perin et al., 1996). 

A correlation was observed between the expression of p53, Her2/neu, estrogen 
receptor (ER) and progesterone receptor (PR) in breast cancers (de Roos, de Bock, de 
Vries, van der Vegt, & Wesseling, 2007). It has also been shown that the overexpression 

of Her2/neu and p53 in patients with DCIS and IDC was associated with local recurrence 
(Esteva & Hortobagyi, 2004). 

 
1.1.5.2 Molecular classification 
 

Molecular classification of the neoplasias is based on the expression of specific 
molecules and on the status of the specific markers. For classification of the breast 
cancers several molecules have been chosen to monitor the development of neoplasia. 
The most commonly used in clinic markers for molecular classification are p53, Ki67, 

ER, PR, HER2/neu.  
There are five types of the invasive breast cancers, based on gene expression 

profiling. That is including luminal (subtypes A and B), basal and null types. 
Expression of the ER, PR, HER2 and CK6 may be used to define molecular phenotype 

of cancer. Specifically, definition of the types is as follow: 1) Luminal A type: ER+, 
and/or PR+ and HER2-; 2) Luminal B: ER+, and/or PR+ and HER2+, 3) HER2 type: 
ER-, PR-, HER2+, 4) Basal-like type ER, PR, and HER2 are not expressed but CK5/6 
and EGFR are positive, and 5) null type is characterized by no detection of any of the 

markers (Tamimi et al., 2008). 
Invasive tumors were considered to be more of the luminal A type, compare to the 

DCIS that mostly belong to the luminal B type and are characterized by HER2/neu 
expressions. The basal-like tumors are often detected with more than 2 cm of the size, 

of the high grade and with the nodal involvement.  
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p53 protein acts like a guard for the stability of genome by inducing the cell cycle arrest 
or apoptosis in case of damage of genomic DNA (Mills, 2005).  Mutations in one allele 
of the p53 gene can lead to the functional inactivation of p53. This mutation presents in 

approximately 20% of the breast carcinomas, and was found in many human cancers 
(Jerry, Dunphy, & Hagen, 2010). Normal p53 protein has a short half-life and is present 
in the cell in low amount. Some of the mutations of p53 gene lead to the stabilization of 
nonfunctional form of p53 (Lane & Benchimol, 1990).  . 

 

Bonin S. at all. (2008) described that retinoblastoma (pRB), cyclin-dependent kinase 
2 (CDK2), cytokeratin 8 (CK8) and epidermal growth factor receptor 2 (HER2/neu) 
may affect clinical progression of the disease in 56 % of patients (Bonin et al., 2008). 
The high incidence of death within 5 years interval among patients with low pRB, high 

CDK2 level of expression and also with low CK8 and high HER2/neu was 
demonstrated (Bonin et al., 2008). A positive outcome of treatment against HER2 or 
CDK2 for patients with higher risk of early relapse was suggested. 

 

 HER1 protein is a transmembrane glycoprotein, a member of the EGFR protein 
kinase superfamily, and a receptor for members of the epidermal growth factor family 
ligands (Sassen et al., 2008).  

EGFR2 (Her2/neu) gene encodes another member of the epidermal growth factor 

(EGF) receptor family of receptor tyrosine kinases. This protein has no ligand-binding 
domain of its own and therefore cannot bind growth factors. Her2/neu binds to other 
members of ligand-bound EGF receptor family to form a heterodimer. That leads to the 
stabilization of the ligand binding and enhancement of the kinase-mediated activation 

of downstream signaling pathways, such a mitogen-activated protein kinase and 
phosphatidylinositol-3 kinase. Overexpression of the Her2/neu gene has been found in 
many cancers, including breast and ovarian tumors (Taneja et al., 2010) and (Sassen et 
al., 2008). 

 

Platelet-Derived Growth Factor (PDGF) family contains mitogenic factors for cells 

of mesenchymal origin. Mutations in this gene are associated with meningioma and 
skin tumor. PDGF expression has been found to positively correlate with tumor 
angiogenesis. 

 



 

 13 

Therefore, there is a number of genes associated with development of breast cancer. 
Knowledge about functions of these genes has significantly improved management of 
breast cancer, including prediction, diagnostics and treatment. However, these genes 

and their products do not explain all clinical appearances of breast cancer, neither 
provide sufficient basis for therapeutic interventions. 
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1.2.2 TGFβ superfamily ligands 

TGFβ supefamily consists of more than 20 ligands (Bilezikjian, Blount, Donaldson, & 

Vale, 2006). They are divided on the TGFβ, bone morphogenetic proteins (BMP) and 
activins. The largest numbers of ligands are represented by the BMP group, which 
contains potent regulators of development and differentiation. Activins are also primarily 
involved in the developmental processes.  

TGFβ is presented by 5 isoforms, with three isoforms found in human cells. TGFβ1, 
TGFβ2 and TGFβ3 all function through the same receptor signaling systems, i.e. TGFβ 
receptors of type I and type II. 
 

1.2.3 TGFβ receptors 

There are 7 type I receptors in TGFβ superfamily, and 5 type II receptors. Among 
those, type I TGFβ receptor (other name ALK5) and type II TGFβ receptor (TβR-II) are 
known to transduce classical TGFβ signaling. It has been reported that TGFβ can involve 

ALK1 type I receptor in signaling in endothelial cell. 
 
An important feature of activation of TGFβ receptors is formation of a heterotetrameric 

complex of two type II and two type I receptors. The heterotetrameric complex has been 

found to be essential for transducing TGFβ signaling. In this complex, kinases of all 
receptors are active. TβR-I is the receptor that phosphorylates down-stream R-Smad2 and 
R-Smad3. Homodimeric complexes of TGFβ receptors have also been described, but their 
signaling impact remains to be explored (Derynck & Zhang, 2003).  

The complex of activated type I and type II TGFβ receptors phosphorylates a number 
of substrates, and initiates intracellular signaling pathways regulating transcription, 
protein synthesis, degradation and localization. 
 

1.2.4 Smad-dependent signaling  

 
The Smad family contains receptor-activated -R-Smads, Co-Smad4 and inhibitory 

Smads. R-Smads are receptor-activated Smads, and include Smad1, Smad5, Smad8 
downstream of the BMP, and Smad2 and Smad3 downstream the TGFβ and activin. 
Smads are recognized and phosphorylated on the C-terminus by type I receptor (TβR-I). 

This phosphorylation promotes formation of complexes with a co-Smad4 and other 
proteins. The inhibitory Smads (I-Smad) Smad6 and Smad7 are known to have an 
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opposite effect on TGFβ signaling, by various mechanisms, with blocking 
phosphorylation of the R-Smads and translocation to the nucleus R-Smad/Co-Smad 
complex being considered as the main inhibitory mechanism. 

 

1.2.5 Smad-independent signaling 

Smad-independent signaling is a number of pathways that often were found in 

pathways of other regulators. TGFβ can act by activating Erk1/2, p38, JNK and TAK1 
(J Massagué & Wotton, 2000). A number of interacting proteins provided links to 
regulation of protein ubiquitylation. Another TβR-I interacting proteins indicate links to 
the negative regulation of TGFβ signaling (Conrotto, I. Yakymovych, M. 
Yakymovych, & Souchelnytskyi, 2007). Thus, TGFβ involved in a number of 

pathways that can influence practically all vital functions in a cell. 
 

1.2.6 TGFβ in cancer  

 TGFβ was found to have a double role in tumorigenesis. At the early stage of 

cancer, TGFβ inhibits tumor growth. However, at late stages of cancer, TGFβ promotes 

tumorigenesis, and has a stimulatory effect on formation of metastasis. TGFβ inhibits 

early breast cancer development by inhibition of the proliferation in mammary 
epithelial cells, inducing apoptosis, and suppressing motility.  However, during 
carcinogenesis, and accumulation of various mutations, TGFβ may promote epithelial 

to mesenchimal transition (EMT), and may induce tumor migration to the other organs 
(Yin, Chunyou Wang, T. Liu, Zhao, & F. Zhou, 2006).  
 

TGFβ affects nearly all cellular functions, often having both stimulatory and 

inhibitory effects, e.g. proliferation, apoptosis, differentiation and migration. TGFβ 
affected phosphorylation of proteins involved in primary cellular metabolic processes, 
cell organization, development, differentiation, signal transduction, cell proliferation, 
cell cycle, cell death, transport and motility.  

Systemic network analysis showed that TGFβ-dependent phosphorylation might 
affect the cell cycle, cell death, metabolic processes, DNA damage repair, transcription, 
protein synthesis, degradation and metastasis. It has been shown, that Smad4 and 
Smad3 may stimulate metastasis into bones (Lamouille & Derynck, 2011). TGFβ-

dependent cell migration, invasion and metastasis are empowered by mutant p53. 
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Upregulation of TGFβ1 may be an early event that promotes further progression of 
breast tumors (Kang et al., 2005). 
 

1.2.7 14-3-3 proteins 

The family of 14-3-3 proteins have ability to bind large numbers of different 
proteins (Sassen et al., 2008).  That makes 14-3-3 proteins to convergence points in 

multiple regulatory pathways, such as cell cycle, proliferation, differentiation, 
mitogenic activity, senescence and apoptosis (Hong et al., 2010), (Rajagopalan, Jaulent, 
Wells, Veprintsev, & Fersht, 2008). There are 7 isoforms of 14-3-3 proteins: beta, 
gamma, zeta, sigma, eta, theta and epsilon (Aitken, 2006). All of them, except sigma 
isoform, have an oncogenic potential (Zurita et al., 2010).  

 

 
1.2.8 14-3-3σ in cancer 

14-3-3σ - also known as a stratifin (SFN), is a scaffold protein that is known as an 

oncogene suppressor (Lodygin & Hermeking, 2005). SFN protein expression has been 

found to be suppressed in many types of the tumors (Hermeking, 2003; Li et al., 2010; 
Macha, Matta, Chauhan, Siu, & Ralhan, 2010; Wilker & Yaffe, 2004). SFN gene has 
also been found inactivated by methylation (Lodygin & Hermeking, 2005), (Toyota et 
al., 2009). SFN are involved in many signaling pathways that are crucial for the control 

of cell death, proliferation and metabolism (Wilker & Yaffe, 2004).  
 
SFN can bind proteins that in involved in signal transduction of p53, TGFβ (Hong 

et al., 2010) and other pathways (Yang, Wen, C.-H. Chen, Lozano, & M.-H. Lee, 

2003). Study of the humans' neoplasias, suggested, that underexpresion of SFN protein 
were observed in most types of the neoplasias, however, in some tumosrs SFN is 
upregulated (Wilker & Yaffe, 2004) and (Li et al., 2010). Have been shown, that in 
many breast neoplasias, the low level of SFN protein correlate with poor prognosis 

(Dillon, Brown, Ling, Shioda, & Muller, 2007). 

 
 
1.3  PROTEOMICS APPROACHES IN CANCER STUDIES 

In the human genome about 30.000 genes are presented that expressed about 

hundred thousand proteins (Sawicki, Samara, Hurwitz, & Passaro, 1993), if to consider 
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The major advantage of proteomics is the possibility of monitoring dynamic 
changes in protein expression and combine genetic and epigenetic influences. The 
contest in proteomics is the high level of complexity and large dynamic range of 

protein expression in cells, tissues or body fluids (Molloy & Witzmann, 2002). This 
makes it difficult to measure and analyze proteins in a comprehensive way. 
Additionally the concentrations of some biologically active proteins are low, and a 
large amount of biological sample-material is required (Figure 5). 

 

 
1.3.1 Clinical proteomics 

 
 There are no two individuals that have an exact DNA signature and therefore there 

are no two people with the same proteomes. That is why a very crucial point is to 

define proteins that are related to the etiology of the disease and may affect treatment. 
Clinical proteomics methodology includes sample selection, choice of technology 

for protein separation and identification, and quality control by validation studies 
(Apweiler et al., 2009) and (Monteoliva & Albar, 2004). This requires appropriate 

study design, with thorough sample collection, description, and analysis. For each 
experiment it is mandatory to establish protocols for the sample preparation and 
extraction of molecules of interest (such as DNA, proteins, metabolites, etc.) No doubt, 
it is important to extract maximum information from each sample, because samples are 

unique and not repeatable, as compared to cell lines. General clinical question need to 
be addressed to improve both the diagnostics and therapy of diseases. The first step is 
to improve the diagnostics but also the discovery of more specific biomarkers for 
disease (Figure 6). 

 
The work starts with assessment of samples (tissues or cells), and includes protein 

extraction, separation by (2D-GE), gel image analysis and identification of cancer-
related proteins, systemic analysis of identified proteins, and validation studies 

including tissue microarrays. 
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1.3.2 Personalized medicine 

 

The heterogeneity between the individuals is still not well understood. The anti-
cancer drugs that are used today have severe side effects. The rate and the level of 
response may also vary significantly between patients (Figure 7). This may be due to the 
heterogeneity in tumors between individuals. Therefore, it’s very important to decide 

what kind of treatment would be optimal for each patient. That strategy will require that 
optimization of the treatment is focused on each patient individually – a personalized 
medicine approach (Nevins et al., 2003; Tranin, 2005).  

To introduce optimal treatment, therapeutic options need to be based on how well a 
patient may respond to a certain type of treatment. A little known about these factors, 

therefore, highly specific and sensitive markers are needed. 
 

Successful prediction of the tumor recurrence risk in breast cancer patients is not 
available yet, as such predictions are based on averaged values and results of statistical 

correlations observed in large cohorts of patients. It is commonly accepted that the 
different clinical course of tumors with identical histology and stage may be the result of 
differences in regulatory processes at the molecular level (Foekens, Y. Wang, Martens, 
Berns, & Klijn, 2008; Koomen et al., 2008; Olopade, Grushko, Nanda, & Huo, 2008). 

