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ABSTRACT

Cancer is characterized by a deregulation of the cell cycle resulting in abnormal proliferation of 

cells that can bypass tightly regulated molecular checkpoints. Breast cancer is the most common 

cancer diagnosed in women, ~70% of cases displaying an estrogen receptor positive (ER+) 

phenotype. The aim of the present work was to generate a comprehensive overview of the 

biological mechanisms, molecular pathways and specific proteins involved in cell cycle 

progression in ER+ breast cancer cells. We focused on the G1-to-S phase transition of the cell 

cycle because major differences in cell proliferation mechanisms between normal and cancerous 

cells are observed at this point. We developed a large-scale proteomics strategy to enable the 

comparison of MCF-7 ER+ (cancer) and MCF-10A (non-tumorigenic) epithelial breast cells. 

Samples were analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS) 

followed by a label-free quantitation approach, i.e., spectral counting, for differential protein 

expression analysis. The study was divided into three distinct parts: 1) qualitative profiling of 

MCF-7 cells arrested in the G1-phase and released into the S-phase of the cell cycle, 2) 

differential expression profiling of MCF-7 cells in G1 and S, and 3) differential expression 

profiling of the G1-phases of MCF-7 and MCF-10A cells. The qualitative evaluation of MCF-7

proteomic data resulted in the identification of >2700 proteins (p-score<0.001). A large number 

of these proteins were involved in cell cycle relevant processes, being representative of all 

hallmarks of cancer. Differential expression analysis of the MCF-7 G1 and S-phases resulted in 

the identification of >250 proteins with roles in DNA repair, transcription, translation, chromatin 

maintenance and signaling. The MCF-7/MCF-10 comparison revealed that major cellular 

processes that require DNA access, such as the ones identified in the MCF-7 analysis, are up-

regulated in the nucleus of MCF-7 cells during starvation, possibly allowing these cancerous 

cells to bypass the restriction point. Several proliferative and anti-proliferative markers were 

identified in both MCF-7 and MCF-10A cells.
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CHAPTER 1: PURPOSE OF STUDY

The purpose of this study was to generate a comprehensive proteomic map of the breast cancer 

cell cycle to advance a holistic understanding of the biological mechanisms and molecular 

pathways that control cell division and uncontrolled proliferation of breast cancer cells. Our 

model system was represented by the estrogen receptor-positive MCF-7 breast cancer cell line 

that was compared to the non-tumorigenic, immortal MCF-10A mammary epithelial cell line. 

Mass spectrometry-based approaches were used to analyze the cells in two stages of the cell 

cycle, i.e., arrested in G1 and synchronized in S. We focused on the G1/S transition point 

because during G1, normal cells arrest upon detection of DNA damage or absence of growth 

factors, while cancer cells bypass this restriction point by mechanisms that are poorly 

understood. Once normal and cancer cells have passed this point, they are no longer dependent 

on mitogenic and growth factor signals and are committed to cell division in similar ways. The 

specific aims of this study were to: (a) generate G1 and S-stage specific cell cycle proteomic 

maps of MCF-7 cells; (b) identify the molecular mechanisms and pathways that play an essential 

role in controlling cell cycle progression; and (c) identify the differentially expressed proteins in 

MCF-7 and MCF-10A cells that may alter the biological processes that are at work in the G1 

stage of the cell cycle, and develop a preliminary hypothesis of the mechanisms that contribute to 

the contrasting behavior of cancer and normal cells as it pertains to cell cycle entry and 

progression.
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CHAPTER 2: INTRODUCTION

2.1 Cancer
2.1.1 Cancer overview

Normal cells in the body grow, proliferate and die in a controlled and balanced manner. On the 

other hand, cancer cells display unrestrained proliferation and ability to invade the surrounding 

healthy tissue. The accumulation of abnormal cells leads to the formation of a tumor, however, 

not all tumors are considered cancerous. Non-cancerous or benign tumors are not life threatening 

because they do not migrate to distant parts of the body and do not form metastases. In contrast, 

cancerous or malignant tumors invade adjacent tissue and can metastasize. As a result, early 

detection of cancer occurrence is imperative for increasing survivability rates (Weinberg 2007).

According to the American Cancer Society (ACS), cancer accounts for one in four deaths in the 

United States (ACS 2008). The National Cancer Institute (NCI) defines cancer as a generic term 

encompassing a group of more than 100 diseases that can affect any part of the body (NCI 2008). 

Most cancers can be categorized into one of four major groups: carcinomas, sarcomas, 

hematopoietic cancers and neuroectodermal-derived cancers (Weinberg 2007). Carcinomas 

account for more than 80% of human cancers, and encompass cancers that arise from epithelial 

cells of the gastrointestinal tract, skin, mammary gland, pancreas, lung, liver, ovary, gall bladder 

and urinary bladder. Carcinomas can be further categorized into squamous cell carcinomas and 

adenocarcinomas, which are tumors arising from protective epithelia and secretory epithelia, 

respectively. Sarcomas encompass tumors arising from connective and muscle tissue, and 

constitute about 1% of human cancers. Hematopoietic cancers arise from all blood cells 

including white blood cells, red blood cell precursors and blood cells originating in the immune 

system, and represent less than 5% of human cancers. Neuroectodermal-derived cancers develop 

in the central and peripheral nervous system, and they constitute about 1% of human cancers 

(Weinberg 2007).

2.1.2 Cancer development 

Normal cells transform into cancerous cells as a result of multiple mutations in the genome 

(Figure 2.1). The number of mutations and the events leading to these mutations can vary 



3

between different cancer types, and even between different cases of the same cancer. Despite the 

multiple factors that contribute to the development of cancer, eight characteristics shared by the 

majority of cancers, acquired from various genomic defects, have been identified: ability to 

evade apoptosis, self-sufficiency in growth signals, capability to bypass growth inhibitory 

signals, ability to recruit own blood supply (angiogenesis), limitless proliferative potential, 

increased invasiveness and metastasis, deregulation of cellular energy metabolism, and ability to 

evade immune destruction (Hanahan and Weinberg 2000; Weinberg 2007; Hanahan and 

Weinberg 2011).

For most cancers, heredity does not play a major role in the development of the disease. Several 

studies suggest that environmental factors and lifestyle can significantly increase or decrease the 

risk of cancer. Japanese populations, for example, show high incidence of stomach cancer and 

low incidence of colon cancer; yet, when their environment changes to a location such as the 

United States, where the frequency of stomach and colon cancers are low and high, respectively, 

their risk of stomach cancer decreases, while that of colon cancer increases to rates comparable 

to the American population. In a similar manner, the use of tobacco products significantly 

increases the risk of lung cancer development, not based on heredity, but rather on the choice of 

the lifestyle (Weinberg 2007; ACS 2008).

Figure 2.1 Cell proliferation in normal and cancer cells. Normal cells proliferate in a highly regulated manner, 
and primarily in response to mitogenic signals. Aberrations during cell division of normal cells trigger apoptosis. 
Normal cells become cancerous in a multistep process, as a result of multiple mutations that confer proliferative 
advantage.



4

2.1.3 Cancer biomarkers

Cancer biomarkers are indicators of the disease itself, of biological processes leading to the 

disease, or of pharmacological responses to a specific treatment strategy, thus, their identification 

is extremely important in the fight of this complex disease. In order for a biomarker to be 

accepted in the clinical setting, it must be readily measurable and it must display high levels of 

specificity and sensitivity. Only a few biomarkers such as cancer antigen (CA)-125 for ovarian 

cancer, and prostate specific antigen (PSA) for prostate cancer, meet these requirements and are 

currently used for clinical purposes. Biomarker validation is slow due to the lack of fulfillment of 

specificity and sensitivity requirements. Another factor delaying the clinical implementation of 

biomarkers relates to the inconsistencies between the outcomes of various research studies. 

Results that are not applicable to a population as a whole lead to incomplete evaluations and 

slow transition, if any, from identification to validation (Srivastava and Srivastava 2005). 

A useful technology for biomarker detection is one that can be easily implemented in the clinical 

setting, and that performs in a sensitive and reproducible manner. Most technologies that are 

currently used in practice involve the analysis of blood, serum and tissue samples. 

Immunoassays are frequently utilized for this purpose, and include a variety of technologies such 

as radioimmunoassays (RIA), enzyme-linked immunosorbent assays (ELISA), and fluorescence 

in situ hybridization (FISH), just to name a few. High-throughput genomic assays include the use 

of gene chips and DNA/RNA microarrays. High-throughput proteomic assays, that involve the 

analysis of samples by mass spectrometry and data processing by bioinformatics tools, are 

gaining rapid popularity. Additionally, the development of novel technologies involving tissue 

microarrays and protein chips is underway (NCI 2008).

2.1.4 Breast cancer overview

According to the ACS, in women, breast cancer is the most frequently diagnosed cancer type and 

the second cause of cancer related deaths (lung cancer being the first). A decrease in death rates 

from breast cancer has been observed since 1990, possibly due to an increase in awareness, 

improvement of early detection techniques and the development of better treatment strategies. 

Nonetheless, the yearly incidence and death rates continue to be high, and sustained research is 
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further needed to improve the detection and treatment options for both women and men (ACS 

2008).

The breast is composed of lobules (glands that produce milk), ducts (small tubes that transport 

milk from lobules to the nipple), fatty and connective tissue, blood vessels and lymph. The 

majority of breast cancers begin in the cells lining the ducts, while other cancers begin in the rest 

of the tissues, including the lobules. Lobular and ductal breast cancers are carcinomas or more 

specifically, adenocarcinomas. Breast cancers arising from fat tissue or blood vessels are known 

as sarcomas, though they are rare. The early stage of breast cancer, in which the cancer is non-

invasive and has not spread into deeper tissues or other parts of the body, is referred to as 

carcinoma in-situ. Once the cancer has spread from the original layer where it started, it is 

referred to as invasive carcinoma. The lymph system is one of the ways through which breast 

cancers can spread (ACS 2008).

2.1.5 Breast cancer development and classification

Gender and age are the most important factors affecting the development of breast cancer, the 

rates for the onset of the disease being highest among older females. Some reproductive factors 

such as long menstrual history, not having children or conceiving after the age of 30, as well as 

modifiable factors such as obesity, use of postmenopausal hormone therapy, frequent or daily 

consumption of alcoholic beverages, and physical inactivity, can also increase the risk of the 

disease. On the other hand, factors such as breast feeding, physical activity and healthy body 

weight maintenance can significantly decrease the chances for breast cancer development, 

however, these factors do not fully eliminate the risks (NCI 2005; ACS 2008).

In some instances, breast cancer can be attributed to inherited genetic mutations in the BRCA1 

and BRCA2 genes, however, these mutations account for only <10 % of all breast cancer cases. 

Genetic screening of the mutated genes is available, however, due to the low frequency of such 

mutations in the general population, these tests are typically recommended only for women with 

a strong family history of breast or ovarian cancer. While not all women presenting these 

mutations will develop breast cancer, the removal of breasts and ovaries is sometimes 

recommended to decrease the risks (NCI 2005; ACS 2008).
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In general, breast cancer is a heterogeneous and highly complex disease, and as such, it can be 

classified into many different subtypes based on clinical phenotype, origin, prognosis and 

treatment response, among other categories (Zwart et al. 2011). Some specific markers have 

been identified and are used in immunopathological classification of breast cancer to predict 

prognosis and treatment response. These markers are: the estrogen receptor (ER), the 

progesterone receptor (PR) and the human epidermal receptor 2 (HER2) (Bertos and Park 2011, 

Zwart et al. 2011). Estrogen and progesterone receptors are markers associated with favorable 

prognosis. Approximately 70% of all cases of breast cancer reveal estrogen receptor expression, 

in most cases accompanied by progesterone receptor expression, as well. There are, however, 

cases where only one or the other is solely expressed. The presence of these receptors in breast 

cancer cells indicates that endocrine treatment can be used in the early and metastatic stages of 

the disease (Harris et al. 2007; Bertos and Park 2011; Zwart et al. 2011). HER2 over-expression 

and genomic amplification is associated with more aggressive breast cancers, and it is found in 

approximately 15-30% of cases. HER2-positive status indicates that targeted therapy, such as the 

one that uses the monoclonal antibody trastuzumab to disrupt HER2-dependent signaling, would 

be highly beneficial (Harris et al. 2007; Bertos and Park 2011; Zwart et al. 2011). Triple-

negative cases, in which ER/PR are not present and HER2 is not amplified, are associated with 

the worst prognosis among the breast cancer subtypes. These cancers lack gene targeted 

treatments, thus they are usually treated with chemotherapy (Bertos and Park 2011, Zwart et al.

2011).

2.2 The eukaryotic cell cycle
2.2.1 Overview of the cell cycle

The eukaryotic cell cycle is a complex molecular mechanism in which the cell replicates its 

genetic content and divides into two identical daughter cells. Research in mammalian cell 

division has revealed a wealth of knowledge about the cell cycle, its key players and regulators. 

In 1953, Howard and Pelc described the four consecutive phases of the cell cycle: G1, S, G2 and 

M. Each phase needs to be completed before the next one can proceed: the G1-phase is a period 

of growth in preparation for DNA synthesis, S is characterized by DNA replication, G2 is a 
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period of growth in preparation for mitosis, and M is characterized by cell division (Pardee et al.

1978; Ford and Pardee 1999; Park and Lee 2003; Vermeulen et al. 2003). When the cells are not 

actively proliferating, as it is the case with the majority of mammalian cells, they enter a 

quiescent state referred to as G0, where cells are non-growing and non-dividing (Pardee et al.

1978; Ford and Pardee 1999; Park and Lee 2003; Vermeulen et al. 2003). The transition from 

one phase of the cell cycle to the next one is tightly regulated by cyclins and serine/threonine 

cyclin-dependent kinases (CDKs) (Figure 2.2). Cyclins are expressed periodically through the 

cell cycle, with the exception of cyclin D, which is synthesized as long as growth factor 

stimulation is available (Vermeulen et al. 2003). Cyclin levels are modulated by proteolytic 

destruction and cellular localization, thus their availability is restricted to specific cell cycle 

phases (Morgan 1997). CDKs require association with cyclins for activation. Though not all 

cyclins and CDKs have known roles in cell cycle regulation and progression, some specific pairs 

that are required in the various stages of the cell cycle have been identified: cyclin D-CDK4/6 

and cyclin E-CDK2 in G1, cyclin A-CDK2 in S, cyclin A-CDK1 in G2, and cyclin B-CDK1 in 

M (Morgan 1997; Park and Lee 2003; Vermeulen et al. 2003).

Figure 2.2 The eukaryotic cell cycle. The eukaryotic cell cycle is a tightly regulated process composed of four 
phases: G1, S, G2, and M, which lead to genome duplication and cell division. Non-proliferating cells remain in a 
quiescent state known as G0. Cyclin-dependent kinases activated by interactions with cyclins control transitions 
into all phases of the cell cycle. A restriction point (R) in G1 plays an important role in regulating cellular entry 
into the cell cycle or exit into a reversible non-proliferating state (G0).
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Multiple regulatory events in the cell cycle, termed checkpoints, verify that certain cellular 

events have occurred correctly before allowing the cells to proceed from one stage to another 

(Hartwell and Weinert 1989). For example, DNA damage checkpoints at the G1/S and G2/M 

transition boundaries, and spindle checkpoints during the M-phase, have been recognized. These 

checkpoints allow either for DNA repair, or correct chromosome alignment on the mitotic 

spindle, respectively, before the next steps of the cell cycle can proceed (Vermeulen et al. 2003). 

In 1978, Pardee described the G1/S restriction point (R point) as an essential regulatory event in 

the G1-phase of the cell cycle (Pardee 1974; Hartwell and Weinert 1989). During G1, in 

response to extracellular proliferation signals, the cyclin D-CDK4/6 complex mediates the 

initiation of hypophosphorylation of pRb, release of E2F transcription factors and subsequent 

synthesis of cyclin E and other targets necessary for entry into S phase (Morgan 1997; Ford and 

Pardee 1999; Vermeulen et al. 2003) (Figure 2.3).

Figure 2.3 Mitogenic susceptibility of the G1 phase of the cell cycle. The G1 phase of the cell cycle is
responsive to mitogenic stimulation. During this time, the cyclin D-CDK4/6 complex initiates
hypophosphorylation of RB, which results in release of E2F transcription factors, and synthesis of cyclin E.
Activation of the cyclin E-CDK2 complex at the restriction point (R) results in hyperphosphorylation of RB,
complete release of E2F transcription factors, and irreversible entry into late-G1 and the rest of the cell cycle. 
After R, the cell is no longer under mitogenic control. RB conserves its hyperphosphorylated form for the
remainder of the cell cycle, and undergoes dephosphorylation after completion of cell division (M).
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Hundreds of E2F target genes that are involved in DNA replication and cell cycle signaling, as 

well as DNA damage repair, programmed cell death, development and cell differentiation, have 

been identified (Bracken et al. 2004). Upon passage of the R point, progression through the cell 

cycle is no longer dependent on mitogenic signals, and cyclin E-CDK2 mediates the G1/S 

transition, hyperphosphorylation of pRb, and initiation of DNA replication (Morgan 1997; 

Vermeulen et al. 2003). Several other proteins also participate in cell cycle regulation and 

orderly progression through the different phases. For example, to halt or delay the cell cycle in 

the case of a failed checkpoint, CDK inhibitors (CKI) can inactivate or prevent formation of 

cyclin-CDK complexes, and 14-3-3 proteins, which participate in protein localization, can 

interfere with the availability of cyclin-CDK complexes and other cell cycle proteins in the 

nucleus (Vermeulen et al. 2003).

2.2.2 Cancer and the cell cycle

Cancer is a disease of the cell cycle, in which uncontrolled proliferation of abnormal cells takes 

place even when tightly regulated molecular mechanisms are at work. Tumorigenesis arises from 

the accumulation of mutations, some of which alter the expression of cyclins, CDKs, CKIs, and 

of other major cell cycle regulators (Park and Lee 2003; Vermeulen et al. 2003). The R-point is 

critical in cell cycle control, and, as such, it is an important cancer research target (Pardee 1974; 

Park and Lee 2003). Before the R-point, in the presence of major perturbations in the cell cycle 

regulatory machinery, or in the absence of growth factors, normal cells exit the cell cycle. Unlike 

normal cells, cancer cells evade the restriction point and continue through the cell cycle even in 

the presence of DNA damage or absence of growth factors. After the R-point, both normal and 

cancer cells are unaffected by the removal of growth factors, enter S-phase, and commit to a 

round of cell division. Some mechanisms used by cancer cells to escape the restriction point 

remain, however, unclear, even though the G1/S proteins have been the subject of extensive 

research. For example, overexpression of R-point cyclins D1 and E, and subsequent deregulation 

of the G1/S transition, have been found in the majority of breast cancers. As a result, these 

proteins are the most extensively studied cell cycle regulators in this malignancy (Nielsen et al.

1999; Enders 2002; Fu et al. 2004; Caldon et al. 2006). In addition, cyclin D1 over-expression 

has been reported in a broad variety of other cancers including prostate, esophageal, bladder, 

lung, head and neck and colorectal (Park and Lee 2003; Vermeulen et al. 2003).
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CDK substrates, such as pRb, and checkpoint proteins such as p53, can also be affected by 

mutations, with direct implications in cell cycle regulation and unrestrained cell proliferation. 

Mutations of pRb are found in retinoblastoma and lung cancer, and ~90% of all human cancers 

present an abnormality in the pRb pathway, which is imperative for the proper control of the 

G1/S transition (Sandal 2002; Vermeulen et al. 2003). Mutations of the tumor suppressor p53 

gene are the most common abnormality found in human cancers as they are present in >50% of 

all cases including breast, cervix, colon, liver, lung, prostate and skin cancers. These types of 

cancer tend to be aggressive and exhibit high lethality. The p53 protein has a role in detecting 

DNA damage and temporarily halting the cell cycle if the damage can be repaired, or inducing 

apoptosis if the damage is irreparable (Garrett 2001; Sandal 2002). It is clear that certain cell 

cycle abnormalities are present in a variety of cancers, while others are prevalent in only a few 

specific subtypes. A better understanding of the processes that are involved in the deregulation of 

the cancer cell cycle machinery would undoubtedly facilitate the development of novel screening 

approaches for early cancer detection, of improved treatment options for patients who developed 

the disease, and of prevention strategies for individuals who are at risk.

2.3 Proteomics and mass spectrometry
2.3.1 Proteomics overview

Proteomics is a relatively new field of research that is witnessing continuous growth and 

development. Proteomic studies aim at the identification of all proteins expressed by a cell, tissue 

or organism, the quantitation of protein expression levels, and the identification of protein-

protein interactions and post-translational modifications (Liebler 2002; Yates et al. 2009). Some 

of the major obstacles encountered in the analysis of the cellular proteome relate to sample 

complexity (thousands of proteins and millions of peptides), limited amount of sample available 

for analysis (108-109 cells), low level protein expression (10-1000 copies per cell), wide range of 

protein concentrations (>106), and dynamic composition at various stages of cell development. In 

order to overcome these obstacles, novel and reproducible analytical protocols must be 

developed, and a careful choice of adequate instrumentation must be exercised. 
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The field of proteomics is advancing rapidly with the development of four main tools: (a) 

genomic and proteomic databases that index theoretical protein sequences, (b) advanced mass 

spectrometry (MS) instrumentation that enables sensitive and accurate analysis, (c) sophisticated 

software tools that can match MS raw data to theoretical protein databases to automate the 

protein identification process, and (d) novel separation techniques that facilitate the preparation 

of less complex samples amenable for MS analysis (Liebler 2002). Challenges of proteomics 

relate to the interpretation of large-scale data in a biological context, and to the handling of 

inconsistencies between data generated by different protocols and mass spectrometers. Such

challenges call for the development of databases that encompass the available information 

accurately, as well as the development of powerful bioinformatics tools that enable confident 

annotation of data. The general strategy for the analysis of complex protein mixtures includes 

several steps: (a) protein extraction, (b) proteolytic digestion, (c) sample separation, (d) MS 

analysis, and (e) database searching and MS data interpretation for protein identification (Liebler 

2002).