For successful treatments of breast cancer, it is important to know not only the type 
and grade of neoplasia, but also individual factors that may have an impact on the 
diagnostics and prognostics. Proteins markers can be useful tool for verification of 
diagnose and optimization of the treatment. Combination of tissue-proteomics and case-

study approach has a great potential for identification of new markers for diagnostics of 
the breast cancer and prediction of a treatment outcome, which will leads to the higher 
rate of survival of patients (Burstein, 2009). 
 

During the last 10 years a number of publications about personalized medicine has 
increased for more than 20 times (Jiang & M. Wang, 2010; Jordan, 2009; Jørgensen, 
2009; Langreth & Waldholz, 1999). That confirms rapidly increasing interest for 
development of the new models and tools related to the diagnostics and treatments. 

Personalized medicine approach will leads to the improvements of the diagnostics and 
treatment, will help to minimalize side-effects and overtreatment, and will aloud to make 
a more accurate prognosis for patients.  
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2 PRESENT STUDY 
 
2.1 AIMS 

General aims of the present here study are to unveil complexity of the cancer 
progression, focusing on the study of signaling implicated in the breast cancer 
development. Our main focus was on exploration and evaluation of the individual 
features of breast cancer. 
 
The specific aims of the projects were: 
 

I. To optimize a procedure for sample preparation from the clinical samples 
(breast tissue), and to establish protein extraction protocol compatible with 
2D-GE.         
  

II. To perform proteome profiling of human breast cancer and to determine cancer-
related changes on the level of proteins. To study individual features of 
samples from the breast cancer patients, and their involvement in the 
regulatory pathways. To predict treatment outcomes for patients, based on 
the proteome profiling.       
       

III. To identify changes on the proteome level in a response to TGFβ treatment in 
carcinogenic (MCF7) and non-carcinogenic (184A1) human breast 
epithelial cell lines. To explore signaling pathways activated by TGFβ in 
these cells lines, that is crucial for regulation of cell proliferation.  
          
  

IV. To analyze the role of SFN (14-3-3σ) in TGFβ signal transduction and complex 
formation with Smad3, Cdk2 and p53 proteins. To identify phosphorylation 
sites in SFN, that are crucial for the complex formation and regulation of 
cell proliferation. This SFN phosphorylation may also have a role in cancer 
development. To explore potential role of SFN phosphorylation in 
tumorigeneses. 
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2.2 MATHERIALS AND METHODS 

 
2.2.1 Materials  

In presented here studies, we used cultured mammalian cells and biopsies of human 
breast cancer. Clinical samples for the proteomics study the human material, were 
collected at Broomfield Hospital (Chelmsford, UK), under Ethical Permit 04/Q0303/28, 

issued by the North and Mid Essex Local Research Ethics Committee (Harlow, UK). 
Human breast tissues were snap-frozen in the liquid nitrogen directly after surgical 
procedure. Prior to start working with tissues, samples were stored at the -150C0, to 
prevent degradation of the protein. 

 
2.2.2 Tissue sample preparation 

To extract proteins from the breast tissue the protocol described in the paper I have 

been used. In brief, tissue were homogenized directly in the urea-contained buffer (Urea 
buffer: 8 M urea, 2 % (w\v) CHAPS, 50 mM DTT, 0.8 % (v\v) ampholytes (pH range of 
ampholytes depends on used strips), sonicated and centrifuged at the +4oC at 13.000 rpm, 
to clarify sample from the hard particles and non-dissolved proteins.  

 
2.2.3 Two-dimensional gel electrophoresis 

Two-dimensional gel electrophoresis was performed in a two steps. First, proteins 
extracts were loaded on the precast (immobilized pH gradient) IPG-strips pH 3-10, and 
run with gradient voltage increasing (10 h – rehydration of strips with a sample, 2 h– 50 
V, 1 h – 500 V, 1 h – 1000 V, and 10 h – 5.000 V). The second dimension SDS-PAGE 

was performed in an Ettan Dalt Six electrophoresis system (Amersham Biosciences, 
Uppsala, Sweden), until reached 35.000Vh. All gels were stained with 0.1 % silver 
nitrate. 

 

2.2.4 Image analysis 

To analyze gels and to identify differentially expressed proteins (spots) Master 2D 
Platinum 6.0 (GE Healthcare) software was used. Statistical significance of the 

reproducibility of spot expression in 2D gels, and differences in expression were 
evaluated with embedded statistical package. The Student’s t-test was used to determine 
the statistical significance of the observed changes (p<0.05). Proteins from 2D gels that 
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were shown to have either a unique expression pattern or exhibited changes by more than 
a 50 % increase or decrease in expression between tumor and histologically normal 
adjacent tissue were considered for identification.  

 

2.2.5 Mass spectrometry 

Protein spots were excised from 2D gels, destained and subjected to in-gel digestion 

with trypsin (modified, sequence grade porcine; Promega, USA), as described previously 
(Hellman, 2000). 

 Tryptic peptides were concentrated and desalted in ZipTip’s µC18 (Millipore, 
Billerica, USA). Peptides were eluted with 65 % acetonitrile, containing the matrix α-
cyano-4-hydroxycinnamic acid, and applied directly onto the metal target and analyzed by 

MALDI TOF MS on a Bruker Ultraflex instrument (Bruker Daltonics, Bremen, 
Germany). Embedded software (FlexAnalysis; Bruker Daltonics) was used to collect and 
process mass spectra. Peptide spectra were internally calibrated using autolytic peptides 
from the trypsin (842.51, 1045.56 and 2211.10 Da). To identify proteins, searches in the 

NCBI nr (2010/05/10) RefSeq sequence database (NCBI, Bethedsa, MD, USA; 
http://www.ncbi.nlm.nih.gov) were performed using the ProFound search engine 
(http://65.219.84.5/ service/prowl/profound.html) and ‘mammalian’ for species search. 
Significance of the identification was evaluated according to the probability score and 

sequence coverage. 
 

2.2.6 Systemic analysis 

Protein names were translated into the “gi numbers” using NCBI web-based source. 
Functional and pathway analysis was performed using Ingenuity Pathway Analysis (IPA), 
a tool for description of networks and signaling pathways (http://www.ingenuity.com). 
IPAs’ database contained only experimental data, which have been published and 

evaluated by independent researchers. This ensures that only confirmed results are taken 
into consideration for building a network. Experimental results that have not been 
reported by multiple laboratories or may have controversial interpretations were not 
considered for analysis. Such stringent selection of experimental data was required to 

exclude false-positive relations. Fischer’s exact test was used to calculate a p-value 
determining the network connectivity. 
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2.2.7 Immunoprecipitation 

For immunoprecipitation (IP), cell lysates were incubated with antibodies against 

target proteins and protein A/G-plus-Sepharose beads (Santa Cruz) over night at 4C0 with 
gentle agitation. Immunocomplexes bound to protein A/G-beads were collected by 
centrifugation and washed 3 times in the lysis buffer before being resolved by SDS-
PAGE. 

 

2.2.8 Immunoblotting 

For immunoblotting (WB), cell lysates were resolved on 10%SDS polyacrylamide 
mini- gels (Mini-protean Tetra Cell, Bio-Rad) and transferred onto Hybond P membranes 

(Amersham Biosciences, Piscataway, NJ) in Tris-Glycine buffer 20% Methanol, on ice 
for 2h. Membranes were blocked with 5% (v/v) fat-free milk over night and then 
incubated with the primary antibody over night at 4C0. Membranes were washed 4 times 
by 10 minutes in TΒX-T buffer and incubated with an HRP-conjugated secondary 

antibody (GE Healthcare, Uppsala, Sweden). The proteins were visualized using ECL-
Advanced Luminol Reagents (GE Healthcare.). 

 
2.2.9 Immunohistochemistry 

For the TMA-slides, deparaffinisation of the slides were performed in a Xylene 60C0 

before standard deparaffinisation and rehydration procedures. Antigen retrieval was 

performed using DakoCytomation target retrieval solution high pH (DAKO, Carpinteria, 
CA, USA). Arrays were stained with primary antibodies (used at a dilution 1:50 (v/v)). 
The slides were stained with VECTASTAIN Elite ABC kits (Vector Laboratories Inc 
Burlingame, CA, USA) following the manufacturer’s instruction, and mounted with 

Mountex (Histolab, Sweden). The stained tissues were photographed using a Leica DFC 
camera and images were acquired with Leica QWin Standard software (Leica 
Microsystems Imaging Solutions Ltd, Cambridge, UK).  
 

2.2.10 Cell culture 

We used followed cell lines: MCF10A, MCF7, 184A1, HEK1 and COS7. All cell 
lines were obtained from ATCC (Manassas, VA). MCF10A and 184A1 cells were 

cultured in a MEGM medium (GIBKO-BRL,) supplemented with EGF, insulin, 
hydrocortisone, bovine penicillin and streptomycin. MCF7, HEK1 and COS7 cells were 
cultured in DMEM, supplemented with 10 % FBS.
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Result and discussions 

 
2.2.11 Paper I 

 
Optimized protocol for protein extraction from the breast tissue that is compatible 
with two-dimensional gel electrophoresis. 

 
Proteomics is a highly informative approach to analyze cancer-associated 

transformation in tissues. The main challenge to use a tissue for proteomics studies is the 
small sample size and difficulties to extract and preserve proteins. The choice of a buffer 
compatible with the subsequent proteomics applications is also a challenge.  

 

In paper I, the goal was to design a simple protocol with minimal amount of steps and 
a minimal-components buffer that is compatible with two-dimensional gel 
electrophoresis. This protocol is for an efficient extraction of proteins that can be useful 
for proteomics studies using the human breast tissue. We wanted to design a protocol that 

also may be useful for researches with less deep knowledge of the proteomics field. 
There are several important issues that must be solved before starting a clinical 

proteomics project. These issues are about handling small quantities of clinical samples, 
efficiency of protein extraction, and removal of non-protein molecules, e.g. salt and lipids, 

that may interfere with protein separation. 
The issue of small quantity of samples has an impact on ability to evaluate 

histopathological features of the sample subjected to the proteomics study. This requires 
that proteomics study with frozen tissue have to be made with the samples used also by 

pathologist for histopathological evaluation. The total quantity of proteins extracted from 
small size samples is low. That limits abilities of quantification of extracted proteins, as 
too much of the extracted proteins would be used for quantification. The solution to the 
quantification issues is to perform a small size SDS-PAGE and evaluate protein 

quantities, or use of protein quantification kits designed for work with small volumes of 
samples.   

 First of all, due to small amount of the material and no possibility of the repeats, 
there must be right choice of the extraction methods and buffer. The best efficiency of the 

extraction was observed when we used mechanical disruption of the tissue.  
Extraction of proteins from tissues is the second issue to be considered. Most of the 

proteins in a tissue are in complexes with the others molecules. For an efficient extraction 
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and separation of proteins, protein complexes must be disrupted. This requires use of 
detergents and/or solubilization agents to break the bonds that molecules form in a 
complex.  

The strongly charged detergents cannot be use because they may disturb 
isoelectrofocusing of proteins. The commonly used strong detergent for the protein 
solubilisation is SDS. However, SDS is not compatible with isoelectrofocusing. 
Therefore, zwitterionic molecules have a positive and a negative electrical charge on 
different sides of the molecule. The commonly used zwitterionic detergent is CHAPS. 

Also, urea is efficient in solubilization of proteins. DTT is often used to break disulphide 
bridges.  

The third important issue is related to controlling non-protein components extracted 
from tissues. Extracts from tissues may contain such components as lipids, salts, nucleic 

acids, carbohydrates and other metabolites. These components may disturb separation 
during isoelectrofocusing, and some of them even during the second dimension SDS-
PAGE. 

We observed that the most problems with non-protein contaminants were caused by 

excessive presence of lipids in the breast tissue extracts. To remove lipids, an extensive 
centrifugation was applied. That allowed separation of a lipid layer from proteins in a 
water-layer extract. Salts could be removed by dialysis, and genomic DNA could be 
fragmented by ultrasound.  

We explored also whether extraction with strong detergents, e.g. SDS and Triton 
X100, followed by precipitation of proteins and then their solubilization in 2D-compatible 
buffer would be an option. However, we found that the protein precipitation step 
significantly decreased efficacy of solubilization of proteins in the urea-containing buffer. 

Therefore, the most optimal protocol included careful histological evaluation of the 
samples by pathologists, and direct extraction in the urea-containing buffer with help of 
mechanical disruption of tissues. Prolonged centrifugation was found of importance to 
remove lipids. Other non-protein contaminants could be removed, if it would be required.  

We considered also a need to remove highly abounded and/or plasma proteins. By 
using available on the market depletions kits, it is possible to remove proteins like 
globulins and albumin. We observed that the removal of highly abounded proteins was 
not essential, as these proteins did not interfere with 2D-GE. The depletion procedure may 

lead to loosing of other proteins, and in additional steps in the protocol that may affect 
reproducibility. Therefore, depletion procedure is possible, but is not recommended.  
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Thus, we developed a protocol that is based on mechanical homogenization of tissues 
directly in the buffer that is compatible with two-dimensional separation of the proteins. 
Our data showed that this method is simple, robust and easy to apply in clinical proteomic 

experiments. Easiness of the protocol allows its use in clinical laboratories even at the 
places of primary health care, without the need of highly instrumental laboratory. We 
achieved a high quality for the proteins separations, without significant and detectable 
looses and degradation of the proteins. We believe that this protocol will be of help for 
clinicians designing a proteomics project 
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Proteome profiling of human invasive ductal carcinoma tumors was performed and 
each case was analyzed individually. We selected to compare tumor vs normal tissue for 
each case separately, and not to combine all tumor and all normal proteins.  The overall 

pattern of protein migration in 2D gels was similar for all cases, with the majority of 
proteins having a tendency to shift into the area of gels corresponding to pI below 7.5. 
Some similarity of proteome patterns of all cases was observed. However, variability in 
the expression of tumour-related proteins was significant. This variability was much 
higher, as compared to proteome profiles of different human breast epithelial cells (Figure 

8). 
When we compared pools of proteins in combined tumor and combined normal 

categories, we found that differentially expressed proteins were mostly keratins (Figure 
9A). This finding cannot be very useful to look into the molecular process of the neoplasia 

development. This approach leads to loosing data related to the individual- specific 
features. That can discard regulatory mechanisms, which may be affected in a majority of 
samples via different components in different individuals. Proteome profiling of breast 
tumors, performed by others, has delivered lists of mostly high-abundance and structural 

proteins, e.g. keratins. This is mainly due to the averaging of primary datasets and the 
inability to interpret individual features. Therefore, we decided to develop a novel 
approach that allows exploration of individual features.  

Molecular characterization of the types of breast tumors, which is different from the 

tumor grade system based on clinical data, was a strong confirmation of the variability of 
breast tumors at the molecular level. mRNA expression studies have provided signatures 
to discriminate patients with a worse prognosis and/or development of an aggressive 
tumor type, e.g. MammaPrint and Oncotype. However, their areas of application are 

limited, since the transcriptomics data could predict what may happen, but mRNA 
expression does not necessarily translates in an impact on functions.   

Studies of breast tumorigenesis showed that there is a number of signaling regulating 
cancer. These signaling mechanisms are not fully considered in assessment breast cancer 

patients, because different molecules may control them in different tumors. Therefore it is 
challenging to obtain a list of the same signaling proteins in a large cohort, and the 
signaling pathways may be missed due to the variability of involved signaling 
components. 
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Our study showed that the meta-data analysis unveiled involvement of many well-

known regulators of breast tumorigenesis. Notably, we observed effects on regulation of 

cell proliferation, death, migration, invasiveness, stroma formation and immune system. 
All these functions of cells are involved in tumorigenesis, and they were detected only 
because of meta-data analysis (Figure 9B).  

Analysis of individual networks built with identified proteins predicted features and 
regulatory mechanisms involved in each individual case (Figure 9C). Validation of these 

findings by immunohistochemistry confirmed the predicted deregulation of expression of 
CK2α, PDGFRα, PYK and p53 proteins. For example, CK2α was found in a data analysis 

for the cases 1 and 6, and the IHC confirmed higher level of expression in these cases. 

 
Our meta-data analysis approach may discriminate aggressive and non-aggressive 

tumors, despite the similar histopathological classification. 
The findings from the analysis of the proteomic profiling and validation experiments 

reinforced the value of such a two-step approach for the development of more 
personalized approaches for diagnostics and a treatment. Notably, our results allow more 
efficient selection and application of drugs, and prediction of cancer development. 

Further studies with a large cohort of patients are required to enable the introduction 

of this approach into the clinical practice. In future, we consider also comparing reported 
by us tumor profiling results with plasma profiling. That would be very useful for 
development of non-invasive diagnostics.  
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2.2.13 Paper III 

 
Phosphoproteomic analysis of TGFβ1 signaling revealed importance of 14-3-3σ 
phosphorylation for TGFβ1/Smad3-regulated transcription and CDK2/pRb-
dependent cell proliferation. 

 
 

Phosphoproteomics analysis of TGFβ1 signaling revealed importance of 14-3-3σ 

phosphorylation for TGFβ1/Smad3-regulated transcription and CDK2/pRb-dependent cell 
proliferation. 

Transforming growth factor-β (TGFβ) is a potent regulator of tumorigenesis, 

although mechanisms defining its tumor suppressing and tumor promoting activities that 

are not fully understood. The goal of this study was to describe phosphoproteome 
profiling of TGFβ signaling and explore one of the TGFβ targets, 14-3-3σ protein in 
TGFβ signaling during cancer development.  

We identified 60 TGFβ -regulated phosphoproteins, using Fe-IMAC enrichment of 

phosphorylated proteins, 2D-GE and MALDI TOF mass spectrometry. 
Phosphorylation of the enriched proteins was confirmed by staining of 2D gels with 

Pro-Q Diamond phosphor-stain, and by comparing of Fe-IMAC 2D gels with 2D gels of 
separated 32P-labeled proteins. The used by us approach allows to study full-length 

phosphorylated proteins. 
As a potent regulator of cell physiology, the TGFβ would be expected to affect many 

signaling mechanisms. We performed a systemic study of the identified proteins that are 
included in a regulatory network. We observed that the identified proteins form a network 

with scale-free characteristics, without obvious hierarchic structure. However, presence of 
highly connected nodes at frequency higher than expected by a power law specified 
signaling sub-networks targeted by TGFβ1.  

The network highlighted interactions that may distribute signaling inputs to 
regulation of cell proliferation, metabolism, differentiation and cell organization. Novel 

convergence species for TGFβ and EGF, TNF, IGF and IL8 signaling were identified by 
the network analysis (Figure 10; see also the paper III text).  
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2.2.14 Paper IV 

 
Proteomics-based network signaling by TGFβ1 in 184A1 non-tumorigenic 
human breast epithelial cells, and its role in phosphorylation of p53 at Ser392 
and regulation of cell proliferation. 
 

It has been shown that TGFβ has a double role in tumorigenesis, and that the 
responsiveness to TGFβ may vary in cells on different stages of carcinogenic 
transformation. This indicates that TGFβ signaling may differ in immortalized cells as 

compared to metastatic. As a contribution to exploration of differences in TGFβ signaling 
in breast tumorigenesis, we studied proteome expression profile in 184A1 cells treated 
with TGFβ 1. 184A1 cells are immortalized human breast epithelial cells that do not form 
tumors in mice. 

Proliferation of 184A1 cells is transiently inhibited by TGFβ1 to the 50 %, at 

maximum. We performed proteome profiling using 2D gels, image analysis and MALDI 
TOF mass spectrometry. We identified 94 and 51 proteins which changed their expression 

and/or 35S-incorporation, respectively, upon treatment with TGFβ1 for 2 h, 8 h or 24 h. 

Cell proliferation, death, migration and metabolism were among main cellular functions 
affected by the identified proteins. The variety of affected cellular activities is expected, 
as other proteomics works showed that TGFβ initiates a number of signaling mechanisms.  

 
To understand whether TGFβ-affected functions in 184A1 cells differ from functions 

affected in more transformed cells, we performed systemic analysis of the identified 
proteins. As we expected, analysis of networks formed by the identified proteins 

highlighted potential differences in TGFβ1 regulatory mechanisms in non-tumorigenic 

breast epithelial cells, as compared to tumorigenic cells. The network analysis suggested 
involvement of SSRP1, PC4, CK2α and p53 in regulation of cell proliferation (Figure 

14).  
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2.3 CONCLUSIONS  

 
Described by us results showed feasibility of application of proteomics to 

individualization of treatment of breast cancer patients. We expect that the combination of 

tissue-proteomics and case-study approach has a great potential for identification of novel 
markers for the diagnostics of breast cancer. 

 
The case-by-case approach for proteome profiling of IDC and ILC will help to 

identify individual changes in protein expression and\or modifications. This will lead to 
discoveries of novel proteins involved in the processes of malignant transformation in 
human breast cancer, and also to understanding of new functions of proteins already 
found to be involved in cancer development.  

 
We believe that our research will lead to a better understanding of the mechanisms 

involved in cancer development, through the use of human tissues and cell lines. We also 
expect, that our result will lead to better diagnostic and treatment options for patients. 
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Optimized Protocol for Protein Extraction from the  
Breast Tissue that is Compatible with Two-Dimensional  
Gel Electrophoresis
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Abstract: Proteomics is a highly informative approach to analyze cancer-associated transformation in tissues. The main challenge 
to use a tissue for proteomics studies is the small sample size and difficulties to extract and preserve proteins. The choice of a buffer 
compatible with proteomics applications is also a challenge. Here we describe a protocol optimized for the most efficient extraction of 
proteins from the human breast tissue in a buffer compatible with two-dimensional gel electrophoresis (2D-GE). This protocol is based 
on mechanically assisted disintegration of tissues directly in the 2D-GE buffer. Our method is simple, robust and easy to apply in clinical 
practice. We demonstrate high quality of separation of proteins prepared according to the reported here protocol.
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Introduction
Proteins are main components of the organisms. 
They control many different and important functions 
related to the cell proliferation, differentiation and 
death. Changes in the protein expression and structure 
affect protein’s functions.1 A number of reports have 
shown that even small changes in protein functions 
may lead to a disease development.2 The ultimate role 
of proteins in tumorigenesis has also been reported.3 
Proteins are primary targets of anti-cancer drugs and 
the source of cancer markers.4

Tissue is a perfect source for monitoring changes 
and modifications of proteins that are related to 
carcinogenesis. However, there are pitfalls in using 
tissues for proteome analysis. For the first, the breast 
tissue is not a homogenous substance, but consists of 
a number of various cells and extracellular matrix, 
such as stromal and blood cells, adipocytes, collagen, 
etc. For the second, non-protein elements are present 
in tissues. In the case of the breast tissue, the high 
content of lipids may have a strong impact on protein 
extraction and separation.

Therefore, several issues must be solved for 
an efficient preparation of proteins from tissues: 
1) maximal efficiency of extractions and 2) removal 
of non- protein components must be achieved, and 
3) extracted proteins have to be under controlled 
conditions to ensure their suitability for a proteom-
ics study in terms of concentration and stability upon 
storage. Table 1 presents these 3 challenges, and sug-
gests how they may be solved.

For proteomics applications, proteins have to be 
solubilized in buffers compatible with  separation tech-
niques. For two-dimensional electrophoresis, it has to 
be a low-conductivity buffer, e.g. urea containing buffer. 
For shotgun applications, proteins are digested directly 
by a protease, and therefore have to be solubilized 
in a digestion-compatible buffer, e.g. ammonium 
 bicarbonate buffer. It is known that the best solubiliza-
tion of proteins requires strong detergents, e.g. SDS, in 
a buffer containing salts, such as Tris-HCl buffers and 
NaCl. Such solubilization conditions are not compatible 
with a direct analysis of extracted proteins by proteom-
ics techniques. Protein purification procedures often 
lead to loses of proteins. Especially significant losses 
can be upon protein precipitation followed by a solu-
bilization from a pellet, or upon an extensive dialysis. 
Therefore, there is a need for a robust and easy protocol 

for extraction of proteins, which would be compatible 
with protein separation by 2D-GE. Here we report a 
protocol which is easy to use and allows protein solubi-
lization directly in a buffer compatible with 2D-GE.

Materials and Methods
Studied samples
Cell line K562 (human myeloid leukemia) was obtained 
from ATCC (Manassas, USA). As a  control tissue, we 
used a commercially available fresh frozen chicken 
liver. Breast tissue was collected at Broomfield Hospital 
(Chelmsford, UK), under Ethical Permit 04/Q0303/28, 
issued by the North and Mid Essex Local Research 
 Ethics Committee (Harlow, UK). Clinical samples 
were collected immediately upon surgery and stored 
on wet ice before being dissected by a pathologist. 
 Samples of breast epithelial tissue were immediately 
frozen in liquid nitrogen. K562 cells were used as a 
control to determine an efficiency of proteins extraction 
and a quality of proteins separation, as compared to the 
 tissue. Frozen chicken liver tissue was used as a model 
to optimize the protocol for tissue extraction in terms 
of exploring an impact of interfering detergents, salts 
and any other chemicals in used buffers and solutions. 
As frozen chicken liver is available commercially, it 
allowed performing a significant part of trials without 
using the human breast tissue. The final optimization 
and validation of the protocol was performed with an 
aliquot of the human breast tissue.

Composition of buffers
1% Triton X-100 buffer contained 1% Triton X-100, 
20 mM Tris-HCl pH. 8.0, 150 mM NaCl and Protease 
Inhibitor Cocktail “Complete” (Roche) as recommended 
by the supplier. RIPA buffer contained phosphate buffer 

Table 1. Sample preparation from the tissue for 2D-GE 
experiments.

Protein extraction 

Prefractionation 

Determination of protein concentration

Chemical (detergents concentration) 

Physical:  mechanical disruption 

Lipids: centrifugation 

DNA: sonication  

Bradford (Bio-Rad) 

Q-kit (Amersham) 

RC\DC kit (Bio-Rad) 
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saline (PBS), 0,1%, SDS, 1% NP-40, and 0,5% sodium 
deoxycholate. Urea buffer  contained 8 M urea, 2% (w\v) 
CHAPS, 50 mM DTT, and 0.8% (v\v) ampholytes.

Protein concentration measurement
Bradford reagent (Bio-Rad), 2D-Quant Kit 
( Amersham/GE Healthcare) and RC\DC Kit (Bio-Rad) 
were used as recommended by the suppliers.

Two-dimensional gel electrophoresis
2D-GE was performed as described earlier.5 In brief, 
total amount of proteins loaded was from 50 g to 

100 g per an IPGstrip. Proteins were solubilized 
in the rehydration buffer containing 8 M urea, 2% 
(w\v) CHAPS, 50 mM DTT, 0.8% (v\v) ampholytes 
(pH 3–10), and were loaded on the 18 cm NL-IPG 
strips pH 3–10, (GE Healthcare, Uppsala, Sweden). 
Strips were rehydrated in the urea-containing buffer for 
12 hours.  Isoelectrofocusing (IEF) was performed with 
stepwise increasing voltage as follows: 50 v for 10 min, 
100 v for 30 min, 500 v for 1 h, 1000 v for 1 h and 5000 v 
for the time needed to reach 35,000 Vh. After isoelec-
trofocusing was completed, strips were equilibrated for 
15 min as described earlier.6 12% PAGE was performed 

Table 2. Detailed description of the protocol and procedure.

Step by step 
protocol  
(overview)

1.  A piece of tissue (about 1 mm3) is added to the extraction urea-containing buffer and glass beads. 
Buffer must cover the sample completely. 

2. Tissue is disrupted first by vortexing. 
3.  To disintegrate the tissue further, perform sonication for 30 min, tube with sample must be kept on 

ice during procedure to avoid heating of the sample. 
4.  Centrifugation at 13,000 g for 30 min on 4 C is performed to clarify sample and to provide better 

compression of the pellet and better concentration of lipids in the top layer of the sample.
5.  After collection of the supernatant, concentration of the protein was determined with the use of a RC/DC kit.
6. 80–100 g of proteins is loaded on the IPG strip for 2D-GE.