2.3.2 Analysis of complex proteomic samples

Complex proteomic samples, such as the cancer cellular extracts, may contain thousands of 

proteins and other components that must be separated or fractionated to enable efficient MS 

analysis. A few methods have been developed for the purpose of obtaining less complex sample 

mixtures. The most commonly used separation technique for the characterization of proteins is 

two-dimensional polyacrylamide gel electrophoresis (2D-PAGE). It relies on the separation of 

proteins based on their isoelectric point and molecular weight. After separation and gel staining, 

the protein spots of interest are enzymatically digested, and the peptides are extracted from the 

gel and further analyzed by MS. Gel-based methods typically provide for high resolution 

separations, but are accompanied by numerous limitations, as well. For example, the presence of 

multiple proteins per spot is often detected, and the low abundant proteins cannot be recovered 

from the gel. In addition, extended gel handling often results in contamination (Bertucci et al.

2006; Chen and Yates 2007).

As a result, liquid chromatography (LC), an efficient separation technique, has been coupled to 

MS for the analysis of peptides and proteins (Mann et al. 2001). The most commonly used type 
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of LC is reversed-phase (RP), which separates molecules based on hydrophobicity (Lee and 

Aguilar 2008). Typically, this type of separation makes use of a 50-100 m internal diameter 

column, packed with a stationary phase consisting of 3-10 m C18 particles. Columns can be 

obtained commercially or packed in-house, and smaller column diameters offer higher sensitivity 

due to lower flow rates (Mann et al. 2001). The mobile phase, usually a gradient of increasing 

concentration in organic solvent, impacts sample retention and resolution (Lee and Aguilar 

2008). Autosamplers are usually used to inject small sample volumes (microliter levels) into the 

column. One advantage of this separation method is that it can be used on its own or in 

combination with prior separation procedures, including gel electrophoresis (Mann et al. 2001).

In fact, multidimensional separations, such as the commonly used multidimensional protein 

identification technology (MudPIT), are often used to improve resolution in highly complex 

samples (Yates et al. 2009). MudPIT is a 2D liquid separation approach in which a complex 

sample is fractionated by strong cation exchange (SCX) chromatography, and each fraction is 

then separated by RPLC. In multidimensional separations, each dimension separates molecules 

based on different molecular properties, and RPLC is generally used as the last dimension due to 

its compatibility with downstream MS steps (Yates et al. 2009). Because each dimension 

increases the number of fractions to be analyzed by MS, one of the limitations of 

multidimensional separations is that it can become a time-consuming process.

2.3.3 Mass spectrometry overview

MS is an analytical technique used for the analysis of ions in the gas phase. It provides 

information about the molecular weight, chemical structure, and isotopic ratio of proteins. A 

mass spectrometer generates a plot of ion abundance versus mass/charge (m/z) ratio, i.e., a mass 

spectrum. The technique originated in 1886 when Eugen Goldstein discovered positive gas-phase 

ions in a low-pressure gas discharge. In 1897, J. J. Thomson discovered the electron and was 

able to determine its m/z ratio. The following year, Wilhelm Wien developed an instrument with 

electric and magnetic fields that was able to separate the positive rays based on their m/z ratio. 

From then on, mass spectrometry continued to develop and eventually became one of the most 

popular techniques for the study of proteins (James 2001; Hoffman and Stroobant 2002).
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A mass spectrometry system is composed of a sample delivery system, an ion source, one or 

more analyzers, a detector and a computer (Figure 2.4). The sample can be delivered through a 

direct probe, a separation system or a microchip. Once the sample has been delivered, charged 

chemical species are produced in the ion source, introduced in the mass spectrometer and guided 

through a series of ion optics elements to the essential part of the instrument, i.e., the mass 

analyzer, where separation of ions occurs based on their m/z ratio. A detector then counts the 

ions released by the analyzer and measures their abundance. The computer processes the data by 

producing a mass spectrum that provides information about the m/z ratio and abundance of 

detected ions (Hoffman and Stroobant 2002).

Some of the distinguishing attributes that make mass spectrometry a powerful technique in the 

field of proteome analysis include the capability to perform confident protein identifications and 

quantitation, and ability to identify post-translational modifications (James 2001). Ideally, when 

Figure 2.4 Components of a mass spectrometry system (Thermo LTQ). A mass spectrometry system is
composed of a sample delivery system, an ion source, one or more analyzers, a detector and a computer. The 
system can be assembled in a variety of combinations. In this case, the sample delivery system is a separation 
system, the ion source is based on electrospray ionization, the mass analyzer is comprised of a linear ion trap, and
the computer serves as an instrument/user interface before, during and after analysis.
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selecting a mass spectrometer, the following characteristics are sought: sensitivity/detection 

limits of <10 amol, mass accuracy of <5 ppm, resolution of >20,000, spectral acquisition/storage 

rate of >10 spectra per second and a dynamic range of >106 (James 2001; Hoffman and Stroobant 

2002).

2.3.4 Ion sources

The ion source is the part of the mass spectrometer that generates ions from a sample by heating 

or bombarding the sample with photons, electrons, ions or neutral molecules. Several techniques 

have been developed for sample ionization such as electron ionization (EI), electron capture 

dissociation (ECD), chemical ionization (CI), atmospheric pressure chemical ionization (APCI), 

and laser desorption (LD) ionization, just to name a few. The most commonly used ion 

generation techniques for protein analysis are matrix-assisted laser desorption ionization 

(MALDI) and electrospray ionization (ESI). These methods are also responsible for the rapid 

advancement of MS technology in the last few decades (James 2001; Hoffman and Stroobant 

2002).

MALDI is a soft ionization method in which mostly singly charged molecular ions are produced. 

However, multiply charged ions can also be observed. In MALDI, the sample is homogeneously 

mixed with a matrix solution and deposited on a target plate. The sample and the matrix are 

desorbed/ionized by bombarding the target with a laser beam. The role of the matrix is to absorb 

energy at the wavelength of the laser and to transfer it to the sample molecules. Briefly stated, 

sample ionization occurs through gas phase proton transfer reactions between the matrix and 

sample molecules. This technique is frequently used for the ionization of synthetic and biological 

polymers (James 2001; Hoffman and Stroobant 2002).

ESI is a method used to generate and bring ions from a liquid phase solution into the gas phase. 

It is also a soft ionization method in which singly and multiply charged molecular species are 

produced with very high efficiency (Figure 2.5). This is the most commonly used ionization 

technique for peptide and protein studies using most available mass analyzers, and is particularly 

useful for the analysis of large biological molecules. The sample is delivered through an ESI 

needle or capillary. A fine mist of charged droplets is produced at the tip of this capillary by 
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applying a high voltage to the liquid stream. The solvent in these droplets evaporates, causing 

droplet shrinkage and an increase in the electrical charge density at the surface of the droplets, 

ultimately resulting in a cascade of droplet divisions that yield progressively smaller droplets. 

Gas-phase ions are produced from these small and highly charged droplets by ion evaporation 

(James 2001; Hoffman and Stroobant 2002; Thermo 2005).

2.3.5 Mass analyzers

The mass analyzers are the essential part of a mass spectrometer, and their type defines the 

instrument. There are two categories of analyzers: scanning analyzers in which only ions of a 

given m/z are transmitted at any given time, or non-scanning analyzers in which all ions are 

simultaneously transmitted and detected. Within these categories, there are five major types of 

analyzers: quadrupole, ion trap, time-of-flight, ion cyclotron resonance and sector (James 2001; 

Hoffman and Stroobant 2002).

The quadrupole mass analyzer is composed of four parallel rods with circular cross sections. To 

obtain separation of ions, radio frequency (RF) and direct current (DC) voltages are applied 

between pairs of rod electrodes to allow only ions within a small m/z range to pass through. As 

the DC potential and the RF amplitude are increased while maintaining their ratio constant, ions 

Figure 2.5 Electrospray ionization. Electrospray ionization (ESI) is commonly used in proteomic studies. The 
sample is delivered in liquid form through an ESI capillary or needle, high voltage is applied to generate ions, and 
a fine mist of singly and multiply charged droplets is produced at the end of the capillary/needle. Droplets
decrease in size as solvent evaporates, and gas phase ions enter the mass spectrometer.
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with higher m/z values will pass through the quadrupole. This instrument is usually used for the 

study of small molecules, drugs and metabolites (James 2001; Hoffman and Stroobant 2002).

The ion trap analyzer is a three-electrode instrument composed of a ring electrode placed 

between two end-cap electrodes. As with the quadrupole mass analyzer, a combination of DC 

and RF potentials is applied to the electrodes to enable the trapping and sequential ejection of 

ions for mass analysis. In the ion trap, ions have a three dimensional trajectory. The ion trap is 

usually filled with helium, which upon collision with ions causes a fast contraction of ion 

trajectories toward the center of the trap, to improve the ion trapping efficiency. The presence of 

the gas also allows for the ejection of ions in dense packets during the mass analysis step, to 

improve the mass resolution of the instrument. This analyzer is used for the analysis of small 

molecules, drugs, metabolites, proteins and peptides, including phosphorylated and glycosylated 

ones, oligonucleotides and oligosaccharides (Hoffman and Stroobant 2002).

Time-of-flight analyzers measure the time it takes for ions to reach the detector once they have 

been expelled from the ion source. Ion packets are generated, accelerated and pulsed out of the 

source within a very short time frame into an electrically field-free region flight tube. Ions are 

then separated according to the flight time that it takes to arrive to the detector, which is 

proportional to their m/z ratio. Lighter ions will fly faster than heavier ones. Similar to ion traps, 

this analyzer can be used for the analysis of small and large molecules (Hoffman and Stroobant 

2002).

Ion cyclotron resonance (ICR) analyzers use magnetic fields to trap ions in a circular motion. 

Ions can be excited in the cyclotron with an electromagnetic wave having a frequency equal to 

the frequency characteristic to the motion of ions of a particular m/z. As a result of such an 

excitation event, the ions will increase their kinetic energy and trajectory radius. This will result 

in the generation of an electrical image current in the cyclotron cell wall that is perpendicular to 

the trajectory of these ions. The current amplitude and frequency will be proportional to the ion 

abundance and ion m/z ratio, respectively (Hoffman and Stroobant 2002). Ions with different m/z 

ratios can be excited simultaneously in the cyclotron cell, and the complex image current 
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waveform can be deconvoluted by using a Fourier transform operation to yield information 

related to the abundance and m/z ratio of all ions present in the cell. 

Sector analyzers use magnetic (and electric) fields to separate ions. Ions with a given m/z can be 

scanned through the analyzer by varying the strength of the magnetic field. These ions pass 

through an exit slit and are collected on an electrode where they generate a current that can be 

amplified and measured (Hoffman and Stroobant 2002).

Ion sources and mass analyzers can be combined in a variety of ways in order to provide the 

specific quality characteristics that are necessary to analyze certain types of samples effectively. 

Additionally, multiple mass analyzers can be used in order to obtain more specific ion 

fragmentation information.

2.3.6 Tandem mass spectrometry

Tandem mass spectrometry (MS/MS or MS2) is used for the structural characterization of a 

sample. It involves the use of two or more mass analyzers to enable the generation of sample 

specific ion fragments. Structural characterization is often essential to determine the identity and 

presence of a peptide or protein, to verify that a protein has the predicted sequence, or to identify 

the presence and location of post-translational modifications. Ion fragmentation can be induced 

by a variety of approaches that most commonly in proteomics include collision-induced 

dissociation (CID), electron capture dissociation (ECD) and electron transfer dissociation (ETD). 

CID is the most common method of fragmentation, and it is performed by multiple collisions 

with inert gas molecules such as argon or helium upon accelerating the ions in electrical fields 

(James 2001).

MS/MS data generation often requires the use of multiple mass analyzers. For example, in 

proteomic applications that use quadrupole analyzers, one quadrupole is used for the isolation of 

the peptide of interest, known as the parent ion, a second one is used for the fragmentation of the 

parent and the production of daughter ions, and a third one is used for the separation and analysis 

of the fragments (Figure 2.6). Alternatively, the second analyzer may used for the fragmentation 
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and the analysis of the daughter ions (James 2001). Mass analyzers such as the ion trap are able 

to perform sequential tandem MS experiments (up to MS10) using a single analyzer.

Most mass spectrometers, including the ion trap, use low energy CID. The ion trap analyzer 

fragments ions by accelerating them in RF/DC electrical fields and by colliding them with 

background gas molecules present in the trap. Multiple low energy collisions result in 

preferential cleavage of the peptide amide bonds. Singly charged ions produce one detectable 

charged fragment and one neutral fragment. Doubly- and multiply charged ions produce one or 

more detectable charged fragments. Peptides are typically analyzed as positively charged 

molecular species that form by protonation. The protons are located on the N-terminus and the 

basic amino acid side chains: arginine (Arg), lysine (Lys) and histidine (His). Acidic residues are 

neutral when protonated and phosphate groups maintain their negative charge if the pH is >1.5 

(James 2001).

Upon the fragmentation of a peptide, specific ions are formed that are characteristic to its amino 

acid sequence. The most common ions generated through fragmentation are b-type (containing 

the N-terminus) and y-type (containing the C-terminus) ions. The formation of these ions 

depends on the amino acid sequence of the peptide, the number and location of protons (charges) 

Figure 2.6 Schematic representation of the tandem mass spectrometry process. Tandem mass spectrometry 
(MS/MS) is used for the structural characterization of a sample. It consists of four main steps: (1) initial analysis 
of ions (MS), (2) isolation of ion of interest (parent), (3) ion fragmentation, and (4) analysis of daughter ions 
(MS/MS).
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on the peptide, the collisional energy, the pressure and type of collision gas, the type of analyzer 

and the instrument operating conditions.

Fragmentation is a random event, occurring mainly at the protonated amide bonds, that produces 

a series of ions differing in mass by one amino acid (James 2001). The dominance of b- or y-type 

ion series in the spectrum depends on several factors (Figure 2.7). Singly charged non-tryptic 

peptides contain a sole proton on the N-terminus, which migrates on the peptide by internal 

solvation unless there is a Lys, Arg or His in the sequence to sequester and localize the proton. 

The availability of such a migrating proton is essential to activating the amide bonds for 

fragmentation and generating informative tandem mass spectra. Doubly charged tryptic peptides 

contain a localized proton on the Lys/Arg C-terminus, and a migrating proton on the N-terminus. 

CID of singly charged non-tryptic peptides produces mostly b-type ions, though y-type ions are 

also possible. For doubly charged peptides, the most common ions that are produced are b-type 

and y-type ions, though doubly charged y-type ions are also possible.

Figure 2.7 Schematic representation of peptide fragmentation by collision-induced dissociation. 
Fragmentation of positively charged tryptic peptides by CID results in the generation of b-type and y-type ions. 
The b-type ions contain the N-terminus of the peptide and a captured proton. The y-type ions contain the C-
terminus of the peptide and a proton on the newly formed N-terminus, which can migrate on the fragmented
peptide, or become localized on lysine (Lys), arginine (Arg) or histidine (His) residues. The migrating proton is 
essential in the generation of informative tandem mass spectra, as fragmentation most often occurs at the 
protonated amide bond.
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Figure 2.8 represents the tandem mass spectrum of a doubly charged peptide generated by the 

tryptic digestion of proliferating cell nuclear antigen (PCNA). Corresponding to the CID 

fragmentation of a double charged ion, b-type and y-type ions are observed. Absence of a peak at 

m/z=1204.6 belonging to the parent ion denotes good fragmentation. Peaks with m/z values 

higher or lower than 1204.6 represent daughter ions with z=+1 or z=+2, respectively, as daughter 

ions with charge states higher than the parent ion are not possible, and neutral fragments cannot 

be detected. Manual interpretation of tandem mass spectra is typically a difficult, tedious and 

time-consuming process. Despite the development of powerful computational algorithms, such 

as those provided by the SEQUEST and MASCOT software packages for tandem MS data 

processing, spectral manual validation continues to be necessary, especially when analyzing 

post-translational modifications.

Figure 2.8 Tandem mass spectrum of a peptide of the proliferating cell nuclear antigen (PCNA). CID of the 
doubly charged ion results in the generation of b-type and y-type ions. The parent ion for this peptide has a 
double charge, thus daughter ions with +1 and +2 charges are generated. An ion at m/z=1204 (the parent m/z) is 
not observable, denoting good fragmentation.
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2.3.7 Quantitative proteomics

MS-based proteomics has become essential in large-scale protein expression profiling, and 

quantitative techniques aimed at identifying the differences in protein expression levels between 

two or more samples have gained popularity and importance in the last decade (Liebler 2002; 

Bantscheff et al. 2007; Xie et al. 2011). The quantitation of peptides and proteins can be relative, 

detecting concentration-fold changes between different biological states, or absolute, assigning 

exact concentration values to the samples based on internal standards (Bantscheff et al. 2007; 

Xie et al. 2011). Several quantitation techniques with different advantages and limitations are 

available, and their use is based on the needs of the study. Some considerations include the 

number, type, source and complexity of the samples, the precision and accuracy requirements of 

the study, and the cost of the method (Xie et al. 2011). 

Most quantitation methods rely on stable isotope labeling of peptides and proteins by metabolic, 

enzymatic, or chemical incorporation (Bantscheff et al. 2007; Xie et al. 2011). This type of 

quantitation is based on the theory that tagged peptides are chemically identical to their non-

tagged counterparts, and will behave identically during MS analysis. The most commonly used 

stable isotopes are: 2H, 13C, 15N and 18O (Xie et al. 2011). Depending on the method of labeling, 

the samples can be labeled at different points during the experiment, but are combined before 

MS analysis to eliminate experimental variability and increase quantitation precision and 

accuracy (Bantscheff et al. 2007; Xie et al. 2011). 

Stable isotope labeling by amino acids in cell culture (SILAC) is the most common metabolic 

labeling technique, in which labeled amino acids, most commonly arginine and lysine, are added 

to the growth medium, at the earliest point of the experiment, and all proteins become labeled 

after a few doublings. Some advantages of this approach are that several conditions and cell 

states can be compared at once (limited to the number of labels available), in vivo changes can be 

quantified, and labeled/non-labeled samples can be combined at the intact cell level, before 

protein extraction, reducing experimental variation from succeeding steps. Some limitations are 

that the technique is costly and it is not as straightforward in tissues or biofluids, thus it is limited 

to cell culture experiments (Bantscheff et al. 2007; Xie et al. 2011). 
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In enzymatic labeling, 18O is introduced to the C-terminus of peptides during or after protein 

digestion using proteases such as trypsin as catalysts (Xie et al. 2011). The simplicity and low 

cost of the method are some of the main advantages. In addition, the procedure can be applied to 

any type of sample. In the past, incomplete labeling of peptides and 18O back-exchange to 16O

were limitations of the method, however, these issues can be prevented with an improved 

protocol that includes a boiling step after labeling. One major limitation of enzymatic labeling 

for quantitation is that only two samples can be compared at once (Xie et al. 2011).

Stable isotope labels can also be introduced using chemical reactions. The isotope-coded affinity 

tag (ICAT) approach was the first to be introduced in this type of labeling, and makes use of a 

three-component reagent (Liebler 2002; Xie et al. 2011). The reagent contains a thiol-reactive 

group that reacts with cysteine residues, a linker containing hydrogens or deuteriums, and a 

biotin group used for affinity purification on avidin columns (Liebler 2002). Up to two samples 

can be labeled, combined and digested. Tagged peptides are then separated and analyzed by LC-

MS/MS. The major limitations of this method are that the proteome coverage may be low due to 

proteins lacking cysteine residues, or having inaccessible cysteines, and that the approach allows 

comparison of only two samples at a time (Liebler 2002; Xie et al. 2011). Another quantitation 

method that uses chemical reactions for labeling is the isobaric tags for relative and abolute 

quantitation (iTRAQ) approach. This technique consists of chemically labeling the N-terminus 

and lysine side chains of peptides of up to four-eight different samples with unique isobaric tags. 

The tags have three components: a charged reporter group, a balance group and an amine 

specific peptide reactive group. The combined mass of the reporter and the balance groups is the 

same, though the mass of each separately is different for each tag. During MS analysis, tagged 

identical peptides from different samples have the same mass. After CID fragmentation in 

MS/MS analysis, reporter ions at m/z 114, 115, 116 and 117 (for the four-plex reagent) are 

generated. The mass of the peptide fragments is the same because they are identical. Relative 

quantitation is calculated based on the differences between the intensities of the reporter ions 

(Ross et al. 2004). Multiplex quantitation is a major advantage of this approach, which allows for 

the simultaneous analysis of up to four samples, reducing MS analysis time. Other advantages 

are the simplicity of the method, the encompassing of all peptides, and the ability to quantify 

proteins of varied molecular weight, cellular location, and functionality (Aggawal et al. 2006). 
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Some limitations of the iTRAQ are that the method is costly and that small fragment ions need to 

be observed, limiting the type of mass spectrometer that can be used for quantitation (Xie et al.

2011).

Label-free methods that are applicable to any biological sample, and that require no sample 

modifications, are also available for quantitation. One approach of label-free quantitation 

involves the measurement of MS ion intensity of precursor peptides selected for MS/MS 

analysis. Another commonly used approach involves spectral counting, i.e., counting the number 

of MS/MS spectra that identify each peptide in a particular study. In both instances, the values 

obtained are compared with those obtained in control experiments. Label-free methods have 

many advantages. In addition to requiring minimal sample manipulations, they are inexpensive, 

allow comparisons of an unlimited number of samples, and offer high dynamic range. The main 

limitation of these methods relates to low quantitation accuracy due to the fact that each sample 

is processed separately while the quantitative comparisons occur post-analysis, thus reflecting 

experimental process variation. Normalization of the data and high experimental reproducibility 

can reduce the effects of variation (Bantscheff et al. 2007; Xie et al. 2011). Zhang et al.

evaluated the significance of spectral counting quantitation in pairwise experiments using several 

statistics tests, and determined that the Student’s t-test is optimal for studies with three or more 

biological replicates (Zhang et al. 2006).