Steps Description Reagents and tools Troubleshoots
Evaluation  
of a sample

Clinical samples have to  
be evaluated by a  
pathologist. Quantity and  
quality of cellular, stromal  
and other histological features  
have to be evaluated.

Light microscope. Selection of a non-appropriate 
sample will affect results of the 
experiment.

Extraction  
of proteins  
from the  
tissue

Tissue must be  
homogenized, proteins  
extracted and separated  
from the pellet.  
Sonication can be  
performed in steps, eg,  
3 times of 10 min each. It is  
important that the  
sample is not heated  
upon extraction.  
Centrifugation can be  
repeated to improve  
separation from lipids  
and the pellet.

Urea buffer: 8 M urea,  
2% (w\v) CHAPS,  
50 mM DTT, 0.8% (v\v)  
ampholytes (pH range of  
ampholytes depends on  
used strips).
Glass beads can be added  
in a proportion of 1/3  
(beads/sample; v/v). 
Water-bath, sonicator,  
a centrifuge with cooling.

Particles, lipids and impurities in 
the sample lead to the distortions of 
protein separation during 2D-GE.  
During extraction procedure, it is 
important to control temperature. 
Especially during sonication and 
centrifugation.  
Urea may crystallize at low 
temperature (eg, 4 C), while 
temperature higher than  
20 C may induce degradation 

processes in a sample.  
Shorter than 30 min centrifugation 
time may not be sufficient for 
efficient separation.

Evaluation  
of protein  
concentration

Optimal concentration of  
the protein required for  
achieving good quality of  
2D gels. Usually, 80–100 g  
of protein is enough to  
prepare one 2D maxi-gel  
(20 cm 20 cm).

RC/DC kit or a similar kit. Overload with proteins will make 
analysis of the separated proteins 
difficult due to very intense 
staining. If concentration is too low 
only few protein will be visualized 
in the 2D gels.
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at 70 W/6 gels for 7 hours. Proteins were visualized by 
staining with 0.2% silver nitrate as described.7

Results and Discussion
Table 2 presents the optimized protocol for 
extraction of proteins from breast tissue in a solution 
compatible for 2D-GE. Briefly, the protocol consists 
of 3  following steps: 1) evaluation of a sample, 
2) extraction of proteins, and 3) evaluation of a 
quantity of extracted proteins.

The first step in this protocol is an evaluation of 
the sample by a pathologist. This is required for an 
estimation of the presence of the cellular and stromal 
components. Specifically, relative volume of malig-
nant cells, tumor fibroblasts, adipocytes, cells of the 
immune system and vessels have to be evaluated. 
The sections have to be taken from the same sample 
that is prepared for 2D-GE. As a rule, the part of the 
malignant tumor cells has to be not less than 50%. 
It also has to be noted whether there are any areas 
of necrosis or macrophage infiltration, which should 
be excluded from proteomics analysis. The necrosis 
is often manifested as areas with destroyed tumor 
cells, fragments of cells and infiltration of mac-
rophages. Macrophages can be identified by their 
specific staining pattern and morphology, eg, strong 
staining with Hematoxylin-Eosin and appearance as 
multiple dots in sections. Such evaluation has to be 
performed by a trained pathologist. The sections of 
the biopsies have to be stored for a validation study, 
when expression of proteins of interest identified 
by proteomics would be monitored by immunohis-
tochemistry with specific antibodies in the sections 
of the same sample.

The first step in protein extraction from the tissue is 
selection of an optimal extraction buffer. We prepared 
experiments with buffers that contained different 
detergents and concentration (Fig. 1), because dif-
ferent detergents solubilize cells membranes with 
different efficiencies.8,9 Extraction conditions (time, 
treatments) were similar for all tested conditions. 
For composition of tested buffers, see the materials 
and methods section. The output of experiments was 
monitored by intensity of prepared and separated in 
1D SDS-PAGE gels proteins, stained with coomassie 
blue R-250 (Sigma). To evaluate the maximal level 
of protein extraction, a similar sample was extracted 
using SDS. SDS provides maximal extraction, but is 
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Figure 1. Optimization of protein solubilization and recovery in urea-
 containing solution. 1D SDS-PAGE of proteins prepared by direct  extraction 
(a, e), or by extraction, precipitation and re-solubilization (b–d). Proteins 
were  prepared by a) direct extraction in the urea- containing  solution. For 
other extraction/precipitation/re-solubilization, proteins were b) extracted 
in 1% Triton X100-containing buffer, c) in RIPA  buffer, d) in 1% SDS, 
followed by precipitation with 20% acetic acid and 40%  methanol, and 
 solubilization in the urea-containing solution. e) As a  control of  maximal 
extraction, proteins were extracted directly with 1% SDS.  Separated 
 proteins were stained with Coomassie Briliant Blue R-250.

not compatible with 2D separation due to SDS inter-
fering with isoelectrofocusing of proteins.10 We esti-
mated the yield of proteins by comparing quantities 
of proteins extracted using our protocol and a direct 
 boiling in 2.5% SDS-containing  electrophoresis 
 sample buffer, followed by 1D SDS-PAGE. An effi-
ciency of protein extraction was evaluated as a quantity 
of proteins detected in 1D SDS-PAGE. We observed 
that the highest efficiency of protein recovery with 
2D-GE-compatible solution was in the case of direct 
extraction with urea buffer (Fig. 1).
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Figure 2. Mechanical disintegration enhanced extraction of proteins.
Extraction of proteins from fresh frozen chicken liver was monitored after 
extraction of proteins after sonication only (a–c), after treatment with 
glass beads only (d–f; vortex only) and after sonication with glass beads 
(g–i). Lanes a, d and g show proteins extracted directly with SDS. Lanes 
b, e and h show separated proteins extracted with the urea-containing 
buffer, and lanes c, f and g show proteins extracted with SDS from the 
pellet after urea-buffer extraction.
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We performed tests to find optimal conditions 
for extraction, separation and clarification of the 
proteins extracted from the tissue (Fig. 2). We opti-
mized  further condition of the extraction using a tis-
sue sample (frozen chicken liver). This tissue was 
 available commercially, and allowed extensive opti-
mization experiments. The best results were achieved 
by combining disruption of the tissue with glass 
beads, sonication on ice and prolonged time of the 
centrifugation (Table 2). The use of glass beads sig-
nificantly improved disintegration of tissue, as com-
pared to vortexing or extraction by end-to-end mixing 
(data not shown). Sonication up to 30 min was found 
to be important for an efficient separation of the lipid 
fraction that was observed as a layer on the top of 
the protein extract. Shorter sonication times were less 
efficient (data not shown). Prolonged centrifugation 
for 30 min, as compared to often used 10–15 min, 
was found to be more efficient for separation of lipids 
and formation of a pellet (data not shown).

To confirm that the presented protocol is suitable 
for human clinical samples, we used breast tumors 
and histologically normal adjacent tissues. Proteins 
from tumors samples were separated in 10% acryl-
amide gels prepared according to the described above 
protocol, and stained with silver nitrate to detect 
s eparated proteins. The 2D gel images showed no dis-
tortions in separation of proteins (distribution of high 
or low molecular mass proteins, or preferences in pI 
of proteins) (Fig. 3). Repeats of sample  preparation 
confirmed reproducibility and good quality of  protein 
extraction and separation in 2D-GE. We estimated that  
the yield of proteins was in the range of 80% to 100%. 
It is also important to mention that the extracted pro-
teins were mostly soluble proteins not associated with 

cellular structures, eg, cytoskeleton (pellet). Thus, 
validation experiments with human breast tumors and 
histologically normal tissue confirmed efficiency of 
the described here protocol for protein extraction.

Conclusion
Here we report a protocol suitable for an efficient 
extraction of proteins from breast tissue. The high 
extraction and preservation of proteins was achieved 
by using glass beads for disruption and extraction in 
the urea-containing buffer. Sonication and prolonged 
time of centrifugation allowed removing contaminants 
and small particles that can distort protein separation. 
This is especially valid for removal of lipids. The 
proposed protocol may also be used for other tissues 
with minimal optimization.
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Figure 3. No disturbance of protein separation in 2D gel electrophoresis of clinical samples prepared according to the described protocol. Various quanti-
ties of proteins prepared from human breast tumors separated by 2D-GE. Note lack of distortions in protein migration. Protein quantities were 100 g (a), 
85 g (b) and 70 g (c). Gradient of pH and migration of molecular mass markers are shown. Gels were stained with silver.
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Abstract. Background: Individual differences among breast
tumours in patients is a significant challenge for the
treatment of breast cancer. This study reports a strategy to
assess these individual differences and the common
regulatory mechanisms that may underlie breast
tumourigenesis. Materials and Methods: The two-step
strategy was based firstly on a full-scale proteomics analysis
of individual cases, and secondly on the analysis of common
features of the individual proteome-centred networks (meta-
data). Results: Proteome profiling of human invasive ductal
carcinoma tumours was performed and each case was
analysed individually. Analysis of primary datasets for
common cancer-related proteins identified keratins. Analysis
of individual networks built with identified proteins predicted
features and regulatory mechanisms involved in each
individual case. Validation of these findings by
immunohistochemistry confirmed the predicted deregulation
of expression of CK2α, PDGFRα, PYK and p53 proteins.
Conclusion: Meta-data analysis allowed efficient evaluation
of both individual and common features of the breast cancer
proteome. 

Variability of breast cancer is manifested on various levels,
from histological appearance to molecular mechanisms (1-
3). This variability calls for individual assessment of each
patient so that the best treatment is provided. Currently, the
selection of treatment for breast cancer is based on clinical
data, histopathological examinations and some molecular
markers. Size and location of a tumour, lymph node status

and presence of distal metastases are at the core of clinical
evaluation (2, 3). Histopathological examination of a biopsy
or a resected tumour provides important information about
types and differentiation status of cells in a tumour.
Expression of HER2/neu, oestrogen and progesterone
receptors is often used in determining appropriate treatment.
In some clinics, expression of p53 and VEGF receptor,
vascularisation level, inflammation areas and structure of the
tumour stroma are considered (2-4). Molecular diagnostics
of breast cancer commenced with the introduction of mRNA
expression arrays (5). Molecular characterisation of the types
of breast tumours, which is different from the tumour grade
system based on clinical data, was a strong confirmation of
the variability of breast tumours at the molecular level (6).
mRNA expression studies have since provided signatures to
discriminate patients with a worse prognosis and/or
development of an aggressive tumour type, e.g. MammaPrint
and OncoPrint (3-7). However, their areas of application are
limited, and the array-based tools still have to prove their
clinical value.

Molecular diagnostics is of high importance, as it has a
potential to detect novel drug targets. However, practically
all reports of molecular markers have been focused on the
identification of common features in the studied cohorts (2-
7). Such an approach tends to disregard any individual-
specific features. It also tends to minimise the insight into
regulatory mechanisms which may be affected in a majority
of samples via different components in different individuals.
As a consequence, markers of differentiation of human breast
epithelial cells are mostly keratins, however there are a
number of signalling mechanisms that have been shown to
regulate the differentiation of cells (4, 8). It is believed that
these signalling mechanisms are not considered because
different molecules may control them in different tumours,
and therefore it is challenging to obtain a list of the same
signalling proteins in a large cohort. Therefore, although the
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same regulatory processes may be affected, in many cases
they may be missed due to the variability of involved
signalling components. 

Proteins offer a rich source of markers for diagnostics,
prediction and monitoring of cancer treatment (9, 10). The
importance of such proteins is emphasised by the fact that
all anti-cancer drugs act on or via proteins (11). Therefore,
proteome profiling of breast tumours has been approached
extensively. Proteins extracted from tumours, microdissected
cells or tumour interstitial fluids have all been studied (12-
19). The main methodological approaches used in such
studies are two-dimensional gel electrophoresis (2D-GE),
peptide-based shotgun mass spectrometry techniques and
various arrays (10-20). 2D-GE is currently the only
technology which allows the separation of hundreds of full-
length proteins (21). As practically all proteins in vivo have
post-translational modifications, the use of full-length
proteins, as analytes, is essential for high quality proteome
studies. 

Attempts to develop a general ‘one-fit-for-all’ proteome
profile of breast tumourigenesis have delivered lists of
mostly high-abundance and structural proteins, e.g. keratins
(9, 10, 22). This is mainly due to the averaging of primary
datasets and the inability to interpret individual differences.
However, the combination of proteomics technologies,
systems biology tools and modern molecular and cell biology
in the field of cancer studies provides a platform to achieve
a new depth in tumour profiling. This study shows that a
complete analysis of individual cases, followed by
comparison of identified protein-dependent networks, is
informative in delivering insight into the molecular
mechanisms that may be present in either all cases or only
in an individual patient. 