2.4 Mass spectrometry-based proteomic profiling of ER+ breast cancer cell cycle
The cell cycle is a highly-regulated complex process that controls cell division. Deregulation of 

the cell cycle is often encountered in cancer and results in aberrant proliferation of cells. The first 

point of cell cycle regulation occurs at the R-point in the G1 phase. Although many molecular 

mechanisms regulate the rest of the cell cycle, from a simplistic perspective, passage of the R-

point is associated with commitment to cell division. The main goal of our study was to generate 

a comprehensive proteomic map of the ER+ breast cancer cell cycle to characterize the 

biological mechanisms and molecular pathways that promote bypassing of the R-point and 

uncontrolled proliferation. Our approach involved the use of a mass spectrometry-based 

proteomics strategy for proteomic profiling and differential protein expression analysis. For the 
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separation of the complex cellular extracts and peptide ion generation, we used reversed-phase 

liquid chromatography and electrospray ionization, respectively. We performed tandem mass 

spectrometry using an ion trap mass analyzer. For differential protein expression analysis we 

selected the spectral counting method, a label-free technique that allows multiple comparisons, 

and relied on a t-test for statistical analysis of quantitation. Specific experimental methods are 

described in Chapter 3. Chapters 4 and 5 describe the qualitative and quantitative results 

generated for our MCF-7 (ER+) model system. In Chapter 6, we illustrate the quantitative 

comparison of the MCF-7 cancer to the MCF-10 normal breast epithelium cells. Finally, in 

Chapter 7, we present a summary of the findings, conclusions and the new hypotheses that were 

generated by this study, as well as the future work that is proposed for the continuation of this 

project.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Materials
MCF-7 breast cancer epithelial cells, MCF-10 non-tumorigenic breast epithelial cells, Eagle’s 

minimum essential medium (EMEM), fetal bovine serum (FBS), 0.25 % trypsin/0.53 mM EDTA 

solution and phosphate-buffered saline (PBS) were obtained from the American Tissue Culture 

Collection (ATCC, Manassas, VA). Bovine pancreas insulin solution, bovine insulin powder, 17-

-glutamine, Cell Lytic™ NuCLEAR™ 

extraction kit, phosphatase inhibitors (Na3VO4 and NaF), urea, dithiothreitol (DTT), acetic acid, 

trifluoroacetic acid (TFA), ammonium bicarbonate (NH4HCO3) and all bovine protein standards 

(hemoglobin / , carbonic anhydrase, -lactalbumin, fetuin, -casein, -casein and cytochrome 

c) were purchased from Sigma (St. Louis, MO). Sequencing-grade modified trypsin was 

acquired from Promega Corporation (Madison, WI), human epidermal growth factor (hEGF) 

from PeproTech (Rocky Hill, NJ), phenol-red free Dulbecco’s modified Eagle’s medium 

(DMEM), F-12 medium and horse serum (HS) from Invitrogen (Carlsbad, CA), and 

charcoal/dextran treated FBS from Hyclone (Logan, UT). SPEC-PTC18 and SPEC-PTSCX 

solid-phase extraction pipette tips were from Varian Inc. (Lake Forest, CA). HPLC-grade 

methanol and acetonitrile were obtained from Fisher Scientific (Fair Lawn, NJ), and deionized 

(DI) water was from a MilliQ Ultrapure water system (Millipore, Bedford, MA).

3.2 Cell culture
MCF-7 immortal breast cancer cells were cultured in a medium consisting of EMEM, 10 % FBS 

2 and 37 °C. After a few 

passages, upon reaching ~ 70 % confluence, the cells were arrested in the G1-phase of the cell 

cycle by serum-deprivation for 48 h with arrest medium consisting of DMEM and 4 mM L-

glutamine. The cells were released into the S-phase of the cell cycle by 24 h incubation with E2-

medium consisting of DMEM, 1 nM E2, 10 % charcoal/dextran treated FBS, 4 mM L-glutamine 

EDTA and rinse with PBS (pH 7.4) buffer, the cells were harvested after 48 hours of arrest and 
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24 hours of E2 release, respectively. Three biological replicates for each cell state (G1- and S-

phases) were cultured, harvested and stored at -80 °C until further processing.

MCF-10A immortal non-tumorigenic breast cells were cultured in a 5 % CO2

maintenance medium consisting of DMEM:nutrient mixture F-12 (1:1) supplemented with 5 % 

horse serum, 20 ng/mL hEGF, 0.5 g/mL hydrocortisone, 0.1 g/mL cholera toxin and 10 

g/mL bovine insulin. After a few passages, upon reaching ~ 70 % confluence, G1-phase arrest 

was achieved with DMEM/F12-only medium for 48 hours. Release into the S-phase was 

performed by incubating the cells for 24 h with maintenance medium containing 10 % HS 

(instead of 5 %). Three biological replicates for each cell state (G1- and S- phases) were 

cultured, harvested and stored at -

3.3 Fluorescence-activated cell sorting
During cell harvesting, 106-107 cells were collected separately and processed for DNA 

content/cell cycle analysis using fluorescence-activated cell sorting (FACS). Cells were re-

suspended in 5 mL PBS, and centrifuged for 5 minutes at 1000 rpm. The supernatant was 

removed, and the cells were re- fixed with 4.5 

mL cold 70% ethanol, and kept at - -

suspended cells were centrifuged for 5 minutes at 1000 rpm. The supernatant was decanted, and 

the cell pellet was re-suspended in 5 mL PBS. After 1 minute of wait, the suspension was 

centrifuged for 5 minutes at 1000 rpm. After removal of the supernatant, the cell pellet was re-

suspended in 1 mL of freshly prepared PI/Triton X-

-free RNase A,  0.1% (v/v) Triton X-100 dissolved in PBS). Stained 

cells were kept at room temperature, in the dark, for 30 minutes. FACS was performed through 

the Flow Cytometry laboratory at the Virginia-Maryland Regional College of Veterinary 

Medicine using a Coulter EPICS XL-MCL benchtop analyzer with a 488 nm excitation source.

3.4 Cell processing
The cells were thawed, lysed and separated into nuclear-enriched and cytoplasmic fractions 

using the Cell Lytic™ NuCLEAR™ extraction kit. For this purpose, the cells were allowed to 
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swell on ice for 15 min in 5X volume of hypotonic buffer (10 mM HEPES, pH 7.9, with 1.5 mM 

MgCl2, 10 mM KCl) supplemented with DTT to a final concentration of 0.01 M, protease 

inhibitor cocktail and phosphatase inhibitors. After incubation, 10 % IGEPAL CA-630 was 

added to a final concentration of 0.6 %, and the mixture was vortexed vigorously for 10 seconds. 

To remove the cytoplasmic fraction, the lysate was centrifuged for 30 seconds at 10,500xg, and 

the supernatant was collected and stored on ice. The remaining pellet, containing the nuclear 

proteins, was re-suspended in 2/3X volume of high salt extraction buffer (20 mM HEPES, pH 

7.9, with 1.5 mM MgCl2, 0.42 M NaCl, 0.2 mM EDTA and 25 % glycerol (v/v)) supplemented 

with DTT to a final concentration of 0.01 M, protease inhibitor cocktail and phosphatase 

inhibitors, and was vortexed at medium speed for 45 minutes. To isolate the nuclear enriched 

fraction, the mixture was centrifuged for 5 minutes at 20,500xg, and the supernatant containing 

the nuclear proteins was collected and stored on ice.

The protein content of both fractions was measured using the Bradford assay with a SmartSpec 

Plus spectrophotometer (Bio-Rad, Hercules, CA). Each protein extract (~5 mg/mL) was 

denatured with 8 M urea and subjected to disulfide reduction with 4.5 mM DTT for 1 hour at 

60°C, diluted 1:10 with 50 mM NH4HCO3 to a final concentration of 0.5 mg/mL, spiked with a 5 

(substrate:enzyme) for 24 hours at 37°C. The digest was quenched with glacial acetic acid and 

subjected to a C-18/SCX clean-up procedure to remove salts. For MS analysis, each protein 

digest was re- 3CN/H2O/TFA (5:95:0.01) (Sarvaiya et al.

2006; Armenta et al. 2010).

3.5 MS analysis
Five technical replicates of each protein sample (i.e., 5 injections of the same protein sample) 

were analyzed using a micro liquid chromatography system (Agilent Technologies, Palo Alto, 

CA) coupled with a linear trap quadrupole (LTQ) mass spectrometer (Thermo Electron 

Corporation, San Jose, CA) using an on-column/no split injection set up (Sarvaiya et al. 2006). 

The reverse-phase liquid chromatography separation columns were prepared in-house by packing 

-C18 particles (Agilent 
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Technologies). The LC columns were operated at a volumetric flow rate of ~160-180 nL/min. To 

o.d. was 

inserted into the RPLC separation column. Mobile phases A and B were composed of 

H2O:CH3CN:TFA in 95:5:0.01 and 20:80:0.01 v/v ratios, respectively. The separation gradient 

(0-100 % B) was 3-hours long. MS data were acquired via a data-dependent acquisition method. 

Each MS scan was followed by zoom/MS2 scans on the five most intense peaks. The parameters 

used for analysis were as follows: 5 m/z zoom scan width, dynamic exclusion at repeat count of 

1, repeat duration of 30 s, exclusion list size of 200, exclusion duration of 60 s, and 1.5 m/z 

exclusion mass width. Tandem MS parameters were: isolation width 3 m/z, normalized collision 

energy 35 %, activation Q 0.25, and activation time 30 ms.

The Bioworks 3.3 software (Thermo Electron Corporation, San Jose, CA) was used for protein 

identification. Raw data files were searched against a minimally redundant human protein 

database downloaded from the ExPASy/SwissProt website on February 25, 2008 (40,009 entries, 

with manual addition of 10 bovine proteins). The following parameters were chosen for the 

search: only fully tryptic fragments with up to two missed tryptic cleavages were allowed, the 

peptide and fragment ion tolerances were 2 amu and 1 amu, respectively, and all peptides were 

matched to unique proteins in the database. At the peptide level, mass spectral filtering was 

performed with the Xcorr vs. charge state parameter set at 1.9, 2.2 and 3.8 for singly, doubly and 

triply charged peptides, respectively (Sarvaiya et al. 2006). At the protein level, only proteins 

with p<0.001 were taken into consideration (we note that the p-values are scores generated by 

the Bioworks software). False discovery rate was evaluated by searching the raw data files 

against a forward-reverse human protein database.

For differential protein expression analysis, in-house developed Perl-scripts for spectral counting 

were used (Yang and Lazar 2009). Three biological replicates of nuclear/cytoplasmic fractions, 

G1 and S stages of the cell cycle, of MCF-7 and MCF-10A cells were compared. To analyze the 

data in a biological context, a combination of bioinformatics tools provided by the ExPASy 

(Expert Protein Analysis System) Proteomics Server (Jain et al. 2009; UniProt 2011), Gene 

Ontology (Gene Ontology 2000), GoMiner (Zeeberg et al. 2003), DAVID (Database for 
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Annotation, Visualization and Integrated Discovery) Bioinformatics Resources 6.7 (Dennis et al.

2003; Huang et al. 2009) and STRING (Search Tool for the Retrieval of Interactive Genes) 

functional protein association networks 8.3 (Jensen et al. 2009) software packages, was used. 

GoMiner parameters were as follows: Homo Sapiens species, UniProtKB identifiers, all evidence 

codes, changed list was the same as total list. STRING parameters were as follows: Homo 

Sapiens organism, confidence score of 0.4-0.9 (medium-very high), no more than 10 interactors 

shown, network depth of 1 or 2 as needed, and all active prediction methods were selected 

(neighborhood, gene fusion, co-occurrence, co-expression, experiments, databases and 

textmining). Confidence, evidence or action views were selected as needed. DAVID parameters 

were as follows: UniProt accession identifiers, Homo Sapiens background, classification 

stringency set to medium, threshold score for enrichment selection set to 1.3.
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CHAPTER 4: QUALITATIVE PROTEOMIC PROFILE OF THE MCF-7
BREAST CANCER CELL LINE

4.1 Introduction
The MCF-7 cell line is the most commonly used in vitro model for the study of estrogen receptor 

positive breast cancers (Burdall et al. 2003). The cells were derived from a pleural effusion 

extracted from a 69-year-old woman presenting metastatic breast cancer (Levenson and Jordan 

1997). The presence of estrogen receptors (ER) was established early on, and the direct effect of 

estrogen stimulation on cell proliferation in vitro and in vivo was also demonstrated. Traditional 

molecular biology and biochemistry approaches have greatly contributed to the understanding of 

ER+ breast cancer cell cycle regulation, and originally opened the door for clinical advances and 

endocrine treatments (Levenson and Jordan 1997). However, the introduction of high-throughput 

genomic and proteomic methods, coupled with the escalating development of novel 

bioinformatics tools, have revolutionized cancer research. Large lists of genes and proteins are 

generated with the aim of providing a comprehensive picture of all concurring events in a cell, 

though the challenge remains in the interpretation of such voluminous data (Huang et al. 2009).

Several groups have demonstrated the benefits of using mass spectrometry for global proteomic 

profiling of MCF-7 cells, with focus on effects of estrogen treatment (Sandhu et al. 2005; 

Malorni et al. 2006; Zhu et al. 2008). Sandhu et al. used a gel-free shotgun tandem mass 

spectrometry (MS/MS) approach to compare the proteomes of asynchronous MCF-7 cancer cells 

and proliferating normal human mammary epithelial cells. A total of 3715 proteins were 

identified, of which 736 and 846 displayed up- and down-regulation, respectively, in cancer 

relative to normal cells. Furthermore, they compared the expression profiles of synchronized 

MCF-7 cells at several time points, identifying a total of 1481 proteins. This study demonstrated 

the potential of global proteomic approaches for identifying a considerable number of proteins, 

and for differential profiling of cell cycle, apoptosis and transcriptional regulators, as well as of 

signaling and metabolic proteins (Sandhu et al. 2005). Estrogen effects in MCF-7 cells have been 

also studied using gel-separation methods coupled with MS. A 2D-gel separation approach 

revealed that 12 proteins displayed a change in their expression level after treatment with 17 -
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estradiol (E2). Eleven of these proteins have not been previously reported to be estrogen-

regulated (Malorni et al. 2006). Another study that applied a 1D-gel separation method identified 

60 proteins that were affected by E2, of which 55 were up-regulated and had straightforward 

links with each other, allowing for biological interpretation within a pathway (Zhu et al. 2008). 

In a previous study in our lab, we profiled the proteome of MCF-7 cells under asynchronous 

conditions and without estrogen stimulation. We used a 2D strong cation exchange reversed-

phase LC-MS/MS approach to identify more than 1900 proteins with high confidence. Our 

dataset contained ~200 proteins that were involved in cancer-related biological processes, and 

more than 25 proteins that have been previously described in the literature as putative biomarkers 

(Sarvaiya et al. 2006). In the current study, a shotgun LC-MS/MS approach was developed to 

profile the MCF-7 proteome before and after the G1/S transition of the cell cycle. Our aim was to 

investigate the mechanisms that control entry into the cell cycle even when molecular

checkpoints that prevent the replication of damaged cells are in place. We provide a 

comprehensive biological overview of G1-arrested and S-synchronized MCF-7 cells, with 

emphasis on the key proteins, molecular processes, and pathways that might play an important 

role in overriding the G1/S restriction point in ER+ breast cancer cells.

4.2 Results and discussion
The success of our approach relied on the reliable identification of a large number of proteins 

that demonstrated a high level of interconnectivity within a number of cancer-relevant pathways 

and biological processes. For comparative analysis, a high level of reproducibility at all stages of 

sample preparation and analysis was sought. Altogether, the data generated in this study should 

serve as a stepping-stone for targeted quantitative profiling of the MCF-7 cell cycle.

4.2.1 Preliminary considerations for experimental conditions

Cell cycle synchronization of MCF-7 cells

The proteomic profiles of the G1- and S-phase MCF-7 cells provide an overview of a stage in 

which the cells can temporarily or permanently exit the cell cycle, and a stage in which the cells 

are committed to cell division and have commenced the process by initiating DNA replication, 
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respectively. In the selection of optimal cell culture conditions to synchronize the cells in G1 and 

S, we considered treatments that reflected physiological conditions, i.e., we avoided the addition 

of chemical reagents for cell cycle arrest and synchronization. For synchronization, cells were 

arrested in G1 by serum deprivation for 48 hours and were released into the cell cycle with 

media containing E2 at physiological concentration (1 nM). Samples were collected before 

synchronization, after arrest, and every 6 hours after release (up to 36 h). Cell cycle distributions 

were measured by flow cytometry (Figure 4.1). After arrest, 79 % of the cells were in G1, a 

marked increase from asynchronous conditions, confirming synchronization in G1. The first 12 

hours of release did not show a significant change in cell cycle distribution from arrested cells. 

Remaining timepoints displayed synchronized movement through the S and G2 phases. After 24 

hours of release, 53 % of the cells were in S, the highest percentage for this phase in all 

timepoints. We concluded that arrest by serum starvation for 48 hours and release with E2-media 

for 24 hours was optimal for the study of the G1 and S phases, respectively.

Figure 4.1 Flow cytometry cell cycle analysis of MCF-7 cells at different time points during an 
arrest/release experiment. Cells were cultured asynchronously in insulin media as recommended by supplier, 
arrested by serum deprivation for 48 hours, and released into the cell cycle with estradiol-containing media for 36 
hours. Cells were harvested before treatment, after arrest (t=0), and every six hours after release (t=6, 12, 18, 24, 
30, 36).
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Technical replicates in shotgun LC-MS/MS

Proteomic studies rely on the ability to identify a large number of proteins. Multidimensional 

separations prior to MS detection allow for the identification of thousands of proteins, however, 

such analysis methods are time-consuming, particularly for studies in which several cellular 

states need to be analyzed. In the current study, we followed a shotgun LC-MS/MS approach and 

relied on technical replicates to maximize the number of identified proteins. In data dependent 

MS, peptides with high intensity readings are selected for fragmentation and subjected to 

database searching for identification. Peptides originating from low abundance proteins are less 

likely to be selected in this process. The selection of peptides for fragmentation can vary, 

however, from one LC-MS analysis to another, due to the small changes in the peptide LC 

retention times (<3 %) that result in different intensity profiles for the co-eluting peptides. Thus, 

chromatographic runs of the same sample can result in the identification of different peptide 

species and a different number of total peptides. However, as good quality tandem mass spectra 

are sufficient for reliable peptide identifications, the corresponding protein matches should not 

be discarded, even if the peptides are not identified in every replicate run. Multiple LC-MS/MS 

analyses of the same sample (technical replicates) can be used in such circumstances to increase 

the cumulative number of peptide identifications and to improve the confidence in the 

identification of matching proteins.

To evaluate the number of technical replicates needed for this study, we performed six repetitive 

injections of an MCF-7 cell extract generated from an asynchronous cell culture in E2-containing 

medium. The experiment resulted in the identification of roughly ~430 proteins (p<0.001) in 

each replicate LC-MS run, and 796 cumulative protein identifications in all runs. Figure 4.2

illustrates the trend in protein identifications. For each technical replicate, the cumulative and the 

new number of protein identifications relative to the previous total, is provided. Each replicate 

increased the number of protein IDs, however, the rate of increase dropped from the first to the 

last run and leveled off after 5-6 runs. The protein overlap between two consecutive runs was 

>60 %, while between three runs it was >50 %. Five-to-six replicate analyses proved to be 

optimal to reach saturation in terms of identified proteins.
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4.2.2 Experimental reproducibility 

To increase the number of proteins IDs, while simultaneously reducing the impact of 

experimental and biological variability, the following analysis approach was implemented in this 

study: (a) well-developed and reproducible protocols for cell culture, protein 

extraction/fractionation, sample processing and LC-MS/MS analysis were used throughout the 

entire study; (b) three biological replicates of each cell cycle stage were cultured, fractionated, 

processed and analyzed, (c) five LC-MS/MS analyses were performed for each sample (technical 

replicates), (d) data filters for protein and peptide identifications were selected to result in a false 

discovery rate (FDR) of <5 %, and (e) reproducibility was evaluated at each step of the study.

The three biological replicates of G1-arrested and S-released cells were generated from three 

different batches of liquid nitrogen frozen cells. The reproducibility of cell cycle 

synchronization, as assessed by flow cytometry, is provided in Figure 4.3. Arrested cells (G1) 

were predominantly found in the G1 phase (~80 %), with smaller cell distributions in the S (~9 

%) and the G2/M (~5 %) phases, respectively. E2-treated cells (S) were found mainly in S (~60 
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Figure 4.2 Trend analysis of protein identifications in six replicate LC-MS/MS analyses of an MCF-7
extract (asynchronous, E2 media). The total number of unique proteins identified in six runs was 796. This
cumulative value represents the sum of the proteins identified in the first run (482) and in each subsequent run
(115, 60, 52, 49, and 38).
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%) and G1 (~28 %), with a smaller percentage in G2/M (~8 %). As noted, the cell cycle 

distributions displayed a high level of reproducibility between the three biological replicates of 

the arrested and released cells.

The nucleus and the cytoplasm are important cellular components in cell cycle regulation. 

Extracellular mitogenic stimuli activate signaling cascades in the cytoplasm and these signals are 

transduced to the nucleus to modulate key cell cycle events. Furthermore, in cell cycle control, 

proteins are often shuttled between the cytoplasm and the nucleus as a means of functional 

activation/deactivation. To increase the number of proteins identified in these two cellular 

compartments, the cells were fractionated into nuclear and cytoplasmic fractions. Twelve 

fractions were generated and processed for LC-MS/MS analysis: G1-nuclear (G1N1, G1N2, 

G1N3), G1-cytoplasmic (G1C1, G1C2, G1C3), S-nuclear (SN1, SN2, SN3) and S-cytoplasmic 

(SC1, SC2, SC3). Five technical replicates for each sample were analyzed to maximize the 

number of protein identifications. After data processing and filtering, the average number of 

identified proteins and their respective spectral counts in each of the 12 samples were 1163 
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Figure 4.3 Reproducibility of cell cycle distributions in three biological replicates of MCF-7 cells. Cells 
were arrested in G1 by serum deprivation for 48 hours, and synchronized in S by 17 -estradiol treatment for 24 
hours.
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(CV=7.7) and 4082 (CV=7.6 %), respectively. A summary of the concentrations, protein 

identifications and spectral counts for each sample is presented in Table 4.1. Reproducible 

experimental conditions for sample processing and analysis resulted in high reproducibility of 

protein identifications, as highlighted by the low CV values (<8 %)).

A total of 2725 high-confidence proteins (p<0.001) were identified across all MCF-7 samples.

Figure 4.4 illustrates the trend of protein identifications per biological replicate in each cell state. 

Each biological replicate displays the number of proteins identified, which is a cumulative value 

obtained from five technical replicates, and the number of new protein identifications relative to 

the previous biological replicate. For each cell state (G1N, G1C, SN, SC) we calculated: (a) the 

cumulative number of proteins identified in three biological replicates (Avg=1531, CV=1.8 %), 

(b) the number of proteins identified per biological replicate (Avg=1163, CV=2.4 %), (c) the 

number of proteins identified in at least two out of three biological replicates (Avg=936, CV=2.9 

Cell State Concentration 
(μg/μL)

Spectral 
counts

Unique 
proteins

Unique 
proteins 

(combined)

Nuclear Cytoplasmic
proteins 

(GoMiner) 
proteins 

(GoMiner)
G1N1 2.12 4683 1286

1515
651 (57 %) 728 (64 %)

G1N2 1.92 3712 1089 593 (61 %) 577 (59 %)
G1N3 2.00 4100 1082 602 (62 %) 577 (59 %)
G1C1 2.04 3991 1264

1572
366 (32 %) 944 (83 %)

G1C2 2.08 4012 1207 350 (32 %) 921 (84 %)
G1C3 2.20 3683 1131 334 (33 %) 859 (84 %)
SN1 1.84 4468 1277

1516
554 (53 %) 694 (66 %)

SN2 1.96 4046 1047 541 (60 %) 556 (61 %)
SN3 2.00 4435 1085 531 (57 %) 587 (63 %)
SC1 1.92 3749 1099

1539
322 (32 %) 841 (84 %)

SC2 1.80 4039 1289 381 (33 %) 958 (83 %)
SC3 2.24 4069 1131 329 (32 %) 870 (84 %)

Average 2.01 4082 1165 1535
SD 0.13 310 92.30 26.70

CV (%) 6.69 7.60 7.92 1.74

Table 4.1 Reproducibility of protein identifications in MCF-7 cells. Standard deviations (SD) and
coefficients of variation (CV) are calculated from the data pertaining to the 12 biological states (G1/S,
nuclear/cytoplasmic, 3 biological replicates for each). Nuclear and cytoplasmic assignments were provided by
GoMiner. The total number of unique proteins was 2725 (p<0.001), including the proteins identified by a single
spectral count.
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%), and (d) the number of proteins identified in all three biological replicates (Avg=848, CV=3.0 

%) (Figure 4.5). An analysis of the protein overlaps in the three biological replicates of the G1N 

cell state, which is representative of the overlaps in all cell states, is provided in Figure 4.6.

Approximately 75 % of the proteins identified in a cell state were common to all three biological 

replicates. Figure 4.7 shows the correlation between protein identifications based on spectral 

counts in two biological replicates (G1N1 and G1N2). This representative example compared a 

total of 1440 proteins and yielded a correlation coefficient (R) of 0.96. Given the protein 

overlaps and the correlation measurements, unless otherwise noted, only proteins that were 

identified in at least two out of three biological replicates of any cell state were considered for 

further discussion. Based on this selection criterion, the number of eligible proteins was reduced 

from 2725 to 1944.
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Figure 4.4 Trend and reproducibility analysis of protein identifications in three biological replicates of four 
MCF-7 cell states (G1N, G1C, SN, SC). Each biological replicate displays cumulative protein identifications of 
5 technical replicates (LC-MS/MS analyses). The bars represent the total number of protein identifications per 
biological replicate, and the number of new identified proteins in the second and third biological replicate relative 
to the first one.
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Figure 4.5 Reproducibility analysis of protein overlaps between three biological replicates of four MCF-7
cell states (G1N, G1C, SN, SC). The bar graphs displays the total number of proteins identified in each cell
state, the average number of protein identifications in each biological replicate, the protein overlaps in two
biological replicates, and the protein overlaps in three biological replicates.

Figure 4.6 Venn diagram of protein overlaps between three biological replicates of the MCF-7 G1N cell 
state. The number of proteins common to all biological replicates was 843, representing ~73 % of proteins in 
each replicate and ~55 % of the cumulative total in all replicates.
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4.2.3 Biological data categorization

A series of bioinformatics tools (see experimental section) were used to assign biological 

annotations to the identified proteins. Table 4.1 provides the nuclear and cytoplasmic 

categorizations for the list of 2725 proteins.  In the nuclear cell fractions, ~53-62 % and ~59-66 

% of proteins were assigned a nuclear and cytoplasmic localization, respectively. The 

cytoplasmic fractions contained mainly cytoplasmic proteins (~83-84 %), and only a small 

fraction of nuclear proteins (~32-33 %). As expected, complete fractionation of the nuclear and 

cytoplasmic proteins was not experimentally achievable, though the nuclear enrichment process 

resulted in an increase of the nuclear proteins from ~15-20 % in a whole cell extract to >50 % in 

a nuclear-enriched fraction. An additional contributor to this outcome was the mixed localization 

of some proteins to both the nuclear and cytoplasmic compartments. Low CV values (<6 %) for 

the nuclear/cytoplasmic categorization confirmed, however, the reproducibility of the 

fractionation process. Figure 4.8 illustrates the overlap in protein identifications (from the list of 

1944) between the combined G1N, SN, G1C and SC cell states. The two nuclear or two 

cytoplasmic states displayed a high level of similarity with 91-93 % protein overlaps (1168 and 
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state. A total of 1440 proteins (G1N1 and G1N2) were considered in the analysis. 



45

1215 proteins, respectively). We observed, however, some complementarity between the nuclear 

and cytoplasmic cell states, with 52-56 % overlaps (685 and 725 proteins), and some 

commonality in protein identifications between all cell states (G1N, G1C, SN, SC) with an 

overlap of 45-47 % (596 proteins). The Gene Ontology (GO) biological process annotations of 

the 596 proteins indicated that these proteins participate in gene expression, translation, 

localization, transport and signal transduction.

An examination of the biological processes associated with the list of 1944 proteins revealed that 

a large number of proteins displayed involvement in processes related to cell cycle, 

differentiation, apoptosis, angiogenesis, metastasis (cell adhesion and migration), DNA repair, 

signaling, transcription, translation and splicing, highlighting the utility of the dataset for 

assessing the significance of these processes in cancer cell proliferation. The dataset displayed 

enriched protein clusters belonging to processes relevant to cell cycle, DNA damage repair, 

regulation of transcription/translation, metabolism, chromatin organization and protein 

degradation/proteasome, among others. A summary of the data categorization, as compiled from 

GoMiner and DAVID output lists, is provided in Figure 4.9. A search for keywords revealed 

that a large majority of proteins had the potential to undergo two major posttranslational 

Figure 4.8 Venn diagram of protein overlaps between all MCF-7 cell states (G1N, G1C, SN, SC). The 
diagramwas derived from the list of 1944 proteins (only proteins identified in at least two biological replicates of
any cell state were considered). Each ellipse in the diagram represents the cumulative protein identifications in 
three biological replicates.
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modifications (PTMs): phosphorylation, which is usually involved in signaling processes (~65 % 

of proteins), and acetylation, which is often involved in histone acetylation processes that 

increase DNA accessibility for transcription and gene expression (~58 % of proteins).

Cancer cell proliferation/cell cycle regulators. The original six hallmarks of cancer (limitless 

replicative potential, evasion of apoptosis, self-sufficiency in growth signals, insensitivity to 

antigrowth signals, tissue invasion/metastasis and sustained angiogenesis) were all represented in 

the list of 1944 identified proteins (Hanahan and Weinberg 2000). The cancer hallmarks and the 

associated MCF-7 proteins are highlighted on the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) cancer pathways diagram provided in Figure 4.10. Some of the key cell cycle

regulators that were identified in our dataset included the retinoblastoma-associated protein 

(RB), the alpha and beta catalytic subunits of the serine/threonine-protein phosphatase 1 (PP1), 

and the cyclin dependent kinases CDK2 and CDK1/CDC2. RB, a major player in the regulation 

of the cell cycle and the R-point was identified in the G1 and S nuclear fractions. The 

phosphorylation state of this protein is important in advancement through the cell cycle: the 

unphosphorylated form is present in G0, hypophosphorylation correlates to entry into G1, and 
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hyperphosphorylation is concurrent with passing of the restriction point and completion of the 

cell cycle. Upon exit from mitosis, the phosphate groups are removed by PP1 (Weinberg 2007). 

PP1A and PP1B, two of the three mammalian catalytic subunits of PP1 were identified in the G1 

and S nuclear fractions. CDK2 is essential after the R-point in late G1 and S, and was identified 

in the nuclear fraction of S. CDK1, identified in all fractions, is essential in M, and is used for 

entry into the S-phase in the absence of CDK2 (Hochegger et al. 2007; Weinberg 2007). One of 

the roles of CDK2 in S is phosphorylation of the pol-

in S. The CDK2-associated protein 1 (CDKA1), a negative regulator of DNA replication, was 

also identified in the G1 and S nuclear fractions. This protein binds to pol-

inhibiting its activity directly, and to CDK2, which leads to sequestration of the monomeric form 

or targeting of the protein for destruction. Association of CDKA1 and CDK2 decreases the 

active protein levels of the latter in the cell (Matsuo et al. 2000; Shintani et al. 2000). Protein 

destruction (proteolysis) plays a major role during cell cycle transitions, controlling the levels of 

regulatory proteins such as the cyclins and the CDK inhibitors. For example, the Skp/Cullin/F-

box containing complex (SCF) and the anaphase-promoting complex (APC) ubiquitin-protein 

ligases are crucial to G1/S and M control, respectively (Morgan 2007). The S-phase kinase-

associated protein 1A (SKP1) was identified in all fractions, and Cullin-1 (CUL1) was identified 

in the nuclear fractions. Altogether, our data suggests that positive and negative regulators of the 

cell cycle machinery are identifiable in our cells.

Proliferation markers. In addition to cell cycle markers, a number of proliferation markers were 

also identified, consistent with cancer cell propagation. Antigen Ki-67 was identified in the 

nuclear fractions. This protein is thought to be required for maintaining cell proliferation and is 

expressed in all stages of the cell cycle of proliferating cells, except in G0 in resting cells 

(Schluter et al. 1993). Among the proteins that make up the DNA replication machinery, we 

identified: proliferating cell nuclear antigen (PCNA) in all fractions but G1N, origin of 

replication complex (ORC) proteins 3, 4, and 5 in the nuclear fractions, and minichromosome 

maintenance (MCM) proteins 2, 4, and 7 in the cytoplasmic fractions. PCNA is involved in the 

control of eukaryotic DNA replication and replication-related processes, and displays high 

expression levels in proliferating cells. A PCNA trimer (the DNA sliding clamp) associates with 

replicative polymerases during strand elongation (Moldovan et al. 2007). As expected from its 
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role in DNA synthesis, PCNA was not identified in the G1N fraction, where DNA is not actively 

being replicated. The ORC is bound to the replication origins during all steps of the cell cycle 

(Morgan 2007). Upon exit from M and reentry to G1, it catalyzes the assembly of the pre-

replication complex, which includes the loading of the DNA helicase complex (MCM complex). 

The MCM complex unwinds DNA during DNA replication. MCM proteins that are not attached 

to a replication fork are localized in the cytoplasm to prevent re-firing of replication (Morgan 

2007). 

Signaling proteins. Several proteins involved in cancer-relevant signal transduction pathways 

were identified. The SH2 (Src Homology 2)-containing proteins STAT3, GRB2, and SHC1 were 

identified in the cytoplasmic fractions, and the former two were also identified in SN. The SH2 

domain can bind phosphorylated receptor tyrosine kinases (RTK). GRB2, SHC1, and CRK, 

identified in the cytoplasmic fractions, are known as adaptor proteins because of their specific 

role as intermediates in protein-protein interactions (Weinberg 2007). When GRB2 binds a 

phosphorylated RTK directly or through SHC1, it can initiate a signaling cascade by successive 

binding of SOS, a guanine nucleotide exchange factor that activates the membrane bound RAS 

protein by replacing GDP with GTP. Out of four existing mammalian RAS proteins, we 

identified H-RAS in all fractions but G1N. RAS proteins have a vast list of effector proteins, 

which can activate different signaling pathways, of which the major ones are RAF, PI3K, and 

RAL-GEF (Weinberg 2007). The RAF mitogenic pathway has been described as possibly the 

most relevant to cancer pathogenesis due to its capability to activate several growth-promoting 

genes, provide anchorage independence, repress contact inhibition, change cell shape and in 

general promote proliferation (Weinberg 2007). Downstream proteins in this pathway are 

ERK1/MAPK3 and ERK2/MAPK1, which we identified in the cytoplasmic fractions of our 

dataset. Pertinent to the G1/S transition, activation of ERK1 and ERK2 is required up to late G1 

for expression of cyclin D1 and successful S entry. The activity of these proteins is not necessary 

after the R-point (Meloche and Pouyssegur 2007).

The active TGF-

pathway, SMAD2 and SMAD3 undergo phosphorylation in the cytosol followed by binding of 

either phosphorylated protein to SMAD4, nuclear translocation of the complex and transcription 
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factor activity (SMAD stands for mothers against decapentaplegic homolog). Relevant to cell 

cycle control, the CDK inhibitors p15 and p21 are important targets of this pathway (Weinberg 

2007). Repression of TGF- ay in which cancer cells can achieve 

insensitivity to antigrowth signals. For example, ecotropic virus integration site 1 protein 

homolog (EVI1) and acute myeloid leukemia 1 protein (AML1)/Evi1 inhibit the transcription 

factor activity of SMAD3 in the nucleus by direct interaction through a zinc-finger motif. 

Furthermore, the C-terminal binding protein (CTBP), a transcriptional repressor necessary for 

the inhibition of SMAD3 by EVI1, recruits a histone deacetylase (HDAC) complex, which aids 

in the repression of antigrowth signals (Izutsi et al. 2001). CTBP1 and CTBP2, the two CTBP 

vertebrate homologues, as well as HDAC1 and HDAC2, were identified in the nuclear fractions, 

suggesting that important participants of acquisition of insensitivity to antigrowth signals are in 

place in MCF-7 cells.

Differentiation proteins. Differentiation is the process by which unspecialized cells reach a 

terminal, non-proliferative state by acquiring structural and functional characteristics to perform 

a specific function (Weinberg 2007). Blocking of differentiation could play an important role in 

cancer pathogenesis, as poor cell differentiation correlates to more aggressive tumor phenotypes, 

and viceversa. In addition, acquisition of different tissue traits, transdifferentiation, or complete 

loss of the original tissue traits, dedifferentiation, are also characteristics of some cancers 

(Weinberg 2007). Cell differentiation, proliferation and cell cycle regulation are processes that 

work concurrently, but independently, sharing certain key players with individual regulatory 

function (Brown et al. 2003). There is evidence suggesting that the mechanisms that prevent 

hyperphosphorylation of RB favor differentiation, while mechanisms that promote its 

hyperphosphorylation favor a block in differentiation (Weinberg 2007). GATA3, a transcription 

factor involved in the differentiation of luminal epithelial cells such as MCF-7, was identified in 

the nuclear fractions. GATA3 displays an inverse correlation to metastasis capability, strong 

association with estrogen receptors, though it does not appear to be involved in the estradiol 

signaling pathway, and has been suggested as a breast cancer predictor (Chou et al. 2010). In 

addition, GATA3 represses adipocyte differentiation by suppression of the peroxisome 

proliferator-

(Chou et al. 2010).
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Cell adhesion and migration proteins. Cell adhesion and migration play important roles in the 

initiation of tumor invasion and metastasis, which involve dissociation of cell-cell attachments 

by adherens junctions, disconnection into single cells, loss of cell polarity and motility 

acquisition (McSherry et al. 2007). Cell adhesion is responsible for the connection between a cell 

and its extracellular environment, which can be other cells (cell-cell adhesion) or the 

extracellular matrix (cell-matrix adhesion). Regulators of the process are cell adhesion molecules 

and adhesion receptors on the cell surface such as integrins, cadherins and immunoglobulins, 

extracellular matrix proteins such as laminins and collagens, and proteins at the intracellular 

surface of the plasma membrane (cytoplasmic plaque) such as catenins (Gumbiner 1996). Tight 

and adherens junctions are two functionally different types of cell-cell adhesion that we 

encountered within our dataset, among others. Tight junctions (TJ) regulate the passage of ions 

and solutes between cells and are composed of transmembrane proteins (occludin and claudin) 

and cytoplasmic scaffolding proteins (ZO proteins), which can connect to the actin cytoskeleton 

(Gumbiner 1996). We identified 24 TJ-related proteins in our dataset, including ZO1 and ZO2. 

These proteins are required for epithelial tight junction formation and claudin polymerization.

Roles in signal transduction, gene expression, and cell cycle modulation have also been 

described (Bauer et al. 2010; Furuse 2010). 

Adherens junctions (AJ) participate in the initiation and stabilization of cell-cell contacts, actin 

cytoskeleton regulation, transcriptional regulation and intracellular signaling through 

transmembrane cadherin proteins and intracellular catenins (Gumbiner 1996; Hartsock and 

Nelson 2008). The classic cadherin is E-cadherin, which uses its extracellular domain to interact

with E-cadherin proteins on adjacent cells, and its intracellular domain to interact with p120-

- - -catenin. The catenins provide a link to the actin cytoskeleton 

and signaling pathways (Gumbiner 1996; Kobielak and Fuchs 2004; Hartsock and Nelson 2008). 

We identified 22 AJ- - -catenin in all 

- -catenin/E-cadherin complexes and 

several other proteins, and in a homodimeric form, it can bind actin (Kobielak and Fuchs 2004; 

Hartsock and Nelson 2008). This protein is necessary for cadherin-based cell adhesion, and 

reduced levels of the protein have been implicated in epithelial cancers, including breast cancer, 
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and invas -catenin binds to 

E-cadherin, and might stabilize it at the plasma membrane during initial cell-cell adhesion 

(Hartsock and Nelson 2008). It also plays a role in the regulation of cell motility by interaction 

with RHO GTPases, and it has been implicated in breast cancer progression (Braga 2000; Furuse 

2010).

Cell motility involves cytoskeleton reorganization to extend the cell into the intended direction, 

as well as sever and create cell adhesions at the trailing and leading edges, respectively 

(Weinberg 2007). RHO, RAC and CDC42 are well-studied cell motility regulators that belong to 

the RHO subfamily of RAS superfamily of GTPases (Weinberg 2007). We identified RHOA, 

RHOC and RAC1 in the cytoplasmic fractions, and CDC42 in G1C. RHOA and RHOC promote 

actin stress fiber and focal adhesion formation, as well as contraction of the cell in the intended 

direction of movement (Karlsson et al. 2009). RAC1 and CDC42 are responsible for protrusion 

of lamellipodia and filopodia, respectively (Weinberg 2007; Karlsson et al. 2009). CDC42 also 

plays a role in cell polarization, which controls the direction of movement (Karlsson et al. 2009). 

Overexpression of these proteins has been linked to progression and metastasis of breast cancer 

(Weinberg 2007; Karlsson et al. 2009).

Angiogenesis proteins. Angiogenesis is the highly regulated process of new blood vessel 

formation for the purpose of nutrient and oxygen supply required for cell function and survival 

(Hanahan and Weinberg 2000). Though cancer cells are initially deficient in angiogenic ability, 

in order to expand their size, they often acquire and sustain this capability through processes that 

are not completely understood. Angiogenesis is a hallmark of cancer (Hanahan and Weinberg 

2000), but can be tied to other processes in the cell such as inflammation. Deficient blood and 

nutrient supply in tumors leads to necrotic cell death and release of pro-inflammatory proteins, 

such as high mobility group protein B1 (HMGB1), identified in all fractions. Inflammatory 

responses recruit cells of the immune system, which provide growth factors to the surviving cells 

to mediate processes that lead to neovascularization (Grivennikov et al. 2010).



52

Fi
gu

re
 4

.1
0

H
al

lm
ar

ks
 o

f 
ca

nc
er

 r
ep

re
se

nt
ed

 b
y 

id
en

tif
ia

bl
e 

M
C

F-
7 

pr
ot

ei
ns

. T
he

 c
an

ce
r 

pa
th

w
ay

s 
di

ag
ra

m
 w

as
 o

bt
ai

ne
d 

fr
om

 th
e 

K
yo

to
 

En
cy

cl
op

ed
ia

 o
f G

en
es

 a
nd

 G
en

om
es

 (K
EG

G
), 

an
d 

pr
ot

ei
ns

 id
en

tif
ie

d 
in

 o
ur

 d
at

as
et

 w
er

e 
m

at
ch

ed
 to

 th
es

e 
pa

th
w

ay
s.



53

Apoptosis proteins. We identified several pro- and anti- apoptotic proteins that might play a role 

in evasion of programmed cell death. Apoptosis is a tightly regulated process of cell destruction, 

which cancer cells evade in a variety of ways, and this resistance has been recognized as a 

hallmark of tumorigenesis (Hanahan and Weinberg 2000). It consists of membrane blebbing, 

chromatin condensation, DNA fragmentation, cell shrinkage and division into apoptotic bodies 

that are engulfed by nearby cells or macrophages (Elmore 2007; Weinberg 2007). Two main 

apoptotic pathways have been described, the death receptor pathway (extrinsic) and the 

mitochondrial pathway (intrinsic). Both pathways involve a signaling cascade that activates 

caspases, cysteine-dependent aspartyl-specific proteases that cleave proteins. Ultimately, both 

pathways converge in the activation of the executioner caspase-3, which initiates the execution 

phase consisting of the morphological apoptotic changes described above that culminate in cell 

death (Elmore 2007).

The extrinsic pathway involves the activation of transmembrane death receptors from the tumor 

necrosis factor superfamily, which receive death signals from the cell surface and initiate 

intracellular signaling pathways. FAS and TNF-

pathways. Ligand binding results in the recruitment of the FAS-associated death domain protein 

(FADD), identified in the cytoplasmic fractions. FADD associates with procaspase-8, causing its 

activation and entry into the execution phase (Elmore 2007). The intrinsic pathway is triggered 

by growth factor withdrawal, hypoxia, radiation and DNA damage, among other factors. These 

stimuli cause the permeabilization of the outer mitochondrial membrane, and release of

cytochrome c (CYC), DIABLO/SMAC, and the serine protease HTRA2. CYC was identified in 

all fractions of our dataset. Its mitochondrial release ultimately causes activation of procaspase-9

and initiation of the execution phase. HTRA2 and SMAC were identified in the cytoplasmic 

fractions, and the former was also identified in SN. Both proteins restrain the activity of 

inhibitors of apoptosis proteins. After cell death commitment, a second wave of proteins is 

released from the mitochondria, including apoptosis-inducing factor 1 (AIFM1), which was 

identified in all fractions. Upon nuclear translocation, these proteins cause DNA fragmentation 

(Elmore 2007). Pro- and anti- apoptotic members of the Bcl-2 family of proteins regulate the 

mitochondrial pathway. BH3-interacting domain death agonist (BID), identified in the 

cytoplasmic fractions, is a pro-apoptotic protein from this family. BID seems to be inactive in 
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uncleaved form, but upon cleavage, the truncated form mediates permeabilization of the 

mitochondrial membrane. BID can be cleaved by active caspase-8, creating a link between the 

extrinsic and intrinsic pathways (Elmore 2007; Kantari and Walczak 2011).