Materials and Methods
Clinical samples and their preparation. Clinical samples were
collected at Broomfield Hospital (Chelmsford, UK), under Ethical
Permit 04/Q0303/28, issued by the North and Mid Essex Local
Research Ethics Committee (Harlow, UK). Clinical samples were
collected immediately upon surgery and stored on wet ice before
being dissected by a pathologist. Samples of breast epithelial tissue
were snap-frozen immediately in liquid nitrogen for use in the
proteomics analysis. Samples for immunohistopathological
diagnostics were collected and embedded in paraffin blocks in the
Department of Histopathology, Broomfield Hospital (UK) before
being sectioned onto glass slides. For the proteomics study, tissue
was extracted directly in a buffer for isoelectrofocusing (8 M Urea,
2.5% CHAPS, 50 mM DTT, IPGbuffer with pH 3-10, traces of
bromphenol blue), with mechanical disintegration with glass beads
at room temperature. Extracts were centrifuged at 13,000 rpm
(15,000 g) for 15 min, and supernatants were used for 2D-GE.
Proteome profiling. Proteome profiling, 2D-GE, gel image analysis
and MALDI TOF mass spectrometry were used, as described
previously (23). In brief, first dimension isoelectrofocusing (IEF) was

performed using IPGDry strips (linear, pH 3-10, 18-cm long) in an
IPGPhor instrument (Amersham Biosciences, Uppsala, Sweden), using
the following protocol: 10 h – rehydration of strips with a sample, 2 h
– 50 V, 1 h – 500 V, 1 h – 1000 V, and 10 h – 5.000 V. The second
dimension SDS-PAGE was performed in an Ettan Dalt Six
electrophoresis system (Amersham Biosciences, Uppsala, Sweden),
using the following protocol: 0.5 W/gel – 15 min, 1 W/gel – 30 min,
10 W/gel – to completion of the run (45,000 Vhrs). Three to four 10%
SDS-PAGE gels were generated for each sample, depending on the
quantity of extracted proteins. Generated gels were stained with 0.1%
silver nitrate. Protein spots were analysed using Image Master
Platinum version 6.0 software (GE Healthcare, Uppsala, Sweden).
Statistical significance of the reproducibility of spot expression in 2D
gels and differences in expression were evaluated by using the Image
Master 2D Platinum Version 6.0 statistical package (GE Healthcare).
Proteins from 2D gels which were shown to have either a unique
expression pattern or exhibited changes by more than a 50% increase
or decrease in expression between tumour and histologically healthy
adjacent tissue were considered for identification. The Student’s t-test
was used to determine the statistical significance of the observed
changes (p<0.05). 

Protein identification. Protein spots were excised from the gels,
destained and subjected to in-gel digestion with trypsin (modified,
sequence grade porcine; Promega, USA), as described previously
(23). Tryptic peptides were concentrated and desalted in ZipTip’s
μC18 (Millipore, Billerica, USA). Peptides were eluted with 65%
acetonitrile, containing the matrix α-cyano-4-hydroxycinnamic acid,
and applied directly onto the metal target and analyzed by MALDI
TOF MS on a Bruker Ultraflex instrument (Bruker Daltonics,
Bremen, Germany). Embedded software (FlexAnalysis; Bruker
Daltonics) was used to collect and process mass spectra. Peptide
spectra were internally calibrated using autolytic peptides from the
trypsin (842.51, 1045.56 and 2211.10 Da). To identify proteins,
searches in the NCBI nr (2010/05/10) RefSeq sequence database
(NCBI, Bethedsa, MD, USA; http://www.ncbi.nlm.nih.gov) were
performed using the ProFound search engine (http://65.219.84.5/
service/prowl/profound.html). One miscut, alkylation and partial
oxidation of methionine were allowed. Search parameters were set
to ‘no limitations of pI’, ‘Mr’, ‘tolerance less than 0.1 Da’, and
‘mammalian’ for species search. Significance of the identification
was evaluated according to the probability value (‘Z’) and sequence
coverage. 

Systemic analysis. Protein names were translated into gene ontology
(GO) terms (http://www.geneontology.org). Functional and pathway
analysis was performed using Ingenuity Pathway Analysis (IPA), a
tool for description of networks and signalling pathways
(http://www.ingenuity.com). IPA operates with a proprietary database
and considers only those experimental data which have been
evaluated by independent researchers. This ensures that only
confirmed results are taken into consideration for building a network.
Experimental results which have not been reported by multiple
laboratories or may have controversial interpretations were not
considered for analysis. Such stringent selection of experimental data
was required to exclude false-positive relations. Fischer’s exact test
was used to calculate a p-value determining the network connectivity.

Immunohistochemical study. BRC961 USBiomax breast cancer
arrays (US Biomax Inc., Rockville, MD, USA) were used to
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evaluate the expression of CK2α, PDGFRα, PYK and p53. Each
array slide contained 35 cases of malignant tumours, three cases of
hyperplasia, five cases of benign tumours and three cases of non-
neoplastic tissues (Supplementary Figure S17). Arrays were stained
with anti-CK2α (H-286; sc-9030), anti-PDGFRα (C-20; sc-338),
anti-PYK (H-102; sc-9019) and anti p53 (DO-1; sc-126) (all from
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). All
antibodies were used at a dilution 1:50 (v/v), according to the
supplier’s recommendations. Anti-Smad2 C-terminal
phosphorylation (pS2) antibodies were described previously (23).
pS2 antibodies were used at dilution 1:25 (v/v). Antigen retrieval
was performed using DakoCytomation target retrieval solution high
pH (DAKO, Carpinteria, CA, USA). The slides were stained with
VECTASTAIN Elite ABC kits (Vector Laboratories Inc.,
Burlingame, CA, USA) following the manufacturer’s instruction,
and mounted with Fluoromount G (Southern Biotechnology,
Birmingham, AL). The stained tissues were photographed using a
Leica DFC camera and images were acquired with Leica QWin
Standard software (Leica Microsystems Imaging Solutions Ltd,
Cambridge, UK). Intensity of staining was evaluated as absent ((–);
no stained cells), weak ((+); <10% of stained cells), moderate ((++);
10% to 50% of cells stained) and strong ((+++); >50% of stained
cells). The staining was evaluated in malignant (epithelial) cells of
tumours and epithelial cells of healthy tissues. 

Results

Generation of individual proteome profiles. Previous studies
which highlighted the significant variability between clinical
samples (1-19) prompted the present study to develop a new
strategy, based on a proteomics study of each clinical breast
cancer case separately before attempting to find changes
common for all cases in a studied cohort of patients. Every
breast tumour tissue sample (case) was subjected to a
complete proteome analysis which included proteome
profiling, identification of proteins from the individual
tumours and functional clustering and network building. The
aim of using this method was to identify and predict
regulatory mechanisms affected by identified proteins
specific to each breast tumour case. Consequently, sets of

proteins and predicted regulatory mechanisms affected in
individual cases were compared against all studied cases
(Figure 1A). 

All the studied cases were described as invasive ductal
carcinomas (IDCs); cases #1, #6 and #47 were described as
IDCs with elements of ductal carcinoma in situ (DCIS).
Tumour grades were 2 (3 cases) or 3 (3 cases) and no lymph
metastases were observed in the examined cases (Table I).
The aim of this selection of cases was to focus on IDCs. As
expected, the histopathological evaluation of sections of
tumours showed some variability in the histology of the
samples, although more than 50% of the cellular component
was composed of malignant cells (Figure 1B). Differences in
the presence of epithelial cells and stromal elements were
observed. These histological differences may reflect
molecular variability between the cases. It was hypothesised
that a proteome analysis of each case separately would
expose individual features of the cases. Therefore, proteome
analysis was performed for each case separately, i.e. each
tumour was compared to the corresponding adjacent
histologically healthy tissue. 

2D gels were generated for each of the studied cases, as a
set of a tumourous and a corresponding histologically
healthy adjacent tissue. The overall pattern of protein
migration in 2D gels was similar for all cases, with the
majority of proteins having a tendency to shift into the area
of gels corresponding to pI below 7.5 (Figure 2,
Supplementary Figures S1 to S6). A similar distribution of
proteins in 2D gels was observed previously in studies of
breast tumours (12, 15, 16, 18). Despite the similarity in the
overall protein patterns of all cases, there was variability in
the expression of tumour-related proteins. For example, 46
protein spots were detected for the case #47, while for the
case #37 there were 180 tumour-related protein spots. The
numbers of identified proteins which changed their
expression are indicated in Table II and the lists of the
identified proteins for each of the cases are given in
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Table I. Clinical and pathological description of cases subjected to proteome profiling in the present study.

Case numbera Histopathological Gradec ERd PRd HER2/neud Size total Lymph node Lymph node Lymphovascular 
diagnosticsb (max diam; mm)e positivee examined totale invasione

#1 IDC DCIS 2 + – + 25 0 0 Yes
#6 IDC DCIS 3 – – – 20 0 6 No
#37 IDC 3 + – + 28 0 0 Yes
#40 IDC 2 + + n/a 14 0 9 Yes
#45 IDC 3 – – + 27 0 4 n/a
#47 IDC DCIS 2 + – – 42 0 5 n/a

aIdentification number of the cases; bIDC – invasive ductal carcinoma; DCIS – ductal carcinoma in situ. IDC DCIS – IDC with inclusions of DCIS;
cGrade of tumours; dER, PgR and HER2/neu status was evaluated by immunohistochemistry; eSize of tumours and invasive areas were measured by
a pathologist upon pathological examination. The number of positive lymph nodes indicates the number of lymph nodes with detected metastasis.
Lymphovascular invasion in tumours was evaluated upon histo-pathological analysis; n/a, not available.
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Figure 1. Presentation of studied cases. (A) The workflow of a traditional cohort-based analysis and the proposed approach. Only two cases are
shown as examples. The workflow can be applied to unlimited number of patients. (B) Haematoxylin-eosin stained images of tumour sections
representing cases used in this proteomics study (magnification: ×100). The cases shown are described in the Results section.



Supplementary Tables S1 to S6. It should be noted that a
number of proteins were identified in multiple spots. In these
cases, there were between 5 to 11 proteins identified in
multiple spots. The number of spots for a unique protein
varied from 2 to 15. This confirmed the importance of
studying full-length proteins without prior digestion to
peptides. 

The key aspect of the strategy presented here is a full-
scale proteomics study of each case separately, before
making an analysis of the common and individual features.
The results of individual proteome profiling are briefly
described below and detailed information is presented in the
Supplementary figures and tables. 

Case #1. One hundred and fourteen protein spots were
detected as showing changes in expression levels in the
tumour tissue compared to the histologically healthy adjacent
tissue. (Table II, Supplementary Figure S1). Forty-four
unique proteins in 81 spots were identified (Supplementary
Table S1). Among them, CK2α, BRCA1, vimentin and
annexin A2 were identified. Systemic analysis of the
identified proteins suggested changes in the regulatory
processes involving interferon β1, IL8, Erk1/2, Jnk, p53,
ApoA1, CSF2 and BRCA1. The network formed by the
tumour-related identified proteins for this case included 51
components (Supplementary Figure S7).

Case #6. One hundred and forty-one protein spots were
detected as showing changes in the expression levels in the
tumour tissue compared to the histologically healthy adjacent
tissue (Table II, Supplementary Figure S2). Fifty-four unique
proteins in 100 protein spots were identified (Supplementary
Table S2). Among them, CK2α, PDGFRα, phospholipase C
and protein tyrosine phosphatase 14 were identified.
Systemic analysis of the identified proteins suggested
changes in the regulatory processes involving TGFβ, TNF,
insulin, TP73, JNK, Jun and HNF. The network formed by
the tumour-related identified proteins included 147
components (Supplementary Figure S8).

Case #37. One hundred and eighty protein spots were
detected as showing changes in the expression levels in the
tumour tissue compared to the histologically healthy adjacent
tissue (Table II, Supplementary Figure S3). Sixty-nine unique
proteins were identified in 131 protein spots (Supplementary
Table S3). Among them, CK2α, GDF2, RB binding protein
7, vimentin and annexin A2 were identified. Systemic
analysis of the identified proteins suggested changes in the
regulatory processes involving TP53, Fos, NFkB, ERK1/2,
PDGF, TGFβ, TNF, insulin, PKC, HNF and AKT. The
network formed by the tumour-related identified proteins
included 144 components (Supplementary Figure S9).

Case #40. One hundred and sixteen protein spots were
detected as showing changes in expression levels in the
tumour tissue compared to the histologically healthy adjacent
tissue (Table II, Supplementary Figure S4). Thirty-one unique
proteins were identified in 52 protein spots (Supplementary
Table S4). Among them, annexin A2 and phospholipase A2
activating protein were identified. Systemic analysis of the
identified proteins suggested changes in the regulatory
processes involving PDGF, MYC, TNF and HNF. The
network formed by the tumour-related identified proteins
included 122 components (Supplementary Figure S10).

Case #45. Forty-four protein spots were detected as
showing changes in expression levels in the tumour tissue
compared to the histologically healthy adjacent tissue (Table
II, Supplementary Figure S5). Nineteen unique proteins were
identified in 26 protein spots (Supplementary Table S5).
Among them, CK2α, steroid 21-monooxygenase, annexin A2
and apolipoprotein A-IV precursor were identified. Systemic
analysis of the identified proteins suggested changes in the
regulatory processes involving β-estradiol, IL2, Il4, GRB2
and interferon γ. The network formed by the tumour-related
identified proteins included 69 components (Supplementary
Figure S11).

Case #47. Forty-six protein spots were detected as
showing changes in expression levels in the tumour tissue

Zakharchenko et al: Meta-analysis of Proteomics Data
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Table II. Summary of detection of protein spots and identified proteins.

Case numbera Total number of Number of affected spots Identified proteins, Identified proteins, Total number 
affected protein spotsb with identified proteinsc as up-regulated as up-regulated in of uniquely

in tumoursc normal tissuesc identified proteinsc

#1 114 81 79 3 44
#6 141 100 86 24 54
#37 180 131 122 9 69
#40 116 52 29 23 31
#45 44 26 18 8 19
#47 46 46 38 8 34

aCase number is annotated in the text (Table I); bNumbers of proteins spots were obtained following gel image analysis; cNumbers of uniquely
identified proteins. These numbers are lower than the numbers of spots with identified proteins due to identification of some of the proteins in
multiple spots.



compared to the histologically healthy adjacent tissue (Table
II, Supplementary Figure S6). Thirty-three unique proteins
were identified in 46 spots (Supplementary Table S6).
Among them, ribosomal protein S6 kinase, protein kinase A
anchor protein 2 and obscurin were identified. Systemic
analysis of the identified proteins suggested changes in the
regulatory processes involving TGFβ, TNF, Myc, interferon
γ and CDK inhibitor p16. The network formed by the
tumour-related identified proteins included 40 components
(Supplementary Figure S12). 

Thus, proteome profiling showed individual differences
between cases, as primary datasets and as a prediction of
interacting networks.