Oxidative phosphorylation/stress proteins. Oxidative phosphorylation is an energy-producing 

metabolic pathway composed of five mitochondrial membrane-bound multiprotein complexes. 

This pathway uses the energy generated by electron transfer (mediated by complexes I-IV) to 

synthesize ATP (mediated by complex V) (Lemarie and Grimm 2011). Aberrancies in oxidative 

phosphorylation such as electron leakage leading to oxidative stress, and mutations in the 

complexes, have been reported in cancer (Lemarie and Grimm 2011). Several proteins 

representative of the five complexes, that are involved in oxidative stress, were identified in all 

fractions. Reactive oxygen species (ROS) formed from leaked electrons play a role in DNA 

damage, apoptosis induction, and induction of oxidative stress-a process that is abundant in some 

tumors and that promotes angiogenesis and metastasis (Brown and Bicknell 2001; Lemarie and 

Grimm 2011). Antioxidant enzymes such as [Cu-Zn] superoxide dismutase (SODC) and catalase 

(CATA), identified in the cytoplasmic fractions, protect cells by modulating the level of ROS 

activity (Brown and Bicknell 2001; Hileman et al. 2004). While overproduction of ROS induces 

cell death, moderate levels reportedly can confer resistance to apoptosis and promote cellular 

proliferation. Over expression of SODC and CATA has been reported in breast tumors and other 

types of cancer (Brown and Bicknell 2001; Hileman et al. 2004).

Protein degradation/proteasome proteins. The proteasome pathway is important in the study of 

the cell cycle because protein degradation is necessary to maintain normal cellular function by 

the regulation of cell cycle progression and division (Bader et al. 2007). Subunits of the 26S 

proteasome were particularly predominant in the cytoplasmic fractions of our dataset. The 26S 

proteasome is found in both the cytosol and the nucleus, and participates in ATP-dependent 

degradation of polyubiquitinated substrates that regulate gene expression, apoptosis and cell 

cycle (Bader et al. 2007). Protein degradation by the 26S proteasome is considered to be a key 

cell cycle regulatory process as it acts as a one-way switch to guarantee correct cell cycle phase 

transitions (Diehl and Ponugoti 2010).
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4.2.4 Query for putative biomarkers

A query for disease matches within our dataset resulted in the association of 288 proteins 

primarily with cancer (breast, bladder, leukemia, lung, esophageal, kidney, colorectal, brain, 

head and neck), and with a few other diseases such as atherosclerosis, Alzheimer’s, Parkinson’s, 

pancreatitis and neural tube defects. Cancer related proteins were present in all fractions, and a 

total of 42 proteins were matched to breast cancer (Appendix A). Among these proteins, the RB 

and HRAS proteins, which are at the root of signaling pathways that often present mutations and 

abnormalities in a variety of cancers, were identified. Several of the breast cancer-related 

proteins were implicated in DNA damage and repair, including the Xeroderma pigmentosum 

group-C complementing protein (XPC), the DNA repair protein RAD50, and the X-ray repair 

cross-complementing protein 1 (XRCC1).

We also queried the protein list for the presence of known markers of cancer. In a previous 

study, we demonstrated that a simple, one-step LC-MS/MS analysis approach can serve as a 

valuable tool for large-scale biomarker screening in cancer research (Armenta et al. 2010). The 

study enabled the reproducible detection of ~800 proteins and 156 previously reported putative 

biomarkers. The study also compiled a list of several hundred candidate cancer markers from 

various cell lines and tissues, identified by various methods, in various biological laboratories. A 

total of 199 proteins from this biomarker list were matched to the selected list of 1944 proteins in 

the present study, demonstrating the significance of cell cycle related processes to cancer on-set 

and development. The identified putative cancer markers are listed in Appendix B. Prominent 

among these proteins we identified Ki-67, prohibitin (PHB) and cathepsin D. Ki-67 has been 

proven as a useful biomarker in multiple myeloma and soft tissue sarcoma, and extensive studies 

of its prognostic value have been performed in prostate and breast cancers (Scholzen and Gerdes 

2000). Based on its subcellular localization, PHB may have many cellular functions, and 

increased expression has been reported in several cancer types (cervix, esophagus, stomach, 

breast, lung, bladder, thyroid, ovary, prostate). With relevance to cancer, roles in cell 

proliferation, apoptosis, transcription, and signaling have been described. Both pro- or anti-

proliferative roles have been identified (Theiss and Sitaraman 2011). Cathepsin D is an aspartic 

endopeptidase that has been extensively studied as a tumor marker in breast cancer. Associations 

between its expression levels and its biomarker utility have been described in neuroblastoma, 
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glioma, melanoma, head and neck, endometrial, ovarian, colon, thyroid, pancreatic, liver, lung, 

bladder, prostate and gastric cancers (Benes et al. 2008). A list of proteins discussed in this 

chapter is provided in Appendix C.

4.3 Conclusions
An LC-MS/MS proteomics approach was developed for generating a qualitative proteomic 

profile of MCF-7 ER+ breast cancer cells in the G1 and S phases of the cell cycle. Nuclear and 

cytoplasmic fractionation of the protein extracts served to increase the protein identifications in 

each cellular component. Five technical replicates of each fraction were analyzed by LC-MS/MS 

to maximize the number of identified proteins per sample. Three biological replicates of each 

cell state (G1N, G1C, SN, SC) generated >2700 protein identifications (p<0.001). High 

reproducibility was observed between all biological replicates at every step of the analysis. 

Based on reproducibility measurements of protein identifications, only proteins that were 

identified in at least two biological replicates of any cell state (1944 proteins) were considered 

for further data analysis and biological interpretation. Bioinformatics tools enabled the 

annotation of biological processes and cellular components that were associated with the proteins 

identified in the dataset. These proteins were representative of cell cycle and cancer relevant 

biological processes such as cell proliferation, apoptosis, signaling, angiogenesis, differentiation, 

cell adhesion and migration, among others. At least 42 proteins were indicative of breast cancer 

disease, and 199 proteins were previously recognized as putative cancer biomarkers in the 

literature. Overall, the generated results highlight the utility of our proteomic approach for 

maximizing the number of confident protein identifications, and for characterizing the processes 

involved in cell cycle entry and progression in ER+ breast cancer cells.
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CHAPTER 5: QUANTITATIVE PROTEOMIC PROFILE OF THE MCF-7
BREAST CANCER CELL LINE

5.1 Introduction
Cancer is characterized by uncontrolled proliferation of abnormal cells as a result of multiple 

acquired mutations that often lead to over-expression of oncoproteins (pro-survival and 

proliferation proteins) or loss of expression of tumor suppressors (Weinberg 2007). The 

identification of proteins that change expression level to promote cell cycle deregulation is of 

great importance to cancer research as it can help improve our understanding of the disease and 

can provide new venues for the identification of therapeutic targets. Over-expression of the G1 

and G1/S transition cyclins D and E was observed in the majority of breast cancers (Vermeulen 

et al. 2003; Fu et al. 2004). Expression of cyclin D1 can be induced by several mitogenic signals 

including hormones such as estrogen. In addition, cyclin D1 can bind to several transcription 

factors and nuclear receptors such as estrogen receptor (Fu et al. 2004). Lai et al. investigated 

the synergistic mitogenic effects of insulin and 17 -estradiol (E2) on G0/G1 arrested MCF-7

cells, and found that insulin alone increased gene expression of cyclins D1 and E, and the CDK 

inhibitor p21, but did not induce S-phase entry. E2-treatment alone resulted in a greater 

expression of cyclin D1, decreased expression of p21 and synchronous S-phase entry. Treatment 

with both mitogens stimulated S-phase entry and formation of cyclin E-CDK2 complexes that 

lacked p21, but following adenovirus-induced expression of p21, MCF-7 cells did not readily 

enter S-phase. These results suggested that the inhibitory effects of E2 on p21 were sufficient to 

override its insulin-induced expression, allowing the formation of cyclin E-Cdk2 complexes and 

subsequent S-phase entry (Lai et al. 2001). Rodriguez-Mora et al. studied the effect of calcium, 

which is required for cell growth and proliferation, and of Ca2+/calmodulin-dependent kinases on 

progression through the breast cancer cell cycle. The authors noted that inhibition of calmodulin-

dependent kinase 1 and calmodulin-dependent kinase kinase caused arrest in G0/G1, suggesting 

a major role for these kinases in the control of the R-point by inhibited synthesis of cyclin D1 

and decreased phosphorylation of pRb (Rodriguez-Mora et al. 2005). Caldon et al. studied the 

differential effect of E2 on cyclins E1 and E2 in MCF-7 cells, and noted that cyclin E1 is 

activated by c-Myc and cyclin D1, whereas cyclin E2 is induced by cyclin D1 and its 
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upregulation requires the chromatin remodeling factor chromodomain helicase DNA binding 

protein 8 (CHD8) and E2F1 transcription (Caldon et al. 2009). 

5.2 Results and discussion
In this part of the study, the focus of our work was on assessing the changes at the proteome 

level between the G1 and S-stages of the MCF-7 cell cycle. For this purpose, we developed a 

method for differential expression analysis that relied on spectral counting, a label-free method 

that correlates the abundance of proteins in a sample and the number of tandem mass spectra that 

match those proteins (Bantscheff et al. 2007; Xie et al. 2011). The data were normalized prior to 

quantitation, and statistical significance of differential expression was assessed with a two-tailed 

paired t-test. The results were used to identify the pathways, biological mechanisms, and specific 

proteins that play a role in driving ER+ breast cancer cells into division. 

5.2.1 Development of a quantitative approach for differential protein analysis

Proteomic studies of complex samples such as the MCF-7 cell extracts require multiple sample 

preparation steps including cell culture, protein extraction, fractionation, digestion, and clean-up, 

prior to LC-MS/MS analysis. For the qualitative analysis of these samples we developed an 

experimental protocol that ensured the identification of a large number of proteins and high 

levels of reproducibility at every step. For comparative studies, further steps were necessary to 

ensure the reliable selection of proteins that displayed differential expression between various 

cell states. We developed a quantitative strategy with filters that were applied at three distinct 

levels of data processing: (a) MS data filtering, (b) biological data filtering, and (c) statistical 

data filtering (Figure 5.1). Raw MS data filtering consisted of using two sets of MS filters: (a) 

Xcorr vs. charge state (z) set at 1.9 for z=1, 2.2 for z=2, and 3.8 for z 3; and (b) p<0.001. These 

filters generated 2725 protein identifications with an FDR of 2-4 %. Biological data filtering 

entailed the selection of proteins that were identified in at least two biological replicates of any 

cell state (G1N, G1C, SN, SC), reducing the number of qualifying proteins to 1944. Statistical 

data filtering comprised normalization of the data and differential expression analysis. Prior to 

these steps, we used an in-house developed Perl script to compile the MS data of 60 LC-MS/MS 

runs from twelve samples (three biological replicates of four cell states, five technical replicates 
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of each sample), and create and alignment of proteins and their respective spectral counts. The 

spectral counts of the five technical replicates were averaged to determine the final counts for 

each protein. Next, we summed the spectral counts in each sample, and averaged these totals to 

determine the normalization factor. For differential expression analysis, we performed 

comparisons of the G1 and S nuclear and cytoplasmic samples separately. Applying all previous 

filters, 1234 and 1273 proteins were considered in the nuclear and cytoplasmic comparisons, 

respectively. In both cases, the analysis consisted of four steps for each protein: (a) calculation of 

the G1-to-S spectral count ratios in each of the three biological replicates, (b) calculation of log2

values for each G1/S ratio, (c) calculation of an average log2 value, and (d) calculation of a p-

value by applying a two-tailed paired Student’s t-test.

Proteins that displayed at least a 2-fold change based on the average log2 value (p<0.2), were 

taken into consideration for quantitative analysis. Volcano plots provided in Figure 5.2 illustrate 

the outcome of the statistical data processing step. A total of 395 and 312 proteins passed the p-

value requirement in the nuclear and cytoplasmic differential expression analyses, respectively. 

Of these, 95 and 76 proteins displayed up-regulation ( 2-fold change in spectral counts) in the 

Figure 5.1 Data processing filters. Differential protein expression analysis relied on filters applied at three
distinct levels of data processing: MS, biological and statistical.



64

G1 and S nuclear fractions, and 63 and 48 proteins displayed up-regulation in the G1 and S 

cytoplasmic fractions, respectively.

A standard mixture of 8 proteins, spiked in each extract, was used as a control for validating the 

reliability of the 2-fold threshold selected for differential expression. The average number of 

spectral counts for these standards in all cell states, and the relative standard deviation (RSD) for 

three biological replicates of each cell state, are provided in Figure 5.3. All standards were 

identifiable in the dataset, and in contrast to the MCF-7 proteins, none of them passed the 

statistical filters selected for assessing differential expression ( 2-fold change, p<0.2). As 

expected, the observable trend was that larger spectral counts displayed smaller RSDs, and 

viceversa, indicating that proteins matched by a larger number of spectral counts (e.g., 

hemoglobin , hemoglobin , -casein) could represent a better choice for validation.
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Figure 5.2 Volcano plot of MCF-7 protein expression data (G1 and S cell states). All proteins identified in at 
least two biological replicates of G1N, SN, G1C or SC were considered for differential protein expression 
analysis. Areas shaded in grey represent proteins that were up-regulated at least 2-fold with p-value<0.2.
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5.2.2 Networks of up-regulated proteins

Proteins that displayed differential expression between the G1 and S cell cycle phases in the 

nuclear and cytoplasmic fractions were queried using bioinformatics tools to identify functional 

protein networks within each group. Figures 5.4 and 5.5 illustrate the protein interactions 

identified in the G1N/SN and G1C/SC comparisons, respectively. The majority of proteins fit 

into multiple biological categories, thus the labels assigned are most representative for the group 

rather than for individual proteins. A list of proteins discussed in this section is provided in 

Appendix C.

5.2.2.1 G1 nuclear cellular subfraction

Protein networks in G1N, as compared to SN, were representative of DNA damage repair, 

transcription, ribosome biogenesis and nuclear lamina/chomatin organization.

Figure 5.3 Spectral counts and relative standard deviation results for the standard bovine proteins used as 
a control for establishing the differential expression thresholds. Each MCF-7 sample was spiked with eight
standard bovine proteins prior to MS analysis. None -fold 
change, p<0.2) in the comparison of the cell states. Low spectral counts correlated with larger RSD values.
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DNA damage repair. A predominant network in G1N was composed of up-regulated proteins 

involved in DNA repair: Xeroderma pigmentosum group C-complementing protein (XPC), 

bifunctional polynucleotide phosphatase/kinase (PNKP), X-ray repair cross-complementing 

protein 1 (XRCC1), MutS protein homolog 3 (MSH3), DNA repair protein RAD50, tumor 

suppressor p53 binding protein 1 (TP53B), and menin (MEN1). Cells have several DNA repair 

mechanisms to correct genomic damage caused by replication errors, chemical and 

environmental factors (Weinberg 2007). The mechanisms and damage targets vary, for example: 

nucleotide excision repair (NER) corrects bulky DNA lesions that cause helical distortions by 

removal of a short strand containing the damaged bases, base excision repair (BER) targets 

minor chemical nucleotide alterations by removal of the affected base, mismatch repair (MMR) 

corrects miscopied DNA bases after DNA synthesis, homologous recombination (HR) is a 

method of double-strand break (DSB) repair that uses sister chromatids as a template to restore 

genomic sequences, and non-homologous end-joining (NHEJ) targets DSBs by rejoining the 

broken ends using DNA ligases, though this process can lead to inaccuracy (Morgan 2007; 

Weinberg 2007; Ciccia and Elledge 2010). XPC participates in damage recognition in NER 

(Capella et al. 2008). PNKP and XRCC1 are involved in patching damaged sites in BER and in 

an alternate mechanism of NEHJ (Capella et al. 2008; Ciccia and Elledge 2010). PNKP has a 

role in processing single and double strand break termini in a variety of DNA repair mechanisms 

(Weinfeld et al. 2011). MSH3 in a heterodimer complex with MSH2, identified in the nuclear 

fractions, recognizes DNA damage sites in MMR (Capella et al. 2008). RAD50 participates in 

HR by stabilization of DSB ends and initial resection as part of the MRN complex (Ciccia and 

Elledge 2010). DSB resection is usually promoted in S and G2 where sister chromatids are 

accessible for HR, however, TP53B can inhibit further resection and promote NHEJ by bringing 

ends together for ligation (Ciccia and Elledge 2010). Up-regulation of MEN1 has been observed 

in cells presenting DNA damage and increased proliferation. A transcriptional regulation role for 

MEN1, blocking G1/S transition by regulating expression of CDK inhibitors, has also been 

described (Balogh et al. 2010). The telomeric repeat-binding factor 2 (TERF2) was also 

identified in this network. TERF2 mediates T-loop formation, stabilizes telomere structure, 

participates in negative regulation of telomere length and binds DNA repair proteins that also 

play a role in telomere homeostasis (De Boeck et al. 2009). As part of the DNA damage 

response, TP53B and other proteins accumulate at the chromosome ends upon inhibition of 



69

TERF2 or critical telomere shortening (de Lange 2005). It is clear that a crosstalk exists between 

telomere maintenance and DNA repair, as unprotected telomeres activate the DNA damage 

response machinery. 

Transcriptional regulators. Several transcriptional regulators demonstrated predicted 

interactions with each other and with the repair proteins: C-terminal binding protein 2 (CTBP2), 

zinc finger proteins 217 (ZN217) and 512B (Z512B), methyl-CpG-binding domain protein 2 

(MBD2), Set1/Ash2 histone methyltransferase complex subunit ASH2 (ASH2L), and proline-,

glutamic acid- and leucine-rich protein 1 (PELP1). CTBP2 is a transcriptional corepressor. 

ZN217 interacts with CTBP2, and seems to have a role in transcriptional repression, including 

silencing of p15 expression (Thillainadesan et al. 2008). In addition, amplification of ZN217 is 

associated to resistance to growth-inhibitory response to TGF- in breast cells (Thillainadesan 

2008). Z512B seems to decrease transcriptional activity of SMADs in the TGF- pathway, 

expression of E2F1 and cell proliferation, while increasing RAS expression and apoptosis (Tili et 

al. 2010). MBD2 acts as a transcriptional repressor on methylated DNA, and seems to have a 

role in tumorigenesis by silencing tumor suppressor genes, including p14 and p16 (Berger and 

Bird 2005). ASH2L is part of a histone methyltransferase complex that methylates Lys-4 of 

histone 3 tails, usually leading to gene activation (Scacheri et al. 2006). In association with this 

complex, MEN1 positively regulates transcription of CDK inhibitors p18 and p27, inhibiting cell 

proliferation (Scacheri et al. 2006). PELP1 interacts with estrogen receptors, enhances 

transcriptional effects of estrogen signaling, and promotes E2-mediated cell cycle progression by 

interaction with RB (Brann et al. 2008). Over-expression of PELP1 leads to expression of cyclin 

D1 and hyperphosphorylation of RB (Balasenthil and Vadlamudi 2003). Altogether, up-

regulation of these transcriptional regulators, suggests both decreased and increased expression 

of CDK inhibitors, leading to both promotion and blocking of G1/S transition and proliferation. 

It is possible that some of these proteins such as MBD2 provide proliferative capacity even in the 

absence of growth factors, and some other proteins such as ASH2L and MEN1 maintain the cells 

in their arrested state (G1). In addition to transcriptional regulators, we also identified a small 

network composed of subunits of the RNA polymerase II-mediated transcription machinery. 

TAF6 and T2EA are subunits of the general transcription factor complexes IID and IIH, 
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respectively. MED8, MED22, and MED24 are members of the Mediator complex, which 

interacts with polymerase II, and participates in the stimulation and regulation of transcription 

initiation, a major regulatory step of gene expression (Casamassimi and Napoli 2007). 

Nuclear lamina. The nuclear envelope (NE) separates the nucleus from the cytoplasm, and 

additional functions in cancer-relevant processes such as chromatin regulation, gene expression, 

signaling, cell proliferation and DNA repair have been described (de las Heras et al. 2012). 

Isoform beta/gamma of the NE transmembrane protein lamina-associated polypeptide 2 

(LAP2B), and lamins (LMN) A/C and B1 were identified in one of the protein networks. LAP2B 

is transcriptionally up-regulated in a variety of tumors, and may have a regulatory role in nuclear 

growth. LAP2B binds to barrier-to-autointegration factor (BAF), identified in all fractions, to 

participate in chromatin folding, and its overexpression has been linked to inhibition of E2F-

dependent transcription (de las Heras et al. 2012). Lamins, the only known filament system in 

the nucleus, participate in signaling by binding and sequestering transcription factors (de las 

Heras et al. 2012). LMNA/Q3BDU5 interacts with lamina-associated polypeptide 2 isoform 

alpha (LAP2A) and the retinoblastoma-associated (RB1) proteins, both of which were identified 

in the nuclear fractions, to sequester the RB1/E2F complex and arrest the cell cycle in the G1 

phase (de las Heras et al 2012). Up-regulation of LMNA and LAP2B in G1N is in accordance 

with the arrested state of the MCF-7 cells. Upon recognition of persistent DSBs, LMNB1-

containing invaginations of the NE can be relocated to the DSBs, and the DSBs can also relocate 

and become tethered to the NE, though the reasons remains unclear (de las Heras et al. 2012).

Within this network we also observed a number of actin cytoskeleton-related proteins: dynamins 

1 (DYN1) and 2 (DYN2), -catenin (CTND1), actin-related protein 2/3 complex subunit 5 

(ARPC5), and neural Wiskott-Aldrich syndrome protein (WASL). In the nucleus, actin has been 

reported to participate in chromatin remodeling, RNA processing, stability of the nucleoskeleton, 

and transcription. WASL appears to be important in actin polymerization as it relates to 

transcription (Wu et al. 2006). In addition, transcription factor Ying Yang 1 (YY1), a protein that 

appears to have important roles in cell cycle and tumorigenesis, was also part of this network. 

YY1 can initiate transcription initiation and can regulate gene expression through activation or 



71

repression. YY1 can prevent cyclin D1 accumulation by blocking the gene promoter, and its 

over-expression promotes p53 ubiquitination and degradation. In addition, YY1 can bind RB to 

promote progression to S phase (Gordon et al. 2006).

Ribosome biogenesis and translation. A network primarily composed of proteins involved in 

ribosome biogenesis and translation was observed. Production of ribosomes and translation are 

critical, high energy-consuming processes in cell growth and proliferation. Cancer cells are 

known to display elevated ribosomal biogenesis and protein synthesis. Ribosomes, composed of 

rRNAs and ribosomal proteins (r-proteins), are assembled in the nucleolus, and exported to the 

cytoplasm where they are responsible for protein synthesis. Translation occurs in the cytoplasm, 

though it has also been reported to occur in the nucleus, and it is mediated by ribosomes, 

mRNAs, tRNAs and translation initiation and elongation factors (Scherl et al. 2002; Dai and Lu 

2008; Freed et al. 2010). A number of proteins involved in translation were identified in this 

network. IF2A is a subunit of translation initiation factor eIF2, and in its phosphorylated stated 

plays a role in halting protein synthesis. Phosphorylated IF2A activates the NF B signaling 

pathway in response to endoplasmic reticulum stress (Jiang et al. 2003). Eukaryotic release 

factor 1 (ERF1) recognizes termination codons, is required for termination of translation, and has 

been shown to interact with PP2AA and 2AAA. ERF1 brings the PP2A complex in proximity to 

ribosomes, possibly to initate ribosome disassembly (Lechward et al. 1999). Signal recognition 

particle 9kDa protein (SRP9) participates in recognition of nascent secretory proteins, and moves 

the ribosome to the rough endoplasmic reticulum membrane. The protein seems to be up-

regulated in colorectal cancer (Rho et al. 2008). Proteins involved in ribosome biogenesis of the

60S subunit were also identified: RL18A is a component of the subunit, and Brix domain-

containing protein 2 (BXDC2) and nucleolar protein 5A (NOL5A) are required in the subunit 

production (Kaser et al. 2001; Hayano et al. 2003). It is possible that the up-regulation of 

translation-related proteins in this fraction could be attributed to endoplasmic reticulum 

contamination due to the proximity of this cellular component to the nuclear membrane, 

however, given that protein synthesis has been reported to also take place in the nucleus, and 

other translation factors were identified in a large-scale proteomic analysis of the nucleolus, we 

cannot discard that these proteins might be significant in G1N (Scherl et al. 2002). Moreover, 
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given our cell processing protocol, similar contaminaton of the S nuclear proteins would have 

been expected, as well.

5.2.2.1 S nuclear cellular subfraction

Protein networks in SN, as compared to G1N, were representative of control of cell proliferation, 

transcription, oxidative phosphorylation and ribosome biogenesis.

Control of cell proliferation. A large cluster containing proteins with roles in the regulation of 

proliferation was observed. At the center of this network we observed three important 

proliferation markers: cyclin-dependent kinase 1 (CDK1/CDC2), required for entry into S-phase 

and mitosis in higher cells, antigen Ki-67, expressed throughout the cell cycle of a proliferating 

cell but not in the G0 resting phase, and proliferating cell nuclear antigen (PCNA), involved in 

the control of eukaryotic DNA replication. Although PCNA has been found to be up-regulated in 

proliferating cells, including breast cancer cells, its poor correlation to Ki-67 possibly due to its 

involvement in DNA repair processes limits its use as a proliferation predictor (van Diest et al.

1998; Beresford et al. 2006). Adapter protein 14-3-3 epsilon (1433E), which participates in 

signaling regulation and activity modulation of a large number of binding partners, was also 

identified in this network. This protein appears to have a role in the regulation of DNA 

replication by binding secondary DNA structures at origins of replication upon S phase onset 

(Zannis-Hadjopoulos et al. 2008). A protein interaction branch consisting of heat shock 70 kDa 

protein 9 (HSPA9/GRP75), prohibitin (PHB), and ATP-dependent zinc metalloprotease 

YME1L1 (YMEL1), stems from 1433E. HSPA9 is a cytoplasmic protein that localizes to the 

perinuclear region of MCF-7 cells and other immortalized cells, and has roles in cellular 

proliferation and aging. Its over-expression has been suggested to be a marker of cell 

transformation (Czarnecka et al. 2006). PHB serves as a foldase/unfoldase molecular chaperon in 

the mitochondria, and as a transcription modulator in the nucleus (Czarnecka et al. 2006; Mishra 

et al. 2006). It has been suggested to be a potential predictive marker in breast cancer due to its 

reported deregulation in the disease, and over-expression in several cell lines including breast 

cancer ones (Czarnecka et al. 2006). PHB was shown to be estrogen regulated, and is involved in 

a variety of signaling pathways. Phosphorylation and inhibition of phosphorylation of PHB 

through these pathways produces proliferative and antiproliferative effects, respectively (Mishra 
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et al. 2010). PHB interacts with ATP-dependent AAA-proteases such as YMEL1 in the 

regulation of protein metabolism in the mitochondria (Czarnecka et al. 2006).

A few additional proteins that have been specifically associated with breast cancer cell 

proliferation were identified in this network. Growth-factor receptor binding protein 2 (GRB2) 

has been reported to be over-expressed in breast cancer with predominant localization in the 

nucleus (Verbeek et al. 1997). Homeobox protein cut-like-1 (CUTL1) is a transcriptional 

regulator associated with TGF- -promoted cell invasion and motility, and its expression is 

inversely correlated with breast cancer survival (Michl et al. 2005). Ras GTPase-activating 

protein-binding protein 2 (G3BP2) demonstrates over-expression in a majority of breast tumors. 

The protein has nuclear localization in the active cell cycle, and a possible role in cell cycle 

control as an RNA transporter has been suggested (French et al. 2002).

Transcription. Proteins with roles in transcription were identified in a small network: 

RPB11/POLR2J, a subunit of DNA-directed RNA polymerase II, RPAC1/POLR1C, a subunit of 

DNA-directed RNA polymerases I and III, INT10, a subunit of the Integrator complex, and 

nucleoside diphosphate kinase (NDK8), which participates in nucleotide metabolism. RNA 

polymerase II is responsible for the synthesis of mRNA, while RNA polymerases I and III are 

responsible for the synthesis of rRNA and tRNA (Vannini and Cramer 2012). The Integrator 

complex in association with RNA polymerase II processes the 3’ ends of small nuclear RNAs U1 

and U2, which are components of the spliceosome (Baillat et al. 2005).

Oxidative phosphorylation. NDUA4 and NDUBA, subunits of NADH dehydrogenase (complex 

I) and ATPA and ATP5H, members of ATP synthase (complex V) of the oxidative 

phosphorylation system, formed a small network. Complex I catalyzes the oxidation of NADH to 

NAD+ in the first step of the respiratory chain, and is one of the main sources of reactive oxygen 

species formation. Complex V is responsible for the generation of ATP, and its coupling to the 

respiratory chain is known as oxidative phosphorylation (Lemarie and Grimm 2011).
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Ribosome biogenesis. A protein involved in ribosome biogenesis of the 40S subunit, NEP1, 

formed a small network with nucleolar complex protein 4 homolog (NOC4L). In addition, two 

ribosome components, RL10 of the 60S subunit and RS21 of the 40S subunit, were also 

identified in a small network.

5.2.2.1 G1 cytoplasmic cellular subfraction

Protein networks in G1C, as compared to SC, were representative of signal 

transduction/cytoskeleton regulation, proteosomal degradation, mitochondrial respiration/peptide 

processing and fatty acid metabolism.

Signal transduction/cytoskeleton regulation. A number of proteins involved in signaling and 

regulation of the cytoskeleton were identified: KS6B1, STAT3, RHOA, ITGB1, LEG1, CLIC1, 

GELS, ACTZ, and MYO1B. Ribosomal protein S6 kinase beta-1 (KS6B1) is a serine/threonine 

kinase with a primary role in cell growth. KS6B1 is localized in the cytoplasm in its inactive 

form, and upon activation, it localizes in the nucleus and in the cytoplasm. KS6B1 is involved in 

several signaling pathways (Fenton and Gout 2011). Signal transducer and activator of 

transcription 3 (STAT3) is a transcription factor that plays a role in cell survival upon tyrosine 

kinase activation, and has been recognized as an oncogene. In addition, phosphorylated STAT3 

participates in evasion of the immune response (Levy and Inghirami 2006). RHOA is a GTPase 

involved in the regulation of the cytoskeleton and several cancer-relevant cellular processes such 

as cell cycle, migration, apoptosis and angiogenesis, and its overexpression has been observed in 

breast cancer (Karlsson et al. 2009). Integrin beta-1 (ITGB1/Q8WUM6) participates in 

connecting the extracellular matrix to the intracellular actin cytoskeleton, and is also involved in 

signaling that leads to the regulation of several cellular processes such as proliferation, survival, 

differentiation and migration. ITGB1 expression in mammary epithelial cells correlates to 

proliferation and its loss results in up-regulation of p21 (Li et al. 2005). Galectin-1 (LEG1) 

displays many protein interactions and has several cellular roles. LEG1 interacts with ITGB1, 

increasing its activation, and with RHOA, increasing its expression and cell motility. LEG1 has 

been reported to participate in signaling resulting in both increased and decreased cell growth, 

increased adhesion, and increased invasion. Interaction of LEG1 and H-RAS has also been 

described, and results in activation of the ERK signaling pathway and increased cell proliferation 
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(Camby et al. 2006). Gelsolin (GELS) participates in calcium- and PIP2- regulated severing of 

actin filaments in cells undergoing proliferation and apoptosis (Sun et al. 1999). ACTZ is an 

actin-related protein filament component of the dynactin complex, which is essential for dynein 

motor activity in the microtubule cytoskeleton (Cardon and Vale 2009). MYO1B is a motor 

protein with roles in cytoplasmic distribution of endosomes and lysosomes, and associates with 

actin to modify the morphology of sorting endosomes, and regulate their protein transport 

activity (Salas-Cortes 2005).

Proteosomal degradation. A network associated with protein degradation included CUL4B, 

DERL1, NPL4 and DNJB2. Cullin-4B (CUL4B) is responsible for maintenance of optimal levels 

of cyclin E, and participates in proteosomal degradation of the protein. Its nuclear localization is 

imperative for normal cell cycle progression, and its loss in Drosophila corresponds to G1 arrest 

(Zou et al. 2009). In addition, CUL4B plays a role in reducing mTOR-mediated phosphorylation 

of K6S1, important in the regulation of ribosome biosynthesis and translation initiation 

(Kerzendorfer et al. 2011). Derlin-1 (DERL1) participates in relocation of misfolded proteins 

from the endoplasmic reticulum (ER) to the cytosol for ER-associated proteosomal degradation 

(ERAD). The protein is over-expressed in breast cancer, and its expression is induced by ER 

stress and confers protection against apoptosis promoted by this stress (Wang et al. 2008). 

Nuclear protein localization protein 4 homolog (NPL4) is required in ERAD after ubiquitination, 

but prior to degradation (Bays and Hampton 2002). DnaJ homolog subfamily B member 2 

(DNJB2) participates in chaperone-assisted ubiquitylation and ERAD, recognizes ubiquitinated 

proteins, and protects ubiquitin chains from deubiquitylation (Westhoff et al. 2005).

Mitochondrial respiration/peptide processing. A network composed of subunits of the 

mitochondrial respiratory chain was observed: NADH-ubiquinone oxidoreductase (NU2M) from 

complex I, cytochrome b-c1 complex subunits 1 (QCR1) and 2 (QCR2) from complex III, and 

cytochrome c oxidase subunit 5B (COX5B) from complex IV. Complexes I and III are the main 

sources of reactive oxygen species formation in the mitochondrial respiratory chain. Complex IV 

is responsible for proton translocation and O2 reduction (Lemarie and Grimm 2011). Within this 

network, we also identified a group of proteins that have roles in peptide modifications: AMPL, 

DPP2, BGAL, and FUCO. Cytosol aminopeptidase (AMPL) catalyzes the removal of some N-
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terminal amino acids from peptides, and appears to be involved in protein processing and 

turnover (The UniProt Consortium 2012). Dipeptidyl peptidase 2 (DPP2) is a serine protease that 

has been shown to maintain cells in a quiescent state while preventing them from committing 

apoptosis (Mele et al. 2009). Beta-galactosidase (BGAL) cleaves beta-linked terminal galactosyl

residues from glycoconjugates (Hinek 1996). Tissue alpha-L-fucosidase (FUCO) catalyzes the 

hydrolysis of alpha-1,6-linked fucose in glycoproteins (The UniProt Consortium 2012).

Fatty acid metabolism. A group of proteins involved in fatty acid metabolism, i.e., peroxisomal 

3-ketoacyl-CoA thiolase (THIK), peroxisomal multifunctional enzyme type 2 (DHB4), and 

mitochondrial medium-chain specific acyl-CoA dehydrogenase (ACADM), were identified in a 

network with AP2A1. The AP-2 complex subunit alpha-1 (AP2A1) participates in the regulation 

of receptor-mediated endocytosis by associating the AP-2 complex to the plasma membrane 

(Nakatsu and Ohno 2003). Peroxisomal and mitochondrial fatty acid -oxidation participates in 

the break down of fatty acids for energy production. Peroxisomal -oxidation is required for the 

initial oxidation of branched chain fatty acids and other fatty acids that cannot be oxidized by 

mitochondria. Increased fatty acid metabolism has been reported in liver and prostate cancer 

(Ockner et al. 1993; Liu 2006). 

5.2.2.1 S cytoplasmic cellular subfraction

Protein networks in SC, as compared to G1C, were representative of DNA replication control, 

nuclear protein import and protein processing.

DNA replication control. A network composed of the minichromosome maintenance complex 

(MCM) proteins 2, 4 and 7 was identified in SC. In addition to helicase activity during DNA 

replication in the nucleus, MCM proteins localize to the centrosome throughout the cell cycle, 

and regulate its duplication (Knockleby and Lee 2010). Proteins involved in the production of 

deoxyribonucleotides necessary for DNA synthesis were also identified in a network: 

ribonucleoside-diphosphate reductase subunit M2 (RIR2), thymidine kinase (TK1/KITH), and 

dUTP pyrophosphatase (DUT). Expression of proteins involved in nucleotide synthesis increases 

after the G1/S transition, and decreases after S-phase (Sherley and Kelly 1987).
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Nuclear protein import. A protein cluster composed of nuclear import proteins IMA2, IPO5 and 

IPO11, was also identified. Importin subunit alpha-2 (IMA2) recognizes classical nuclear 

localization signals and participates in transporting proteins to the nucleus (Chook and Bloebel 

2001). Importin-5 (IPO5/Q86XC7) is responsible for nuclear import of a variety of proteins such 

as c-Jun and ribosomal protein RS3a, although most protein cargos recognized by IPO5 can be 

recognized by alternate importins. Importin-11 (IPO11) is responsible for nuclear import of 

activated and ubiquitin-charged class III ubiquitin E2 enzymes UbcM2, UbcH6 and UBE2E2 

(Chook and Suel 2011). Within this network, two multifunctional proteins were identified: 

DDX5 and UBQL1. DEAD box protein 5 (DDX5) has RNA helicase activity, interacts with the 

spliceosome, and acts as a transcriptional co-activator of ER , p53 and other transcription 

factors. The RNA processing activity of DDX5 is independent of its co-transcriptional activity, 

which might have a role in cancer (Fuller-Pace and Ali 2008). Ubiquilin 1 (UBQL1) can bind 

and modulate the expression of several cytosolic and transmembrane proteins, acts as a linker 

between the proteasome and the ubiquitination machinery, prevents aggregation of misfolded 

proteins, and might play a role in altering lysosomal autophagy (Zhang and Saunders 2009).

Protein processing. A network of proteins involved in protein processing included PFD5, EIF3C 

and RL26L. Prefoldin subunit 5 (PFD5) has a role in the folding of new proteins, and can inhibit 

the transcriptional activity of c-Myc (Sakamuro and Prendergast 1999). Subunit 3C of translation 

initiation factor eIF3 (EIF3C) has an important role in protein biosynthesis, and its over-

expression has been implicated in malignant transformation in fibroblasts (Grzmil et al. 2010). 

RL26L is a component of the 60S ribosome subunit. Two zinc metalloendopeptidases formed a 

small network: insulin-degrading enzyme (IDE) and endothelin-converting enzyme 1 (ECE1). 

IDE associates with and degrades insulin and other peptides (Malito et al. 2008). ECE1 converts 

inactive big endothelins into active endothelins (Schweizer et al. 1997). IDE and ECE1 also 

participate in the degradation of amyloid- , most significant in Alzheimer’s disease (Wang et al.

2009).

Endocytosis. Two proteins involved in endocytosis formed a small network, i.e., DYN2 and 

TFR1. Dynamin-2 (DYN2) is involved in clathrin-dependent and clathrin–independent 
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endocytosis, as well as membrane trafficking, and cytoskeleton regulation (Durieux et al. 2010). 

Transferrin receptor protein 1 (TFR1) mediates cellular iron uptake by receptor-mediated 

endocytosis (Ponka and Lok 1999).

5.2.3 Signaling pathways of up-regulated proteins

A summary of selected pathways identified within the quantitative dataset along with the number 

of proteins that matched each pathway is provided in Table 5.1. Signal transduction pathways 

have a multitude of cellular roles and biological outcomes that coordinate cell homeostasis or 

other cell behaviors in response to a changing environment. Altered signaling pathways are often 

found in cancers and these changes affect cell proliferation and survival, morphology, and other 

processes related to the hallmarks of cancer (Kalderon 2008). The signaling pathways that were 

most affected by the cell cycle arrest/release process in MCF-7 cells included Wnt, TGF-

insulin, MAPK/ErbB and chemokine signaling. Other, somewhat less represented pathways 

included p53, Notch, mTOR, Jak-STAT, VEGF and calcium signaling.

Signaling pathways in G1N

The signaling pathways most affected in G1N were Wnt (CUL1, CTBP2, PP2AA, 2AAA) and 

TGF- (CUL1, PP2AA, 2AAA). The Wnt signaling pathway has been implicated in 

maintenance of undifferentiation and tumorigenesis through altered gene expression (Weinberg 

2007; Kalderon -catenin to accumulate in the 

cytoplasm, and translocate to the nucleus where it associates with TCF/LEF transcription factors 

to promote expression of several important genes including cyclin D1 and Myc, significant in 

-catenin is tagged 

-TRCP (SCF -Trcp) ubiquitin ligase 

complex (Latres et al. 1999; Polakis 2000). CUL1 displayed up-regulation in G1N, and slight 

elevated expression of SKP1 was also observed in G1N and G1C, though not enough to pass our 

differential expression filters. This suggests that protein degradation might be particularly 

important in the arrested state. C-terminal binding protein 2 (CTBP2) is involved in 

tumorigenesis and though differential nuclear and cytoplasmic roles have been described, the 

protein is expressed in the nucleus of MCF-7 cells (Birts et al. 2011). CTBP2 is a negative 
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regulator of the Wnt pathway, as it appears to have corepression activity on TCF transcription 

factors, prevents -catenin from binding TCFs, and represses transcription of Wnt target genes 

(Liang et al. 2011). We observed the up-regulation of the catalytic subunit (PP2AA), and of the 

65kDa regulatory subunit A (2AAA) of PP2A. PP2A is a serine/threonine phosphatase that 

seems to have a negative role on Wnt signaling, although no specific substrates have been 

identified (Eichhorn et al. 2009). Altogether, up-regulated proteins in G1N suggest that negative 

regulation of the Wnt signaling pathway is in place. The TGF- signaling pathway has a growth-

inhibitory role in cells, however, in cancer progression, the pathway can contribute to tumor 

invasion (Weinberg 2007). The active pathway results in phosphorylation of SMAD proteins 2 

and 3, and relocation to the nucleus where they partner with other transcription factors to 

promote gene expression, including CDK inhibitors p15 and p21. CUL1 in SCF complexes 

promotes degradation of SMAD3, leading to termination of its TGF-induced transcriptional 

activity (Inoue and Imamura 2008). In hypoxic conditions, PP2A dephosphorylates SMAD3 and 

reduces its nuclear accumulation (Heikkinen et al. 2010). In addition to these two pathways, the 

chemokine signaling pathway, which regulates cellular migration of immune cells and motility 

and growth in epithelial cells, was represented by one protein, WASL, the neural Wiskott-

Aldrich syndrome protein (Hembruff and Cheng 2009). WASL regulates the actin cytoskeleton 

in the cytoplasm, but a role in chromatin modification in the nucleus has been also described 

(Suetsugu and Takenawa 2003; Teitell 2010).

Signaling pathways in G1C

Several signaling pathways were represented in G1C: Wnt (RHOA), TGF- (RHOA, KS6B1), 

chemokine (RHOA, STAT3), Jak-STAT (STAT3), mTOR (KS6B1), insulin (KS6B1), and ErbB 

(KS6B1), calcium (VDAC2). A non-canonical Wnt pathway that results in the regulation of cell 

polarity and cytoskeleton organization has been described. RHOA, up-regulated in G1C, has a 

role in maintaining the integrity of the actin cytoskeleton, and is a downstream effector of the 

alternate Wnt pathway (Wang 2009). Signaling of RHOA through the TGF- pathway results in 

inhibition of proliferation (Bhowmick et al. 2003). RHOA can downregulate CDK-inhibitors in 

G1, and can mediate cyclin D1 expression through ERK/MAPK activation (Merajver and 

Usmani 2005). The ribosomal S6 kinase beta-1 protein (KS6B1) regulates a variety of processes 
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such as cell growth, splicing, translation, survival, and feedback regulation of signaling pathways 

including mTOR, downstream of the ErbB pathway (positive) and insulin (negative) (Fenton and 

Gout 2011). KS6B1 is mainly localized to the cytoplasm, and it is transported to the nucleus 

following activation, though the active form can also be retained in the cytoplasm. Activation of 

KS6B1 appears to be tightly regulated during the cell cycle of dividing cells, and a role in 

driving G1/S transition has been described (Fingar et al. 2004; Fenton and Gout 2011). Multiple 

which upon phosphorylation by KS6B1 results in up-regulation of its target genes and increased 

cell proliferation (Fenton and Gout 2011). Gene amplification and protein over-expression have 

been observed in several breast cancer tumors and cell lines, including MCF-7 (Monni et al.