Generation of a common profile of deregulated signalling
mechanisms. Analysis of primary proteomics datasets showed
that different keratins were the only proteins common for all
cases (keratins were common in 5 of 6 and 6 of 6 cases;
Figure 3A). When the cut-off frequency of protein detection
was decreased to 4 cases out of 6, TNF and TGFβ signalling
were represented (Figure 3A; Supplementary Figures S13 and
S14). This was in contrast to a number of proteins with
proven roles in intracellular signalling and tumourigenesis
that were identified as cancer-related in each individual case
(Supplementary Tables S1 to S6). 

The differences between the lists of identified proteins
with altered expression levels in tumours, as compared to
adjacent histologically healthy tissues, may be interpreted as
a representation of the high variability between the cases.
However, many of the regulatory mechanisms in a cell may
employ different proteins to achieve the same impact on
cellular functions, such as proliferation or death. Therefore,
the regulatory mechanisms which may be deregulated in the
tumour samples of the present study were investigated
through the building of networks based on the identified
proteins from each case. To predict which pathways may be
involved, highly connected hubs were analysed in the
individual networks. This analysis showed that TGFβ, TNF,

CANCER GENOMICS & PROTEOMICS 7: xxx-xxx (2010)
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Table III. Summary of immunohistochemical detection of CK2α,
PDGFRα, PYK and p53 in human breast cancer tissue microarray
(healthy tissues and malignant tumours).

CK2α staining (–) (+) (++) (+++)

Healthy (3) 2 1
Malignant tumours (34) 2 5 9 18

PDGFRα staining (–) (+) (++) (+++)

Healthy (3) 3
Malignant tumours (35) 10 25

PYK staining (–) (+) (++) (+++)

Healthy (3) 2 1
Malignant tumours (35) 4 22 9

p53 staining (–) (+) (++) (+++)

Healthy (3) 1 2
Malignant tumours (35) 6 8 11 10

Immunohistochemical analysis and the grading for staining are
described in the Materials and Methods section. 

Figure 2. Representative images of 2D gels. The images show separation
of proteins extracted from tumour (A) and from histologically healthy
adjacent tissue (B). The images represent gels generated with the
samples of case #47. For each image, pH gradient, direction of SDS-
PAGE and migration positions of molecular mass markers are shown.
Images of annotated gels of all cases are shown in Supplementary
Figures S1 to S6 and lists of identified proteins are given in
Supplementary Tables S1 to S6. 
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Figure 3. Prediction of common and case-specific proteins. Proteins identified as common for all cases in primary datasets (A), hubs of networks
as frequently affected in many cases (B) and as case-representative (C), are shown. (A) Following a cohort-based approach, common proteins in the
primary datasets were determined. The frequency of identification of proteins in each case is indicated. An impact on tumourigenesis was predicted
by IPA and by the review of published reports (A, B). (B) Hubs selected upon analysis of meta-data (network-based information) are shown in 4
groups. The main impacts of each group are indicated by arrows. It should be noted that all crucial for tumourigenesis regulatory mechanisms are
represented, e.g. cell proliferation, cell death, metastasis, regulation of stroma and immune system. (C) Selected hubs representing regulatory
mechanisms in each studied case are shown. The annotation of proteins and hubs is in GO terms. The networks of each case and the networks of
common primary dataset- and network-selected molecules are given in Supplementary Figures S7 to S16. 



mitogenic (EGF, PDGF, FGF) and interleukin (IL1, IL2, IL4,
IL6 or IL8) related signalling responses are overrepresented
(Figure 3B; Supplementary Figures S15 and S16). Various
components of the generic MAP kinase cascade were also
represented. This finding is in line with reports showing the

involvement of known predicted mechanisms in
tumourigenesis, such as proliferation, death, invasiveness,
angiogenesis, stroma development and corruption of the
immune surveillance (24). Therefore, despite differences in
the primary datasets, the approach described here showed

CANCER GENOMICS & PROTEOMICS 7: xxx-xxx (2010)
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Figure 4 Continued



that there are significant similarities in the predicted
signalling mechanisms deregulated in individual tumours. 

Another important conclusion from this type of analysis
was that the employed strategy allows the prediction of
mechanisms which may have a more significant impact on

tumourigenesis in each specific case (Figure 3C). As an
example, the deregulation of BRCA1-dependent signalling
was suggested in the tumour of case #1. For the case #6, the
status of TP73 may have a role in the growth of this tumour.
For the case #47, areas of DCIS were observed in addition

Zakharchenko et al: Meta-analysis of Proteomics Data
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Figure 4 Continued



to IDC and for this case, telomerase reverse transcriptase
(TERT) was predicted as a highly connected hub, indicating
changes relevant to early stages of tumourigenesis. Other
examples of proteins with predicted impact on
tumourigenesis in individual cases were CK2α, pyruvate
kinase M1/M2 (PYK), p53 and TGFβ and PDGF signalling
(Figure 3C; Supplementary Figures S15 and S16). The
methodology described here allows the generation of
predictions based on targets that are deregulated in individual

tumours. This approach is crucial for gaining a greater
understanding of the underlying mechanisms in individual
tumours. Furthermore, this information may be essential in
developing a more personalised regime of treatment options
for patients. 

Validation of common and individual features of tumours by
immunohistochemistry. To validate the 2D-GE based findings
immunohistochemistry (IHC) was performed on the samples
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12

Figure 4. Expression of CK2α and PDGFRα in the studied cases.  Expression of CK2α (A) and PDGFRα (B), PYK (C), p53 (D) and pS2 (E) in
tumour and healthy adjacent tissues (healthy tissue) was monitored by IHC. Healthy breast tissue from non-cancerous patients (healthy tissue
control) was also stained. Control of the staining, without primary antibodies, is shown in (F). Brown colour indicates positive staining.. Case #37
did not have available for IHC adjacent histologically healthy tissue. Representative images are shown (magnification: ×50).



of cases subjected to the initial proteome profiling (Figure
4) and through the use of a tissue microarray (TMA) (Figure
5). The TMA contained 35 cases of malignant tumours, 3
cases of fibroadenomas, 6 cases of non-malignant conditions

(e.g. hyperplasia) and 3 cases of healthy breast tissues
(Supplementary Figure S17). In contrast to immunoblotting
of extracts from whole tumour or tissue, IHC allows the
evaluation of the expression of proteins in different cell-
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Figure 5. Expression of CK2α, PDGFRα, PYK and p53 in human breast tumours. The expression of CK2α (A), PDGFRα (B), PYK (C) and p53 (D)
in IDC and healthy tissues is shown. TMAs of human breast malignant and benign tumours, and healthy tissues were stained with respective
antibodies. Representative images are shown, where brown colour indicates positive staining (magnification: ×50). Case #37 did not have enough
histologically healthy tissue for IHC.



types. Therefore, IHC is a good methodological approach to
demonstrate whether the findings observed from the
proteome profiling are specific to the malignant cells of
tumours.

For validation, the levels of expression of CK2α, PDGFRα,
PYK, p53 and TGFβ receptor-induced phosphorylation of
Smad2 protein were assessed (Figure 4). These proteins were
selected due to their identification in the proteome profiling
primary datasets, by network analysis and their potential
involvement in breast tumourigenesis (Figure 3;
Supplementary data) (25-30). These proteins are known to
regulate tumourigenesis-related processes, but they are not
accepted in clinic as markers. One of the reasons may be that
their correlation to tumourigenesis may not be high in a large
cohort study, but may be highly relevant for the individual
cases. Therefore, the expression of these proteins is expected
to alter in cancer, but with significant variability between
individual cases.

IHC staining of sections of the studied cases with anti-
CK2α, anti-PDGFRα, anti-PYK, anti-p53 and anti-
phoshorylated Smad2 antibodies confirmed the proteomics
and network analysis results. Notably, the expression of
CK2α was enhanced in all tumours; however it showed
varying levels in staining between the individual cases, with
an increased expression in tumour cells (Figure 4A).
PDGFRα expression also showed variable staining among
the cases, with a significant staining of epithelial cells in
histologically healthy adjacent tissues. Compared to
histologically healthy tissues, PDGFRα staining was similar
or less pronounced in tumour cells, although the total
PDGFRα signal was enhanced in tumour sections (Figure
4B). PYK staining was increased in tumours, as compared
to adjacent histologically healthy tissues (Figure 4C). p53
staining also showed tumour-related changes, with moderate
(cases #1, #40 and #47) to strong (cases #6 and #45; Figure
4D) signal increase. TGFβ signalling was identified by the
two-step strategy as deregulated in the studied cases. IHC
showed that the activated C-terminal phosphorylation of
Smad2 is enhanced in tumour cells, as compared to
histologically healthy adjacent tissue (Figure 4E) Therefore
the, IHC staining of the individual cases confirmed the
deregulation of the identified and predicted proteins, and
showed them to be relevant to breast tumour tissues.

To explore whether the observed deregulation of specific
proteins would be observed similarly in new cases of breast
cancer, IHC staining was performed on a TMA set of human
breast cancers with focus on healthy tissues and malignant
tumours, e.g. IDC (Figure 5). Results of IHC staining of non-
malignant cases in TMA are mentioned in Supplementary
Figure S18. IHC staining of the TMAs showed that CK2α
expression is increased in almost half of IDC cases, as
compared to weak or no expression in benign neoplasias and
healthy tissues (Table III; Figure 5A). Thus, the deregulation

of expression of CK2α may be characteristic for part of
tumours. Case-to-case variability in staining for PDGFRα
and PYK was also observed (Figure 5B, C; Table III). An
evaluation of IHC staining for PDGFRα and PYK based on
staining intensities showed tumour-related changes in less
than 30% of cases (Table III). IHC staining for p53 showed
that in IDC cases the expression level of p53 is also de-
regulated. Notably, a moderate expression of p53 was
observed in healthy tissues, while in IDC there were cases
with no detectable p53 (6 cases) and cases with strong
expression (10 cases) In a cohort-based study the levels of
changes observed for CK2α, PDGFRα, PYK and p53 would
not be considered as representative for the whole cohort,
despite the fact that these changes may be relevant for
individual patients. The relevance to individual patients is
even more pronounced as the studied proteins are potent
regulators of cellular functions and are known to affect
tumourigenesis. Therefore, the results suggest that many of
the changes in regulatory processes may not be random
events but characteristic for the development of breast
tumours in individual patients. Identification of such
individual traits in tumour development would be beneficial
for the individualisation of anti-cancer treatment. 

Discussion

Studies of genome, transcriptome and proteome changes in
human breast cancer have delivered a number of markers for
detection, selection of treatment and prognosis (2-6, 31). The
main trait of previously reported studies is a search for
‘common for all cases’ markers, which would have
acceptable sensitivity and specificity. The drawback of this
approach is that individual differences in primary data would
be lost, and only common features would be considered. This
cohort-based approach does not take into consideration
systemic properties of cellular functions. Multiplicity of
ways to control cellular functions is the basic principle of
cell physiology, and it is ensured by a similar impact of
different proteins on a same signalling mechanism (32). In
its application to cancer, this means that even if different sets
of proteins would be identified as cancer-specific in different
tumours, they may reflect de-regulations of the same cellular
functions. This similarity will be visible only if a systemic
analysis is performed with primary datasets, and then meta-
data compared. In addition, systemic analysis of individual
cases allows identification of proteins and signalling
pathways specific for that patient. This was a pilot study
which used a two-step approach to identify breast cancer
markers; firstly using an individual proteome profiling and
systemic analysis, followed by a case-specific meta-data
analysis for all cases. This is the first report of such two-step
approach in the search of breast cancer related markers for
their potential use in the management of breast cancer.
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Proteome profiling of breast tumours and cultured cells
established from human breast epithelial cells have delivered
lists of potentially cancer-specific proteins (2-8, 10).
However, comparison of these lists showed that common
proteins were predominantly of high abundance, e.g.
keratins. At the top of the list of common cancer-related
proteins were also keratins (Figure 3A). This is in
contradiction to results of molecular studies of breast
carcinogenesis, when a number of involved signalling
pathways have been described (4, 9, 10, 24, 30). Proteins
directly involved in these pathways have been seldom
proposed as markers, with the exception of HER2/neu,
oestrogen and progesterone receptors, p53, BRCA1 and
BRCA2 (1-6). Recent reports indicated that even these
molecular markers are not always efficient predictors,
probably due to their mutations and intracellular
compensatory mechanisms (1-4). Studies of signalling
pathways involved in breast tumourigenesis indicated that the
possible reason for such a disproportion in output between
signalling and marker studies may be in the multiplicity of
cellular regulatory mechanisms. When the potential
functional impact of components identified by systemic
analysis of individual cases was analysed, it was found that
practically all cancer hallmarks were represented (Figure
3B). This confirms that the described approach allowed
gaining a more comprehensive overview of molecular
changes in tumour proteomes, as compared to conclusions
based on primary datasets only.

Furthermore, the developed approach allowed for the
identification of regulatory mechanisms specific for
individual patients (Figure 3C). Meta-data analysis predicted
changes in regulatory processes which otherwise would not
be detectable by a direct analysis of only identified proteins.
Knowledge of these mechanisms is important for the
selection of patient treatment, as it provides information
about the status of potential drug targets. The IHC validation
study confirmed that the observed changes in the proteome
profiles are not random events, but may be specific for a
subset of tumours. The size of such subsets would not be
large, with up to 10% or 50% of all cases. However, as these
changes may be relevant to an individual patient, to know
these unique specifics would be of great importance when
designing anti-cancer treatment regimes. The developed two-
step methodology with the analysis of meta-data was a pilot
study established to evaluate the feasibility of this approach.
Further studies with a large cohort of patients are required
to enable the introduction of this approach into the clinical
practice.

This pilot study proposed that a two-step strategy in the
analysis of proteome profiles of human breast tumours is
more informative in providing insight into affected molecular
mechanisms than an analysis of only primary datasets. The
first step was a full-scale proteome profiling of each case

separately. The second step was a comparison of meta-data
from all cases. The findings from the analysis of the
proteomic profiling and validation experiments reinforced the
value of such a two-step approach for the development of
more personalised medicinal regimes
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Abstract

Transforming growth factor-  (TGF ) is known as an inhibitor of proliferation of epithelial 

cells, but the strength of its inhibitory action varies depending on type of cells. It implies that 

TGF  may employ different regulatory mechanisms in different cell types. Here we report 

proteome profiling of TGF 1 action on non-tumorigenic human breast epithelial cells 184A1 that 

show phenotype of normal non-cancerous cells. Proliferation of these cells is transiently inhibited 

by TGF 1 to the 50 %, at maximum. We identified 94 and 51 proteins which changed their 

expression and/or 35S-incorporation, respectively, upon treatment with TGF 1 for 2 h, 8 h or 24 h. 

Cell proliferation, death, migration and metabolism were among main cellular functions affected 

by the identified proteins. Analysis of networks formed by the identified proteins highlighted 

potential differences in TGF 1 regulatory mechanisms in non-tumorigenic breast epithelial cells, 

as compared to tumorigenic cells. The network analysis suggested involvement of SSRP1, PC4, 

CK2  and p53 in regulation of proliferation of 184A1 cells. Interrogation of the proliferation sub-

network by manipulating expression of CK2 , SSRP1 and PC4 confirmed predicted impact on 

p53 phosphorylation, and effects on cell proliferation and apoptosis. Thus, we report here 

identification of TGF 1-regulated proteins in non-tumorigenic human breast epithelial cells, and 

explored involvement of the network-signaling in regulation of p53 phosphorylation and cell 

proliferation.  
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Introduction  

TGF  is a key regulator of cell proliferation, apoptosis, migration and differentiation, and is 

involved in practically all aspects of normal human physiology. Changes in responsiveness to 

TGF  have been associated with tumorigenesis, suggesting that TGF  may be a tumor suppressor 

as well as a promoter of metastasis (Tan et al., 2009; Wharton and Derynck, 2009; Massagué, 

2008). Such so different impact on tumorigenesis of the same growth factor has been explained by 

the variability in employed signaling mechanisms in different cells. As an example, TGF -

dependent inhibition of cell proliferation was found to vary from pronounced to almost negligible 

for breast epithelial cells (Tan et al., 2009; Souchelnytskyi, 2005). This has been explained by 

differences in engagement by TGF  signaling different sets of intracellular regulatory molecules.

TGF  consists of a family of 3 isoforms in mammals, TGF 1, TGF 2 and TGF 3, which all 

can act via type II and type I TGF  receptors (Massagué, 2008, Tan et al., 2009; Wharton and 

Derynck, 2009).  TGF  binds first to a dimer of type II receptors, which then recruits two type I 

receptors. Activated heterotetrameric TGF  receptor complex phosphorylates Smad2 and Smad3 

proteins, which form complexes with other proteins, including common Smad4 and various 

transcriptional regulators. A number of important so-called non-Smad mechanisms can also be 

initiated by the activated receptors. These pathways include regulation of Erk1/2, p38, JNK, 

acetylation (HDACs) and ubiquitylation (E3-ligases) of proteins (Massagué, 2008, Tan et al., 

2009; Wharton and Derynck, 2009; Souchelnytskyi, 2005a). An important component of TGF

signaling is a direct impact on protein synthesis via TGF -dependent phosphorylation of eEF1A1 

(Lin et al., 2010) 

TGF  inhibition of cell proliferation has been attributed to effects of Smads, with modulation 

by non-Smad pathways, such as MAP kinases and protein synthesis. Cyclin-dependend kinases, 

their inhibitors, cyclins and cdc25a have been proposed as ultimate targets in the regulation of the 
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cell cycle (Hahn and Weinberg, 2002). However, regulatory mechanisms from the TGF  receptors 

to these targets have been shown to be complex and of a network-signaling feature rather than a set 

of straight pathways (Souchelnytskyi, 2005b). Recent proteomics studies of TGF  signaling 

confirmed complexity of signaling mechanisms initiated by TGF  (Souchelnytskyi, 2005a, 

Kanamoto et al., 2002; Stasyk et al, 2005; Bhaskaran and Souchelnytskyi, 2008; Friedman et al., 

2007). These studies showed some similarities in functional domains affected by TGF  in 

different types of cells. However, these studies showed also significant differences in sets of 

targets affected by TGF . These differences indicated that TGF  may employ different 

mechanisms in different types of cells. Therefore proteome profiling of cells representing various 

stages of tumorigenesis may provide insights into specifics of TGF  action during tumorigenesis. 

Here we report proteome profiling of TGF  action on human breast epithelial cells 184A1. 

These cells are non-tumorigenic and have phenotype similar to normal breast epithelial cells. We 

identified 104 unique proteins regulated by TGF , and showed that Casein Kinase 2  (CK2 ),

Structure-Specific Recognition Protein-1 (SSRP1) and proprotein convertase-4 (PC4) may be 

involved in TGF -dependent inhibition of cell proliferation by modulating p53 phosphorylation. 

Materials and methods 

Cells and reagents 

184A1 human breast epithelial cells (Stampfer and Yaswen, 2000) were obtained from ATCC, and 

were cultured in recommended by the ATCC medium (Mammary Epithelial Growth Medium 

(MEGM), complemented with penicillin/streptomicin, 5 % horse serum, hydrocortisone, insulin, 
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bovine pituitary extract, Epidermal Growth Factor (EGF), Gentamicin sulfate, Amphotericin B 

(GA) and transferrin. 

Proteome profiling 

For analysis of TGF 1-regulated proteins, 184A1 cells were treated with human TGF 1 at 10 

ng/ml for 2 h, 8 h and 24 h (see Supplementary Figure S1 for the treatment scheme). Specifically, 

cells were seeded in 10 cm dishes at 70 % confluence, and the next day 10 % FBS containing 

medium was changed to the medium with 3 % FBS. TGF 1 was added to cells to be treated for 24 

h. For 8 h or 2 h incubation, TGF 1 was added 8 h or 2 h before harvesting the cells, respectively. 

Control non-treated cells were cultured all the time period in 3 % FBS-containing medium. For 

35S-labeling, [35S]methionine and [35S]cysteine isotopes (Promega) were added to the medium 

during last 2 h of incubation of cells, before harvesting. Final concentration of 35S-label in culture 

medium was 10 Ci/ml. Upon collection of proteins, cells were extensively washed with PBS and 

with 250 mM sucrose in 10 mM Tris-HCL, pH 7.2. Protein solubilization buffer was added 

directly to cells (8 M urea, 2.5 % CHAPS, IPGPhor buffer (3.4 L/ml), pH 3-10, and DTT (100 

mM)), and proteins were extracted for 30 min at room temperature (180C – 200C). Extract was 

centrifuged (13.000 rpm, 15 min), protein concentration was measured, and aliquots of the extracts 

were frozen at -700 C until use. 

Extracted proteins (70 g/gel) were subjected to isoelectrofocusing in an IPGPhor instrument 

(Amersham Biosciences/GE Healthcare, Uppsala, Sweden), in 18 cm IPG Drystrips, pH3-10, 

linear. Isoelectrofocusing was performed as follows: 10 h passive rehydration, 3 h 50 V, active 

rehydration, 1 h 1,000 V, and 10 h 5,000 V, or until 50.000 VHr. Strips after isoelectrofocusing 

were equilibrated in SDS-containing buffer, with DTT (100 mM) and then the same buffer with 

iodoacetamide (200 mM), and were transferred onto 10 % SDS gels. Second dimension SDS 

PAGE was performed in DaltSix, as follows: 1 W/gel, 20 min, 5 W/gel, 1 h, and 10 W/gel for 5 – 
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8 h. After electrophoresis, gels were fixed, stained with silver and dried, as described earlier 

(Stasyk et al., 2005). To detect incorporation of 35S-label, gels were exposed and scanned in a 

phosphoimager FujiX-3000 to generate images of 35S-labeled proteins. 2D gels were also scanned 

in a light scanner to generate images of silver-stained proteins. Images from visual scanning and 

from 35S-exposure scanning were up-loaded in Image Master Platinum (AmershamBiosciences/GE 

Healthcare, Uppsala, Sweden) for detection of differentially expressed spots. Statistical tools 

embedded in the software were used to ensure statistical significance of differential expression of 

spots, as normalized volumes, with probability threshold set at p<0.05. Spots which showed 

changes of expression more than 50 % between at least two experimental conditions were 

considered for identification. 

Protein identification 

Selected protein spots were cut from gels, and subjected to in-gel digestion, as described earlier 

(Stasyk et al., 2005). In brief, dried gel-spot was rehydrated, de-stained, extensively washed in 0.1 

M ammonium bicarbonate, then in 100 % acetonitrile, and dried. Aliquot of activated trypsin 

(Promega) was added to the gel, and upon rehydration with trypsin solution, protein digestion was 

initiated. After 15-18 h incubation at 370 C, generated peptides were extracted, de-salted using 

ZipTips C18  and loaded with matrix ( -cyano-4-hydroxycinnamic acid) on a metal target for 

mass spectrometry. Mass spectra were collected on Ultraflex MALDI TOF/TOF instrument 

(Bruker Daltonics) using FlexControl and FlexAnalysis software (Bruker Daltonics). Spectra were 

internally calibrated with tryptic peptides (842.51, 1045.56 and 2211.10 Da). Peptide mass 

fingerprinting was performed by searching NCBInr database (RefSeq) with ProFound engine. One 

miscut, partial oxidation of methionine, alkylation of cysteine residues, tolerance less than 0.5 Da, 

and “mammalian” were set for searches. No restrictions for pI, and (+) and (–) 30 kDa to a 

migration position in 2D gels were set for molecular mass definition. Probability and Z-value, 
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which calculate significance of identification, were considered, and only significant identifications 

were considered in our analysis.

Systemic analysis of TGF -regulated proteins 

Functional and pathway analysis was performed using Ingenuity Pathway Analysis (IPA), a tool 

for description of networks and signalling pathways. See www.ingenuity.com for detailed 

description of IPA. IPA operates with a proprietary database which is based on a thorough analysis 

of reported experimental data. IPA considers only those experimental data which have been 

evaluated by independent researchers. This ensures that only confirmed results are taken into 

consideration for building a network. Experimental results which have not been reported by 

multiple laboratories or may have controversial interpretations are not considered by IPA. Such 

stringent selection of experimental data is required to exclude building of false-positive 

dependencies. Settings for the network analysis were taken as recommended by IPA, e.g. the 

number of connections and components between two dataset-defined components. A dataset 

containing identified proteins was uploaded into the Ingenuity Pathway Analysis application, and 

networks were generated. Fischer’s exact test was used to calculate a p-value determining the 

network connectivity. 

Transfections and immunoblotting 

Cells were transfected in 6-well plates by LipofectAMINE 2000 reagent, as recommended by the 

supplier (Invitrogen, Carlsbad, USA). siRNA to CK2a, PC4 and SSRP1 and control scrambled 

siRNA (sc-37007) were obtained from SantaCruz Biotech (Santa Cruz, USA). The control siRNA 

is designed and extensively tested by the supplier, in order to ensure that it would not interfere 

with expression of any known genes. siRNAs to CK2 , PC4 and SSRP1 were tested by the 

supplier for specificity and off target effects. Medium was changed 6 hours after transfection. For 

immunoblotting, cell lysates were resolved on SDS polyacrylamide gels and transferred onto 

Hybond P membranes (GE Healthcare, Piscataway, NJ). Membranes were blocked with 5 % (w/v) 
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BSA and then incubated with a primary antibody against target proteins with dilutions, as 

recommended by the manufacturer, and followed by an HRP-conjugated secondary antibody (GE 

Healthcare, Uppsala, Sweden). The following antibodies were used:  casein kinase II  (CK2 ; sc-

9030, H-286, Santa Cruz, USA), and actin (sc-1615, C-11, broad range of actin isoforms, Santa 

Cruz, USA). The proteins were visualized using Luminol Reagents (Santa Cruz Biotechnology 

Inc.). For transfection with siRNA, cells were seeded in 24-well plates, and transfection procedure 

was performed the next day, as recommended by the siRNA suppliers. After transfection, cells 

were cultured in a medium supplemented with 10 % serum, and used in assays within 24 hours of 

transfection.

Cell proliferation and cell death assays

Cell proliferation was measured by using [3H]thymidine incorporation assay and CellTiter 96® 

Non-Radioactive Cell Proliferation Assay (MTT assay) (Promega, Promega Biotech AB, 

Stockholm, Sweden). 184A1 and MCF10A cells were seeded in plates for proliferation assays. 

Cells were incubated with 0.1 Ci/ml of [3H]thymidine for the last 24 h of the indicated time 

periods. Radioactivity incorporated into DNA was measured, as described earlier (Stasyk et al., 

2005). MTT assay was performed in parallel with [3H]thymidine-incorporation test, except that no 

radioactivity was added. Cells were grown for the time periods indicated in the text, and MTT 

assay was performed according to the manufacturer’s recommendations. Statistical significance of 

observed differences was evaluated with Student’s t-test. 

Cell death assay was performed using Cell Death Detection ELISA plus, as recommended by the 

supplier (Roche, Stockholm, Sweden). Cells were treated in the same way as for the proliferation 

assay. Statistical significance of observed differences was evaluated with Student’s t-test. 
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Results

Proteome profiling of TGF 1 action on 184A1 cells 

To explore TGF  signaling in non-tumorigenic human breast epithelial cells, we performed 

proteome profiling of 184A1 cells. TGF 1 inhibited cell proliferation and induced C-terminal 

phosphorylation of Smad2 protein, indicating that TGF  signaling was intact in these cells (Figure 

1A, B). We observed that the effect of TGF 1 was rather transient. TGF 1 inhibited to 50 % cell 

proliferation after 24 h of treatment, but after 48 h the cell proliferation was restored to up to 80 % 

of its original level (Figure 1A). To monitor initiation of the intracellular signaling, 

phosphorylation of the substrate of type I TGF  receptor, Smad2, was analyzed. We observed that 

Smad2 was phosphorylated after 2 h of treatment, but then its level of phosphorylation decreased 

on the 8th h and the 24th h (Figure 1B). Thus, 184A1 cells were responsive to TGF 1, although the 

inhibition of cell proliferation was less pronounced, as compared to tumorigenic breast epithelial 

cells, e.g. MCF7 or MCF10A cells (Stasyk et al., 2005; Dubrovska et al., 2010; Bhaskaran et al., 

2009).