2001). Cellular stress and TGF- result in serine/threonine protein phosphatase 2A 

(PP2A)-mediated dephosphorylation of KS6B1, and thus proliferation inhibition (Fenton and 

Gout 2011).

Chemokines mediate the inflammatory response by recruitment of immune cells. Chemokine 

signaling can occur through G-coupled receptors, which activate G proteins or various other 

signaling pathways such as JAK/STAT (Hembruff and Cheng 2009). The JAK/STAT signaling 

pathway is implicated in immune response and cell fate processes such as apoptosis, 

differentiation and proliferation. Upon cytokine or growth factor stimulation, receptor-associated 

tyrosine Janus kinases (JAK) phosphorylate Signal Transducer and Activator of Transcription 

(STAT) proteins and ligand-bound receptors. Phosphorylated STAT proteins in the cytoplasm 

form homodimers and translocate to the nucleus where they act as transcriptional regulators 

(Dreesen and Brivanlou 2007). STAT3, an important mediator of transformation found 

constitutively activated in several human cancers, including the majority of breast cancers, 

displayed up-regulation in G1C (Dreesen and Brivanlou 2007; Weinberg 2007). The JAK/STAT 

signaling pathway is known to interact with other signaling pathways, the best characterized 

relationship being the interaction with the MAPK pathway (Rawlings et al. 2004). In fact, a high 

degree of crosstalk exists between signaling pathways, with some proteins such as RHOA and 

KS6B1 participating in multiple pathways (Kalderon 2008). The calcium signaling pathway 

stimulates gene transcription that results in cellular proliferation (Berridge 2001).  This pathway 

was represented with up-regulation of voltage-dependent anion-selective channel protein 2 
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(VDAC2). VDAC2 is primarily found in the outer mitochondrial membrane as a pore forming 

protein that facilitates calcium uptake (Subedi et al. 2011). Calcium overload can result in 

necrotic cell death, however, VDAC2 protects cells through sequestration and inactivation of 

Bak, a pro-death protein (Baines et al. 2007).

Signaling pathways in SN

The growth factor receptor-bound protein 2 (GRB2) displayed up-regulation in SN, and is a 

downstream effector of several signaling pathways: MAPK, insulin, ErbB, Jak-STAT, and 

Pathways MCF-7 MCF-7 G1N MCF-7 SN MCF-7 G1C MCF-7 SC 

Pathways in Cancer 42 2 2 3 1 
Cell Cycle 29 1 3 0 3 
Apoptosis 10 0 0 0 0 
DNA Replication 9 0 1 0 4 
p53 Signaling 9 0 1 0 1 
Insulin Signaling 29 0 1 1 2 
MAPK Signaling 24 0 1 0 1 
ErbB Signaling 12 0 1 1 1 
VEGF Signaling 7 0 0 0 1 
mTOR Signaling 7 0 0 1 0 
Wnt Signaling 18 4 0 1 0 
Notch Signaling 6 1 0 0 0 
TGF-beta Signaling 10 3 0 2 0 
Jak-STAT Signaling 6 0 1 1 0 
Chemokine Signaling 23 1 1 2 1 
Calcium Signaling 15 0 0 1 1 
Base Excision Repair 8 1 1 0 1 
Nucleotide Excision Repair 13 1 1 1 0 
Mismatch Repair 8 1 1 0 0 
Homologous Recombination 4 1 0 0 0 
Non-homologous End-Joining 6 1 0 0 1 
Adherens Junction 22 2 0 1 0 
Tight Junction 24 2 0 1 1 
Oxidative Phosphorylation 49 1 4 5 1 
Ribosome 72 1 5 1 1 
Spliceosome 105 3 0 0 2 
Ubiquitin Mediated Proteolysis 26 2 0 1 0 

Table 5.1 Selected pathways in MCF-7 cells. Components of several pathways were represented in all cell
states of MCF-7. Up-regulated proteins in each cell state were representative of pathways relevant to cancer and 
cell cycle.
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chemokine. Phosphorylated RTKs act as docking sites for adapter proteins such as SHC1, 

identified in the cytoplasmic fractions, which in turn can recruit adapter protein GRB2. GRB2 

can also associate with phosphorylated RTKs directly. GRB2 then associates with GTP/GDP 

exchange factor SOS leading to the activation of the RAS signaling cascade (Rawlings et al.

2004). The RAS/ERK/MAPK branch of the receptor tyrosine kinase (RTK) pathways is a major 

contributor of changes in protein phosphorylation, which leads to diverse biological outcomes 

(Kalderon 2008). E2 exposure activates cytoplasmic signaling pathways, including the 

RAS/ERK/MAPK pathway through SHC1 (Malaney and Daly 2001; Fox et al. 2009). Up-

regulation of GRB2 in the E2-released cells is in agreement with a crosstalk in E2 and 

RAS/MAPK signaling. Although GRB2 is associated with multiple signaling pathways in the 

cytoplasm, in breast cancer cells, the protein is predominantly localized in the nucleus, and is 

often over-expressed (Verbeek et al. 1997). In addition to GRB2, we also identified cell division 

control protein 2 (CDC2), which is inhibited through the p53 signaling pathway. A variety of 

signals such as hypoxia, cellular stress, and DNA damage can activate p53, which results in cell 

cycle arrest or apoptosis (Weinberg 2007). 

Signaling pathways in SC

Several signaling pathways were represented in SC: insulin (PYGL, RASH), MAPK (RASH), 

ErbB (RASH), VEGF (RASH), chemokine (RASH), p53 (RIR2) and calcium (AT2A2). The 

insulin pathway mediates synthesis and storage of carbohydrates, lipids and proteins, and is 

initiated by binding of insulin to its RTK. Activation of the pathway results in dephosphorylation 

and inactivation of glycogen phosporylase (PYGL), up-regulated in SC and important in 

carbohydrate metabolism (Ragolia and Begum 1998). Similar to GRB2 in SN, RASH, one of the 

three mammalian RAS proteins, is a downstream effector of multiple pathways that lead to 

cellular proliferation. RAS mutations are common in several cancers, though rare in breast 

cancers, thus in mammary cancer the focus is on the up-regulation of RAS and its activity 

(Malaney and Daly 2001). Ribonucleoside-diphosphate reductase subunit M2 (RIR2) associates 

with p53, and relocates to the nucleus to provide nucleotides for DNA repair (Xue et al. 2003). 

Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (AT2A2) is a specialized Ca2+ pump 

that can take up intracellular Ca2+, thus participating in the calcium signaling pathway (Dally et 

al. 2006).
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5.3 Conclusions
A comparative analysis was performed between the G1 and S phases of the cell cycle in MCF-7

cells. Differential expression analysis was carried out separately for the nuclear and cytoplasmic 

fractions, respectively. A multistep data filtering approach was developed for qualifying the 

proteins for differential expression analysis by spectral counting. Proteins that displayed a 2-fold 

change in spectral counts, and p<0.2, were selected for quantitative comparisons. Bovine protein 

standards were added to each sample as a multi-step control, and, as expected, none of these 

proteins passed the established thresholds for the selection of up-regulated proteins. Using 

bioinformatics tools, we queried the datasets to identify predicted protein interactions and 

involvement in signaling pathways. We characterized the biological processes within these 

networks, and identified the relevant signaling pathways that could be altered in the G1 and S 

phases of the cell cycle. As expected, molecular processes and signaling proteins in G1 and S 

were representative of cell cycle arrest and proliferation, respectively. In addition, a number of 

networks and specific signaling proteins were indicative of the MCF-7 cells possessing growth 

and proliferative capabilities in G1, characteristics that could be involved in driving these cells 

into aberrant proliferation.
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CHAPTER 6: PROTEOMIC COMPARISON OF MCF-7 AND MCF-10A

6.1 Introduction
The MCF-10A cell line was obtained from human fibrocystic mammary tissue, and is estrogen 

receptor-negative (ER-) (Soule et al. 1990). This cell line became immortalized spontaneously, 

without viral or chemical treatment, and it is often used as a model of normal breast epithelium 

because it requires hormones and growth factors for proliferation in cell culture, and does not 

induce tumorigenesis in nude mice (Soule et al. 1990). The scope of the 3rd part of our study was 

to characterize the proteomic differences between the MCF-7 ER+ breast cancer and MCF-10A 

non-tumorigenic mammary cells, with focus on the G1 stage of the cell cycle where the major 

differences in cell cycle regulation between cancer and normal cells occur.

6.2 Results and discussion
With proteomic protocols already in place for qualitative (Chapter 4) and quantitative profiling 

(Chapter 5), we analyzed the MCF-10A cells at the same two stages of the cell cycle, i.e., 

arrested in the G1-phase and released in the S-phase. The analysis of the MCF-10A cells 

followed the same reproducibility standards as set for the MCF-7 cells, i.e., (a) cell culture, 

fractionation, and processing of three biological replicates for each cell state, (b) LC-MS/MS 

analysis of five technical replicates, (c) data filtering for protein and peptide identifications to 

maintain the FDRs at <5 %, and (d) reproducibility evaluation at every step of the analysis.

6.2.1 Cell cycle arrest and release of MCF-10A cells

The MCF-10A cells were cultured under conditions that resulted in optimal cell proliferation. 

Various growth factors were added to the medium, as outlined in Chapter 3. As MCF-10A cells 

are ER-, addition of 17 -estradiol was not necessary. The cells were arrested in G1 by serum 

deprivation for 48 hours, and released into the cell cycle using optimal medium enriched with 

horse serum (10 %) and hEGF for 36 hours. Samples were collected after arrest and at various 

time points after release to determine the best experimental conditions for the study of the G1 

and S phases. Cell cycle distributions were measured by flow cytometry (Figure 6.1). Similarly 

to MCF-7 cells, MCF-10A cells were primarily detected in G1 following arrest (G1 = 91 %). 

After release, the percentage of cells in the S-phase increased with time, reaching a maximum 
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after 24 hours (S = 31 %). However, as the percentage of cells in G1 could not be simultaneously 

reduced below ~56 %, the data suggests that after serum-free arrest, MCF-10A cells reenter the 

cell cycle at different rates. After 30 hours of release, cell cycle distributions were similar to 

those obtained from an asynchronous cell population.

Figure 6.2 displays the average cell cycle distribution of three biological replicates for both cell 

states of MCF-10A, as it compares to MCF-7. Arrested cells (G1) were predominantly 

distributed in the G1 phase (~91 %) with small cellular distributions in the S (~6 %) and G2/M 

(~5 %) phases. Released cells (S) were predominantly distributed in G1 (~ 56%) and S (~ 33%) 

with a small cellular distribution in G2/M (~ 12%). A high reproducibility was achieved between 

the three biological replicates of MCF-10A during G1 and S, however, given the disparity 

between cell cycle distributions of S-phase MCF-7 and MCF-10A cells, the further comparative 

analysis of the cells focused on the G1-phase alone.

Figure 6.1 Flow cytometry cell cycle analysis of MCF-10A cells. An arrest/release experiment was performed 
and cells were collected at different time points.
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6.2.2 Qualitative profile of the MCF-10A cell line

The proteomic analysis of twelve MCF-10A samples, G1-nuclear (G1N1, G1N2, G1N3), G1-

cytoplasmic (G1C1, G1C2, G1C3), S-nuclear (SN1, SN2, SN3) and S-cytoplasmic (SC1, SC2, 

SC3) resulted in 2711 protein identifications with high confidence (p<0.001). Table 6.1 provides 

a summary of sample concentrations, average number of spectral counts from five technical 

replicates, average number of protein identifications, and percentage of nuclear/cytoplasmic 

cellular annotations for each sample. Sample concentrations were slightly adjusted prior to 

analysis to generate peptide, protein and spectral counts that were within an appropriate range for 

normalization. These adjustments resulted in a somewhat decreased reproducibility in 

concentration measurements (14.45 % CV in MCF-10A vs. 6.69 % in MCF-7), however, we 

believe that these differences, were, in fact, an artifact of the Bradford assay measurements to 

start with. The reproducibility of the spectral count values (~4158) and of the average number of 

protein identifications (~1136) was maintained at the same levels as for MCF-7 cells (<8% CV). 

The nuclear fractions displayed enrichment in nuclear proteins (~48-54 %), with a somewhat 

larger level of cytoplasmic protein contamination (~72-77 % in MCF10-A vs. 64-70 % in MCF-

7). The distribution of the proteins in the MCF10-A cytoplasmic fractions was very similar to the 

one of MCF-7 cells (~34-37 % and ~88-89 % nuclear and cytoplasmic localization, respectively) 

(Table 6.1). While the experimental conditions for nuclear/cytoplasmic cellular subfractionation 
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Figure 6.2 Cell cycle distributions for MCF-7 and MCF-10A cells. Cells were arrested in G1 by serum
deprivation for 48 hours and released into the cell cycle for 24 hours. The average distribution in three biological 
replicates is provided. Error bars denote standard deviation.
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were maintained constant, some differences in the fractionation outcome are expectable due to 

the distinctive behavior of different cell lines.

Each biological replicate analysis introduced ~10-21 % new proteins to the cumulative dataset in 

the respective cell state (Figure 6.3). For an average of 1083 identified proteins per cell state, we 

evaluated the protein overlaps between two and three biological replicates, and determined that 

~907 (~78-82 %) and ~813 (~69-75 %) proteins were indentified in at least two or in all three 

F1T1, p<0.001

Cell
Line

Cell
State

Concentration
(ug/uL)

Spectral
counts Proteins Cummulative

protein count

Nuclear 
GoMiner 
(11/30/11)

Cytoplasmic 
GoMiner 
(11/30/11)

GoMiner 
CC IDs 

(11/30/11)

MCF
7

G1N1 2.12 4683 1286

1515

708 (60 %) 808 (68 %) 1186

G1N2 1.92 3712 1089 642 (63 %) 644 (64 %) 1014

G1N3 2.00 4100 1082 654 (65 %) 649 (64 %) 1011

G1C1 2.04 3991 1264

1572

430 (37 %) 1024 (87 %) 1178

G1C2 2.08 4012 1207 406 (36 %) 985 (87 %) 1134

G1C3 2.20 3683 1131 385 (36 %) 921 (87 %) 1056

SN1 1.84 4468 1277

1516

650 (55 %) 837 (70 %) 1188

SN2 1.96 4046 1047 607 (62 %) 639 (65 %) 979

SN3 2.00 4435 1085 614 (60 %) 684 (67 %) 1021

SC1 1.92 3749 1099

1539

373 (36 %) 898 (87 %) 1032

SC2 1.80 4039 1289 437 (36 %) 1031 (86 %) 1200

SC3 2.24 4069 1131 383 (36 %) 927 (87 %) 1064

MCF
10A

G1N1 2.00 3884 1049

1384

459 (48 %) 737 (77 %) 956

G1N2 2.60 4045 1047 487 (50 %) 731 (76 %) 968

G1N3 2.67 4364 973 484 (54 %) 653 (72 %) 903

G1C1 1.96 4052 1243

1553

398 (34 %) 1036 (89 %) 1169

G1C2 1.92 3570 1199 392 (35 %) 1000 (89 %) 1124

G1C3 1.88 4039 1199 389 (35 %) 1005 (89 %) 1123

SN1 1.89 4426 1095

1471

532 (53 %) 747 (75 %) 998

SN2 2.08 4480 1134 537 (51 %) 792 (75 %) 1052

SN3 2.05 4207 1081 529 (53 %) 717 (72 %) 995

SC1 1.59 4578 1187

1603

391 (35 %) 973 (88 %) 1111

SC2 2.08 4202 1240 410 (35 %) 1017 (88 %) 1158

SC3 2.07 4048 1190 404 (37 %) 974 (88 %) 1103

Table  6.1 Summary of sample processing and protein identifications in MCF-7 and MCF-10A cells. Three 
biological replicates of four cell states in MCF-7 and MCF-10A cells were processed and analyzed by LC-
MS/MS. Sample concentrations, protein and spectral count identifications, and cellular component categorization 
for each sample is provided.



100

replicates, respectively (Figure 6.4). The selection of proteins that were identified in at least two 

biological replicates of any of the MCF-10A cell states reduced the dataset from 2711 to 1953 

proteins. Figure 6.5 illustrates the protein overlaps of the reduced dataset between all cell states. 

As with the MCF-7 cells, commonality between all cell states with an overlap of 562 proteins 

(42-48 %), complementarity between the nuclear and cytoplasmic fractions with overlaps of 697 

(45-50 %) and 736 (46-50 %) proteins respectively, and similarity between the two nuclear and 

two cytoplasmic fractions with overlaps of 1050 (86-91 %) and 1210 (90-91 %) proteins, 

respectively, was observed. Overall, the qualitative analysis of MCF-10A was comparable to that 

of MCF-7, with high levels of reproducibility in protein and peptide identifications.
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Figure 6.3 Trend analysis of protein identifications in MCF-10A cells. Three biological replicates of four cell 
states (G1N, G1C, SN, SC) were analyzed by LC-MS/MS. The bars represent the number of protein 
identifications per biological replicate, and the number of new proteins identified relative to the previous 
biological replicate for each cell state.
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Figure 6.4 Reproducibility analysis of protein identifications and overlaps in MCF-10A. The bars represent 
the cumulative number of proteins identified per cell state, the average number of proteins identified per 
biological replicate, and the number of proteins identified in two and three biological replicates.

Figure 6.5 Venn diagram of protein overlaps between MCF-10A cell states. This graph was derived from the 
list of proteins identified in at least two biological replicates of any cell state (G1N, G1C, SN, SC).
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6.2.3 Differential protein expression analysis between MCF-7 and MCF-10A

The quantitative strategy developed in Chapter 5 was slightly modified for the comparative 

study of MCF-7 and MCF-10 cells. The MS data from 120 LC-MS/MS runs (24 total samples, 5 

technical replicates per sample) was compiled with the in-house developed Perl script and 

generated an alignment of 3496 proteins with their respective spectral counts. The MS data 

filtering paramaters were maintained the same and biological filtering consisted of selecting 

proteins that were identified in at least two biological replicates of any of the 24 cell states. This 

selection reduced the dataset from 3496 to 2478 proteins. Using such conditions, 1379, 1399, 

1497 and 1459 proteins qualified for comparative analysis in each of the four cell states, G1N, 

SN, G1C and SC, respectively. Statistical data filtering involved the calculation of a p-value with 

a two-tailed unpaired Student’s t-test, and only proteins that displayed at least a 2-fold change 

in spectral count values and p<0.1 were considered to be differentially expressed. The selection 

of a more stringent p-value (p<0.1) for the comparative MCF-7/MCF-10A study was entailed by 

the slight discrepancies between the MCF-7 and MCF-10A nuclear/cytoplasmic distributions of 

proteins in the G1 nuclear cellular subfraction. None of the bovine standards that were spiked in 

the cell extracts passed this set of data filtering criteria for the G1 nuclear and cytoplasmic 

comparisons. Two out of the 8 protein standards displayed, however, a 2.1-fold upregulation in 

the SN comparison (not discussed in this work). Both proteins had low spectral counts (<5), and 

as we note from the results shown in the previous chapter (Figure 5.3), the RSD associated with 

low spectral counts was much larger than for high spectral counts (>5), accommodating more 

errors in the selection process. The selection of a higher fold-change cutoff might prove to be, 

therefore, beneficial for certain comparisons.

Volcano plots for each of the differential protein expression analyses are provided in Figure 6.6.

The number of up-regulated proteins selected in each cell state is provided in each plot. Using 

bioinformatics tools, we queried for predicted protein interaction networks within each subset of 

up-regulated proteins. The evaluation of these networks resulted in the identification of protein 

groups that participate in common biological processes (Figures 6.7 and 6.8).
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6.2.3.1 Quantitative analysis of the G1N fraction in MCF-7 and MCF-10A

Differential protein expression analysis of the G1N cell state resulted in the identification of 371 

and 204 proteins that displayed up-regulation in MCF-7 and MCF-10A, respectively. An 

evaluation of predicted protein interactions in MCF-7 revealed networks of proteins involved in 

mRNA processing and splicing, DNA repair, chromosome cohesion maintenance, nuclear import 

and chromatin remodeling/transcriptional regulation. A similar evaluation of MCF-10A revealed 

networks of proteins involved in signaling/cell adhesion, cytoskeleton organization, and 

ribosome biogenesis. A list of proteins described in this section is provided in Appendix C.

G1N G1C

SN SC
Figure 6.6 Volcano plots of differential protein expression analyses between MCF-7 and MCF-10A.

-fold change, p<0.1) 
in each comparison.
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MCF-7 G1 nuclear cellular subfraction

mRNA processing. Up-regulated proteins in MCF-7/G1N revealed a network of proteins 

involved in all aspects of mRNA metabolism and processing. Several of these proteins are 

components or mediators of assembly of the U2-dependent (major) spliceosome, a 

ribonucleoprotein assembly responsible for the removal of introns and fusion of exons to 

produce mature mRNA (van Alphen et al. 2009). Some of these proteins are also components of 

the U12-dependent (minor) spliceosome. The minor spliceosome is present in a small number of 

eukaryotes, and is responsible for removal of rare U12-type introns, which account for less than 

1% of introns and are located in genes with important cellular functions such as DNA 

replication, DNA repair, transcription and translation (Will and Luhrmann 2005). Within this 

network, we identified five members of the arginine/serine (RS)-rich protein family SFRS1, 

SFRS4, SFRS5, SFRS7, and SFRS9. RS proteins are imperative in the regulation of mRNA 

metabolism: constitutive splicing, alternative splicing, mRNA export and mRNA translation 

(Shepard and Hertel 2009). Alternative splicing, which results in generation of multiple mRNA 

transcripts from the same gene, mediates protein diversity. These mRNAs can encode proteins 

with varying and even opposing functions, affecting cancer-relevant processes such as apoptosis, 

metabolism, cell cycle control, metastasis, migration, and angiogenesis (David and Manley 

2010).

DNA repair. A network composed of proteins involved in DNA repair was present in MCF-

7/G1N: XPC, CETN2, DDB1, RFA3, RFC5, FEN1, MSH2, MSH6 and MGMT. DNA repair 

protein XPC is essential in the recognition of DNA lesions in nucleotide excision repair (NER), 

and following DNA damage recognition, XPC mediates recruitment of centrin 2 (CETN2) from 

the centrosome to the nucleus to prevent centriole duplication (Acu et al. 2010; Renaud et al.