 We generated two-dimensional gels of proteins extracted from 184A1 cells treated with 10 

ng/ml of TGF 1 for 2 h, 8 h and 24 h (Figure 2). To evaluate protein expression, we stained 

proteins in 2D gels with silver. To evaluate protein synthesis, we labeled 184A1 cells with 

[35S]methionine and [35S]cysteine for the last 2 hours of incubation with TGF 1. In average, we 

observed 1600 protein spots in silver-stained and in 35S-labeled gels. Changes in the total number 

of protein spots in gels representing all experimental conditions were less than 10 %. Using gel 

image analysis, we identified protein spots, which changed their expression levels for more than 

50 % between at least 2 experimental conditions. Only spots with statistically significant 

differences in expression were considered for identification (p<0.05, Student’s t-test, embedded in 

the image analysis software).  MALDI TOF mass spectrometry was used to identify proteins in 
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these spots. Ninety-four unique proteins regulated on the level of expression were identified in 128 

protein spots, and 51 unique proteins were identified in 65 35S-labeled spots (Supplementary 

Tables S1 to S4). The overlap between the expressed and 35S-labeled proteins was 41 proteins, 

which would be expected. The total number of TGF 1-regulated unique proteins was 104.

To validate proteomics results, we performed immunoblotting (for expression, silver-stained 

proteins) and immunoprecipitation (for 35S-labeled proteins) of selected proteins. Validation of 

changes in expression of DNA polymerase , cullin5, replication protein-1 (RPA1) and RAP1 

confirmed proteomics results (Figure 3).  

Systemic analysis of proteins regulated by TGF

Functional clustering of identified proteins showed that regulation of the cell cycle, cell 

movement, morphology, antigen presentation and metabolic processes were among the most 

affected functional domains (Figure 4). The number and functional roles of identified proteins 

indicated that the depth of this study was on the level of signaling and low abundance proteins. 

For an overview of signaling pathways and various cellular processes affected by TGF 1, we 

explored relations between identified proteins by generating two networks. The first network was 

based on proteins changing expression (silver stained), and the second was based on proteins 

changing their 35S-incorporation levels (Supplementary Figure S2). General topology of the 

networks showed scale-free features, i.e. no strictly defined hierarchy of species, and distribution 

of connectivity of nodes approximate to the power law distribution (Supplementary Figures S2). 

Such topology has been claimed for many regulatory processes (Bhaskaran and Souchelnytskyi, 

2008; Kitano, 2004; Wiley et al., 2003), and our findings confirm that TGF 1 signaling in 184A1 

cells has the similar features. 
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To extract information suitable for experimental interrogation, we extracted sub-networks 

related to regulation of specific functions. As TGF 1 regulates cell proliferation, the proliferation-

related network was analyzed (Figure 5). Among other components, p53, CK2 , PC4 and SSRP1 

proteins were found to be connected, with p53 being predicted as regulated by CK2 , PC4 and 

SSRP1. p53 was found mutated or inactivated in approximately 50 % of cancers, and is known to 

regulate cell proliferation and apoptosis. Therefore, we focused further experimental interrogation 

on CK2 , PC4 and SSRP1, as potential regulators of p53 activation.

CK2 , PC4 and SSRP1 are involved in TGF 1-dependent phosphorylation of p53 at Ser392, 

and regulation of cell proliferation and apoptosis 

For interrogation of the sub-network (Figure 5), we down-regulated CK2 , PC4 and SSRP1 or 

overexpressed CK2 , alone or in combinations. Transfection of specific siRNAs was used for 

down-regulation, and CK2  expression vector for enhanced expression. Phosphorylation of p53 at 

serine residue 392, expression of p53, activating phosphorylation of Erk1/2, cell proliferation and 

apoptosis were used to monitor responsiveness of cells to TGF 1 (Figures 6, 7 and 8). As expected 

from proteomics data, TGF 1 enhanced expression of CK2  (Figure 6). We also observed 

enhanced expression of PC4 and stimulation of p53 phosphorylation at Ser392. The expression 

level of p53 did not change significantly (data not shown). An unexpected observation was 

TGF 1-dependet inhibition of phosphorylation of Erk1/2 (Figure 6). Thus, we confirmed that 

TGF 1 may affect not only CK2 , as was observed in proteomics, but also CK2 -dependent

components indicated by the network analysis. 

Observed changes in expression of CK2 , PC4 and phosphorylation of p53 may be 

coordinated but also may be independent. The network analysis suggested that these changes may 

be dependent. Therefore, we performed an interrogation of the suggested network by down-or up-
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regulation of selected components. CK2  was up-regulated by overexpression, and SSRP1, PC4 

and CK2  were down-regulated by using specific siRNAs (Figure 7). Down-regulation of SSRP1 

or PC4 alone led to enhanced phosphorylation of p53. However, combined siRNAs were less 

efficient, with preservation of TGF 1-dependent induction of p53 phosphorylation. Manipulations 

of CK2  alone showed that CK2  is a potent stimulator of p53 phosphorylation. However, this 

potent effect is dependent on SSRP1 and PC4, as their combined down-regulation prevented 

CK2 -dependent induction of p53 phosphorylation. Thus, SSRP1 and PC4 are modulators of 

CK2 -dependent phosphorylation of p53. 

We further investigate whether observed changes in p53 phosphorylation upon interrogation 

of cells with modulated expression of SSRP1, PC4 and CK2  would have an impact on cell 

proliferation and death (Figure 8). We observed that the down-regulation of CK2  had an 

inhibitory effect on cell proliferation, probably due to the enhanced rate of cell death.

Discussion   

Multiplicity of TGF  effects on cells is a strong indication of multiple regulatory mechanisms 

that have to be engaged by TGF  (Wharton and Derynck, 2009; Massagué, 2008; Souchelnytskyi, 

2005a). Reported here proteome profiling contributed to understanding of the regulatory 

mechanisms initiated by TGF  in human breast epithelial cells with a phenotype corresponding to 

the normal cells. This is the first report of such proteome profiling, and it shows that TGF  may 

employ different mechanisms in cells with different degree of carcinogenic transformation.

Systemic analysis of proteomics data significantly increased possibilities to decipher the 

complexity of TGF  signaling. We reported here use of the network building to unveil 

dependencies between identified proteins. The first conclusion from analysis of the generated 

network is that the topology of the network is similar to scale-free networks. Scale-free features 
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have been observed in signaling by TGF  and other growth factors, e.g. EGF (Wiley et al., 2003; 

Oda and Kitano, 2006; Bhaskaran and Souchelnytskyi, 2008). Moreover, carcinogenic 

transformation of human breast epithelial cells showed also scale-free features (Jia et al., 2010; 

Bhaskaran and Souchelnytskyi, 2008; Zakharchenko et al., 2010). This is an important observation 

that allows to conclude that different regulatory mechanisms follow in principle a similar signal 

wiring model. Scale-free features provide robustness and resistance to perturbations, but also 

provide efficient adaptation to changed environment (Kitano, 2004). Reported here results 

suggested which components are of the key importance for TGF  signaling in normal breast 

epithelial cells. 

Systemic analysis of TGF  signaling in 184A1 cells indicated that p53 may play an important 

role in regulation of proliferation of 184A1 cells (Figure 5; Supplementary Figure S2). p53 is one 

of the key regulators of cell proliferation and apoptosis (Farnebo et al., 2010; Hahn and Weinberg, 

2002). The network analysis indicated also that the effect on p53 may be mediated by CK2 and 

may be modulated by SSRP1 and PC4. SSRP1 was found in a complex with CK2 (Keller et al., 

2001; Keller et al., 2002). However, an interaction between PC4, SSRP1 and CK2 in relation to 

regulation of p53 has not been reported earlier. Our interrogation data showed that regulation of 

p53 phosphorylation is the subject of a tight control by at least SSRP1 and PC4 (Figure 7). p53 is 

subjected to a number of regulatory mechanisms including post-translational modifications, e.g. 

phosphorylation, ubiquitylation, acetylation, protein-protein and protein-nucleic acid interactions 

(Meek and Andreson, 2009; Farnebo et al., 2010). Our results showed additional mechanism that 

involves CK2 , SSRP1 and PC4. Further studies would be needed to explore details of molecular 

mechanisms of reported here observations. Knowledge of these mechanisms may be used in 

development of novel anti-cancer therapeutics. 
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Figure legends 

Figure 1. Proliferation of 184A1 cells is inhibited by TGF 1.

A) 184A1 cells were treated with 10 ng/ml TGF 1 for 6 h, 24 h and 48 h, as indicated. 

[3H]thymidine incorporation was measured during the last 2 hours of incubation. Lower panel 

shows scheme of treatment. As 100 % is taken incorporation in cells not treated with TGF 1. B)

Smad2 is phosphorylated at the C-terminal serine residues upon treatment of 184A1 with TGF 1.

The whole cell extracts from cells treated as indicated, were subjected to immunoblotting with pS2 

antibodies. Migration position of phosphorylated Smad2 is indicated by the arrow. Representative 

experiments out of 4 (A) and 3 (B) performed are shown. 

Figure 2. Representative 2D gels of proteins from cells treated or not with TGF 1.

A-D) Representative 2D gels stained with silver are shown. Treatment of cells is indicated on the 

images of gels. Annotation of proteins is as in Supplementary Table S1.  

E-F) Images of representative 35S-labeled gels obtained after exposure in a phosphorimager of gels 

shown in panels A-D. 35S-labeled proteins identified as regulated by TGF 1, are annotated as in 

Supplementary Table S3. Migration position of identified proteins are shown by lines in all panels. 

Directions of isoelectrofocusing and SDS-PAGE are indicated. 

Figure 3. Validation of protein expression 

Expression of DNA polymerase , RPA1, Cullin5 and RAP1 was validated by immunoblotting of 

cell extracts with corresponding specific antibodies, as indicated. Migration positions of the 

proteins are indicated by arrows. Upper parts of panels show changes observed in 2D gels, and 

lower panels show immunoblotting images. 
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Figure 4. Functional clustering of the identified proteins 

Main functional domains affected by TGF 1-regulated proteins on the level of expression (A) and 

35S incorporation (B) are shown. Relative representation of the functional domains is annotated as 

pie-charts, domains and numbers of assigned proteins are indicated between the pie-charts.

Figure 5. Sub-network formed by proteins potentially involved in regulation of cell 

proliferation. 

Cell proliferation and growth sub-networks extracted from the full networks formed by proteins 

regulated by TGF 1 as expression (A) and as 35S incorporation (B), are shown. The full networks 

are shown in Supplementary Figure S2.  

Figure 6. Expression of PC4, CK2 , p53 phosphorylated at Ser 392 and phosphorylated 

Erk1/2 in 184A1 cells upon treatment with TGF 1.

184A1 cells were treated with TGF 1 (10 ng/ml) for indicted period of time. Expression of PC4, 

CK2  and phosphorylation of p53 and Erk1/2 were monitored by immunoblotting of total cell 

extracts. Specific bands in immunoblotting experiments are shown, and proteins of interest are 

indicated. Representative experiments out of 4 performed are shown. 

Figure 7.  Modulation of expression of CK2 , PC4 and SSRP1 showed coordinated impact 

on phosphorylation of p53.

184A1 cells were transfected with siRNA to SSRP1, PC4 and CK2 , expression vector of CK2 ,

and control scrambled siRNA, as indicated. Phosphorylated p53 was detected by immunoblotting 
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of total cell extracts. Expression of p53 and actin in cells subjected to manipulations as in the 

lower panel of phosphor-p53 immunoblotting. This immunobloting was used to control the loading 

of samples. Representative experiments out of 4 performed are shown. 

Figure 8. Modulation of expression of CK2 , PC4 and SSRP1 showed coordinated impact on 

proliferation of cells.

Proliferation (A) and cell death (B) were measured in cells subjected to modulation of expression 

of CK2 , SSRP1 and PC4, as indicated. Transfections were performed with siRNA constructs 

(siCK2 , siSSRP1, siPC4), or with expression vector for CK2  (CK2 ), alone or in combinations, 

as indicated in panels. Representative experiments out of 3 performed (A, B) are shown. 



22

Supplementary materials 

Supplementary Table S1. Complete list of TGF 1-regulated proteins, identified by changes in 

expression (silver-stained gels) 

Supplementary Table S2. List of TGF 1-regulated proteins with indication of changes in their 

expression. Folds of changes were calculated with normalized volumes of spots in 2D gels, in 

which proteins were identified.

Supplementary Table S3. Complete list of TGF 1-regulated proteins, identified by changes in 

35S incorporation. 

Supplementary Table S4. List of TGF 1-regulated proteins, identified by changes in 35S

incorporation, with indication of changes in their expression. Folds of changes were calculated 

with normalized volumes of spots in 2D gels, in which proteins were identified.

Supplementary Figure S1. Scheme of treatment of cells used in this study. 

Time points when cells were seeded for the experiments, treated with human TGF 1, labeled with 

[35S]methionine and [35S]cysteine, and harvested for extraction, are shown. 

Supplementary Figure S2. Complete networks formed by proteins which changed expression 

(A; silver stained proteins) and 35S-label incorporation (B) are shown.
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Figure 2 A, B,   Woksepp, Zakharchenko, et al



Figure 2  C, D,   Woksepp, Zakharchenko, et al



Figure 2  E, F,   Woksepp, Zakharchenko, et al
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Figure 7,   Woksepp, Zakharchenko, et al
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