2011). DNA damage binding protein 1 (DDB1) and replication factor A protein 3 (RFA3) 

participate in damage recognition and initial incision in NER, respectively (Fuss and Cooper

2006). Replication factor C subunit 5 (RFC5) is a component of RFC, which mediates elongation 

of primed DNA. RFC stimulates activity of flap endonuclease 1 (FEN1), which removes flap 

structures generated during replication, recombination and repair of long DNA patches in NER 

and base excision repair (Cho et al. 2009). Methylated DNA protein cysteine methyltransferase 

(MGMT) repairs alkylated guanine in DNA, and in its absence, mismatch repair proteins MSH2 
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and MSH3, which detect mismatched bases, are recruited to alkylated DNA sites (Christmann 

and Kaina 2000). A small network relevant to DNA repair and composed of polynucleotide 

kinase/phosphatase (PNKP), DNA repair protein XRCC1, and casein kinase II subunit alpha 

(CSK21) was also observed. PNKP processes DNA termini by phosphorylation of 5’ ends and 

dephosphorylation of 3’ ends in many DNA repair pathways, including single (SSB) and double 

(DSB) strand break repair (Lu et al. 2010). XRCC1 is a scaffold protein involved in SSB and 

DSB repair, which stimulates the activity of PNKP. Casein kinase II (CK2)-mediated 

phosphorylation of XRCC1 appears to be important in rapid SSB repair (Lu et al. 2010).

Chromosome cohesion. A few members of the cohesin complex formed a small network that 

included SMC1A, SMC3, RAD21 and STAG2. Cohesin is loaded onto chromatin in G1 and 

removed during anaphase, thus regulating chromosome segregation. In DNA damage repair, 

cohesin is recruited to DSB sites (Watrin and Peters 2006). Sister chromatid cohesion protein 

PDS5 homologs A and B were also identified in this cluster. Association of PDS5 with 

chromatin is cohesin-dependent, and PDS5 appears to modulate stable sister chromatid cohesion 

(Losada et al. 2005).

Nuclear transport. A number of proteins involved in nuclear transport were identified in a 

somewhat larger cluster: IMA1, IMA2, IMB1, RAN and XPO2. Karyopherins such as importin 

1 (IMB1) bind protein cargos in the cytoplasm, move into the nucleus through the nuclear pore 

complexes, and bind RAN, which causes release of the cargo (Mosammaparast and Pemberton 

2004). IMB1 binds proteins through nuclear localization signals or through adaptors such as 

importins 1 (IMA1) and 2 (IMA2) (Goldfarb et al. 2004). In the nucleus, RAN binds exportin 

2 (XPO2) to recycle IMA1 and IMA2 back to the cytoplasm (Goldfarb et al. 2004). Components 

of the nuclear pore complex NU133, NU160 and NU205, were also identified in this network. 

NU133 and NU160 have been implicated in mRNA export, and their overexpression results in 

intranuclear accumulation of mRNA (Vasu et al. 2001). Topoisomerases (TOP) 1, 2A and 2B 

were also identified in this cluster. Topoisomerases relieve torsional DNA stress created by 

transcription, replication, recombination or repair (Mo et al. 2000; Mirski et al. 2007). TOP1 

makes single strand breaks, has two independent nuclear localization signals, and a variety of 
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roles including phosphorylation of splicing factors (Mo et al. 2000). TOP2A and TOP2B make 

double strand breaks, and are imported to the nucleus by multiple importins, including IMA1 and 

IMB1 (Mirski 2007). In general, TOP2A is associated with proliferation, as it has been observed 

to maintain nuclear localization in proliferating cells, and moves to the cytoplasm of cells 

entering growth plateau. TOP2B is associated with differentiation, and both TOP2A and TOP2B 

are targets of anticancer drugs (Mirski 2007).

Chromatin organization/transcriptional regulation. A large number of proteins involved in 

chromatin remodeling were identified in a network that displayed interactions with the nuclear

transport and spliceosome proteins. Chromatin is a higher order structure of packed 

nucleosomes, consisting of DNA wrapped around histone octamers, two each of histones H2A, 

H2B, H3 and H4. Dynamic chromatin remodeling is necessary in DNA replication, repair, 

transcription, apoptosis and all biological processes that rely on DNA template accessibility. All 

of these processes may participate in cancer development and progression (Wang et al. 2007a; 

Wang et al. 2007b). Posttranslational modifications of core histone tails are known to affect the 

accessibility of DNA. For example, histone deacetylases (HDACs) are responsible for the 

removal of acetyl groups to histone lysine, which has been linked to transcriptional repression 

(Wang et al. 2007a). HDAC1, identified in this network, is associated with repression of CDK 

inhibitors p21 and p27 resulting in increased proliferation, interacts with ER suppressing its 

transcriptional activity, and its over-expression has been reported in tumorigenesis, including 

breast cancer (Kawai et al. 2003; Wang et al. 2007a; Jurkin et al. 2011). HDACs act in 

multiprotein complexes, which determine their specificity, and several binding partners of 

HDAC1 or HDAC1-containing complexes were identified in this cluster: DNMT1, RB, LSD1, 

RCOR1, SIN3A, MO4L1/MRG15, ZN217 and CTBP1 (Wang et al. 2007a, Hayakawa and 

Nakayama 2011). ATP-dependent chromatin remodeling is another mechanism of dynamic 

modification, which uses ATPase enzymes in multiprotein complexes, such as the NuRD 

complex, to move, remove or exchange histones along DNA, as well as maintain chromatin 

structure (Wang et al. 2007b). HDAC1 provides deacetylase activity to the NuRD multiprotein 

complex, of which almost all known components were identified in this network: CHD3, CHD4, 

RBBP4, RBBP7, MBD2, MBD3 and MTA2. CHD3 and CHD4 provide ATPase activity and 
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recognize methylated histone tails, RBBP4 and RBBP7 bind histones, MBD2 and MBD3 

provide a connection to methylated DNA although only MBD2 can recognize these regions, and 

MTA2 has an unknown role in the complex but has been reported to participate in corepression 

of estrogen action (Denslow and Wade 2007; Wang et al. 2007b). LSD1 is also a component of 

the NuRD complex, and binds through an MTA protein such as MTA2. LSD1 adds methylase 

activity to the ATPase/deacetylase complex, and altogether this complex suppresses metastasis in 

breast cancer (Wang et al. 2009). Members of the SWI/SNF, ISWI and INO-80 ATPase-

dependent chomatin remodeling complexes were also identified: SMCA4/BRG1, 

SMRC2/BAF170, SMRD2/BAF60B, PB1/BAF180, SMCA5/SNF2H, TRRAP, 

RUVB1/TIP49A, RUVB2/TIP49B and MO4L2/MRGX (Wang et al. 2007b). In addition to 

chromatin remodelers, a number of transcriptional regulators and mediators participating in 

MCF7/G1N, previously described in Chapter 5, as well as two members of the PAF1C complex 

(CDC73 and PAF1), which is localized to actively transcribed genes and has a role in 

coordinating cotranscriptional histone modifications, were identified in this cluster. CDC73 links 

the complex to a role in RNA 3’ end formation (Rozenblatt-Rosen et al. 2009).

MCF-10A G1 nuclear cellular subfraction

Cytoskeleton organization. A network in MCF-10A/G1N was composed of components of 

intermediate filaments and the actin cytoskeleton. Intermediate filament (IF) proteins can be 

found in the nucleus, as part of the nucleoskeleton, or in the cytoplasm (Eriksson et al. 2009). 

LMNA is a component of the nuclear lamina, a filamentous layer separating the cytoplasm from 

the nucleus (Eriksson et al. 2009). Keratins (K22E, K2C7, K1C10) and vimentin (VIME) are IF 

components, and were also found to be up-regulated in the cytoplasm in a larger network. In 

cultured cells, keratin filaments bundle around the nucleus (Windoffer et al. 2011). 

Tropomyosins (TPM) 1, 3 and 4, talin-1 (TLN1), caldesmon (CALD1) and nebulette (NEBL) 

participate in actin filament assembly and stabilization (Abd-el-Basset et al. 1991; Pappas et al.

2011). Actin can be found in the nucleus, though not necessarily in filament form, and

participates in transcription, chromatin remodeling, RNA processing and transport, and nuclear 

architecture (de Lanerolle and Serebryannyy 2011; Schoenenberger et al. 2011).
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Signaling/cell adhesion. Another network of up-regulated proteins in MCF-10A/G1N was 

composed of 14-3-3 signaling and cell adhesion proteins: 1433E (epsilon), 1433G (gamma), 

1433F (eta), 1433Z (zeta/delta), CTNB1, CTND1, PLAK, DESP, DSG3, VASP and YES. The 

14-3-3 proteins have a multitude of binding partners and regulate several signaling processes, 

including some relevant to cell cycle and cancer (Morrison 2009). In the nucleus, 1433E, 1433F, 

and 1433Z act as tumor suppressors by participating in cytoplasmic relocation of -catenin 

(CTNB1), a transcriptional coactivator of the Wnt signaling pathway (Morrison 2009). CTNB1, 

-catenin (CTND1) and -catenin/junction plakoglobin (PLAK) participate in cell-cell adhesion 

and maintenance of epithelial morphology (Gumbiner 2005). PLAK, desmoplakin (DESP), and 

desmoglein-3 (DSG3) interact in a complex in desmosome junctions (Gumbiner 2005). 

Vasodilator-stimulated phosphoprotein (VASP) is involved in leading edge dynamics, stress 

fiber formation and cell-substrate adhesion (Trichet et al. 2008). Proto-oncogene tyrosine-protein 

kinase YES is associated with formation of tight junctions, and its up-regulation has been 

reported in colorectal cancer, with a role in increased motility but no participation in 

proliferation (Barraclough et al. 2007). YES was also found to be expressed in the nucleus of 

well-differentiated, early-stage hepatocellular cancers (Nonomura et al. 2007).

Protein biosynthesis. A network composed of mainly ribosomal proteins that belong to the large 

and small subunits of the ribosome was also observed. Ribosomes are assembled in the nucleolus 

and transported to the cytoplasm where they are responsible for protein synthesis (Dai and Lu 

2008; Freed et al. 2010). Two proteins involved in ribosome biogenesis (BXDC1/RPF2 and 

RRS1), which occurs in the nucleus, and two elongation factors (EF), which participate in 

protein synthesis in the mitochondria and ribosomes, respectively (EFTU and EF2), were also 

present. In addition, signal recognition particle receptor subunit alpha (SRPR), which is located 

on the endoplasmic reticulum membrane, and participates in targeting nascent secretory or 

membrane proteins to the translocon, was an additional component of this network (Halic et al.

2006).

Markers of tumor suppression. A number of proteins that negatively regulate cellular 

proliferation displayed up-regulation in MCF-10A/G1N. Serpin B5 (SPB5) is a tumor and 
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metastasis suppressor that requires nuclear localization for its activity, and appears to repress 

gene expression by association with target genes (Goulet et al. 2011). Interferon regulatory 

factor 6 (IRF6) is a binding partner of SPB5, expressed in normal mammary epithelial cells, and 

associates with reduced invasiveness (Bailey et al. 2005). In its unphosphorylated state, IRF6 has 

been linked to entry into G0 and differentiation (Bailey et al. 2008). The 14-3-3 sigma (1433S) 

protein is a negative regulator of the cell cycle that positively regulates p53 activity, and is 

downregulated in breast cancer (Yang et al. 2003). Abl interactor 1 (ABI1) participates in 

negative regulation of cell growth and proliferation by targeting the ERK pathway, has a role in 

actin dynamics, and shuttles between the cytoplasm and the nucleus (Fan and Goff 2000; Echarri 

et al. 2004). Gamma-interferon-inducible protein IF16 is associated with irreversible cell growth 

arrest (senescence) in prostate cancer, and is not expressed in cancerous cells (Xin et al. 2003).

6.2.3.2 Quantitative analysis of G1C in MCF-7 and MCF-10A

Differential protein expression analysis of the G1C cell state resulted in the identification of 268 

and 307 proteins that displayed up-regulation in MCF-7 and MCF-10A, respectively. An 

evaluation of predicted protein interactions in MCF-7 revealed networks of proteins involved in 

protein processing, signaling/translation, signaling/apoptosis and splicing. A similar evaluation 

of MCF-10A revealed networks of proteins involved in intermediate filament, receptor 

signaling/cell adhesion, calcium binding, and metabolic processes. A list of proteins described in 

this section is provided in Appendix C.

MCF-7 G1 cytoplasmic cellular subfraction

Protein processing. A network of proteins that participate in protein processing was identified in 

MCF-7/G1C and included SRP54, SRP72, DDOST, RIB1, RIB2. Signal recognition particles 

(SRP) 54 and 72 are part of a complex that target nascent membrane and secretory proteins to the 

rough endoplasmic reticulum (Saraogi and Shan 2011). DDOST/Q5VWA5, ribophorin 1 (RIB1) 

and 2 (RIB2) are subunits of the oligosaccharyltransferase multimeric complex localized in the 

endoplasmic reticulum membrane, which catalizes the N-glycosylation of membrane and 

secretary proteins. N-glycans participate in protein folding and sorting in the endoplasmic 

reticulum, and mediate cell-environment interactions (Mohorko et al. 2011).
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Signaling/translation. A cluster of proteins involved in signaling and translation included 

AN32A, PTPA, KS6B1, GRB2, IF4B, IF4G1 and CDC2/CDK1. KS6B1, GRB2, and CDC2 

participate in signaling, and were previously described in Chapter 5. Serine/threonine-protein 

phosphatase 2A regulates many aspects of cellular function and acts as a tumor suppressor. 

PP2A activator (PTPA) binds to PP2A to modulate its substrate specificity, decrease 

phosphoserine phosphatase activity and increase phosphotyrosine phosphatase activity (Chao et 

al. 2006). In addition, loss of PTPA might promote cellular transformation (Sablina et al. 2010). 

Acidic leucine-rich nuclear phosphoprotein 32 family member A (AN32A) is a heat-stable 

inhibitor of PP2A (Janssens and Goris 2001). Eukaryotic translation initiation factors 4B (IF4B) 

and G1 (IF4G1) participate in loading of ribosome to mRNA prior to translation, and IF4G along 

with other translation factors is over expressed in human tumors. Both proteins and KS6B1 are 

targets of the mTOR pathway, which regulates protein synthesis and is itself regulated by 

nutrient, growth factor and celullar energy availability. mTOR phosphorylates PP2A preventing 

dephosporylation of KS6B1, and EIF4B is a potential phosphorylation target of KS6B1, which 

could promote translation (Hay and Sonenberg 2004).

Breast cancer markers. Keratins 8 (K2C8), 18 (K1C18) and 19 (K1C19) displayed the highest 

levels of up-regulation in MCF-7/G1C. K2C8, K1C18 and K1C19 are constitutively expressed in 

a majority of breast cancers and other cancers (Karantza 2011). K1C18 is associated with 

reduced ER -signaling and estrogen-mediated cell cycle progression by sequestering the nuclear 

receptor to the cytoplasm (Karantza 2011).

MCF-10A G1 cytoplasmic cellular subfraction

Intermediate filament. A network composed of keratins and vimentin were identified in a 

broader cluster: K1C10, K1C14, K1C16, K22E, K2C3, K2C5, K2C6A, K2C7, KRT81 and 

VIME. Keratins are the major IF proteins found in epithelial cells, and vimentin is the major IF 

protein in mesenchymal cells (Eriksson et al. 2009). In MCF-10A cells, a wound to the 

monolayer causes the cells to enter a partial epithelial-mesenchymal transition phase, express 

vimentin and migrate to fill the gaps (Weinberg 2007).
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Receptor signaling/cell adhesion. Cell surface and transmembrane receptors, which 

communicate extracellular signals to the interior of a cell, displayed up-regulation in MCF-

10A/G1C: EGFR, ITA6, ITB1, and ITB4. The epidermal growth factor receptor (EGFR) is a 

receptor tyrosine kinase that binds EGF and other ligands to promote cell growth and 

proliferation (Moon et al. 2001; Weinberg 2007). Catenins alpha-1 (CTNA1), beta-1 (CTNB1), 

delta-1 (CTND1) and gamma/junction plakoglobin (PLAK), which participate in cell-cell 

adhesion were identified in this network, as well. Catenins bind to EGFR, which in its active 

form can phosphorylate CTNB1 and PLAK resulting in modulation of cell adhesion (Moon et al.

2001; Mariner et al. 2004). Integrins alpha-6 (ITA6), beta-1 (ITB1/Q8WUM6), and beta-4

(ITB4) belong to a family of surface receptors that sense extracellular matrix (ECM)-cell 

attachment, and form focal adhesions (Weinberg 2007). ITA6-ITB1 and ITA6-ITB4 dimers have 

specificity for laminin, and laminin-epithelial hemidesmosomes as ECM ligands, respectively 

(Weinberg 2007). Integrins regulate the actin cytoskeleton through links to its components, 

which also displayed up-regulation: myosins MYH11, MYH9 and MLRM, tropomyosins TPM2 

and TPM3, alpha-actinins ACTN1 and ACTN4, filamin-B (FLNB), vinculin (VINC) and talin-1

(TLN1) (Weinberg 2007). Cytoplasmic signals can affect integrin-ECM ligand binding affinities, 

thus transducing signals from the interior to the exterior of the cell. Focal adhesion kinase 1 

(FAK1) is a protein identified in this network that binds integrins and modulates focal contacts 

and motility from the interior of the cell (Weinberg 2007).

Calcium-binding. A network composed of calcium binding proteins was identified in a smaller 

cluster: annexins A1 (ANXA1), A2 (ANXA2) and A11 (ANX11), and S100 proteins A6 

(S10A6), A10 (S10AA) and A11 (S10AB). Annexin-S100 complexes regulate the organization 

of vesicles and membranes, including receptors and ion channels, and have been linked to a 

variety of biological roles including cell cycle regulation (Miwa et al. 2008). Some complexes, 

such as S10A6-ANXA11, are up-regulated in cancer. Complex components and cellular 

localization define biological process involvement (Miwa et al. 2008). Within this network, we 

also identified cathepsin B (CATB), which is secreted by tumors and cancerous cell lines (Mai et 

al. 2000). CATB and ANXA2 interact at the surface of tumors, and both proteins are often up-

regulated in cancer. CATB and ANXA2 play a role in the degradation of ECM proteins, 

promoting cell detachment, cell migration and invasion (Mai et al. 2000).  
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Metabolic processes. A large number of enzymes involved in several metabolic processes such 

as carbohydrate, fatty acid, glutathione, nucleotide and amino acid metabolism, and the TCA 

cycle were identified in MCF-10A/G1C.

6.3 Conclusions
Differential protein expression analysis of the nuclear-enriched and cytoplasmic fractions of 

MCF-7 and MCF-10A cells was performed to enable the characterization of biological processes 

and molecular mechanisms that play a role in driving cancer cells into proliferation. The nuclear 

fraction of the MCF-7 cells displayed up-regulated protein clusters that are involved primarily in 

maintaining proliferative capacity, including DNA repair and repression of CDK inhibitors 

though chromatin remodeling. The cytoplasmic fraction of MCF-7 cells displayed processes that 

support the activities in the nucleus, such as translation and protein processing. A number of 

signaling proteins associated with cell growth were also up-regulated, suggesting that MCF-7

cells may participate in active cell growth even under conditions that are more favorable to a 

quiescent state (G0). The nuclear fraction of MCF-10A cells displayed up-regulated proteins 

with primary roles in the cytoplasm and relevant to cytoskeleton organization, possibly due to a 

reduced efficiency of the nuclear-enrichment process in MCF-10A cells. Among the up-

regulated proteins in the MCF-10A nuclear fraction, a number of tumor suppression markers and 

proteins that have been associated with inhibition of cellular growth and proliferation were 

identified. The cytoplasmic fraction of MCF-10A displayed up-regulated processes with 

relevance to metabolism and cytoskeleton maintenance. Concurrent with a greater need for 

anchorage dependence and extracellular signaling, a number of cell surface receptors and 

proteins involved in cell-cell adhesion, cell-extracellular matrix signaling, and proteins 

associated with migration and invasiveness, were observed, however, these proteins were rather 

representative of the MCF-10A phenotype, and not of a typical normal cell state.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK

A large-scale mass spectrometry-based proteomics strategy was used for the characterization of 

molecular processes that could contribute to the uncontrolled proliferation of ER+ breast cancer 

cells. The qualitative analysis of the nuclear and cytoplasmic fractions of the MCF-7 ER+ breast 

cancer cell line at the G1 and S phases of the cell cycle enabled the generation of a proteomic 

map comprising over 2700 proteins (p<0.001), of which 1944 were identified in at least two-out-

of-three biological replicates of any cell state (G1N, G1C, SN, SC). These proteins were 

representative of all hallmarks of cancer and displayed involvement in molecular processes 

relevant to cell cycle progression: cell proliferation, apoptosis, signaling, angiogenesis, 

differentiation and cell adhesion and migration, among others (Chapter 4). Over 200 proteins 

were found to be implicated in multiple pathways with relevance to cancer, over 260 in cell cycle 

and proliferation, over 250 in cellular signaling, 42 proteins were indicative of breast cancer 

disease (Appendix A), and 199 proteins were previously described in the literature as putative 

cancer biomarkers (Appendix B). As a preliminary step to subsequent differential expression 

analysis, the qualitative profiling of MCF-7 cells served for: (a) generating a baseline of 

detectable proteins in MCF-7 cells, (b) evaluating the reproducibility of protein identifications 

under the given experimental conditions, an imperative need in differential expression studies, 

and (c) assessing the significance of the dataset as it relates to the study of biological processes 

and pathways with relevance to cancer and  cell cycle  progression. Altogether, the information 

generated in this aim served as a stepping-stone for the comparison of the G1 and S cell cycle 

phases of MCF-7  cells  (Chapter 5), and  for  the comparison of MCF-7  cancer and  MCF-10A  

non-tumorigenic breast epithelial cells in the G1 phase of the cell cycle (Chapter 6).

Differential protein expression analysis was carried out for both the nuclear and cytoplasmic 

fractions of MCF-7 cells. The biological annotation of proteins that displayed network 

interactions among the up-regulated clusters revealed involvement in common biological 

processes, indicating the participation of entire networks in cell cycle regulation, not just of 

isolated proteins. Proteins up-regulated in the G1N cell fraction, as compared to SN, were 

implicated in DNA damage repair, transcriptional repression, cell growth  and other processes 

that, as expected, indicated  both cell cycle arrest and enhanced proliferative capacity associated 
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with the tumorigenesis hallmarks. The identification of proteins involved in DNA damage 

recognition and repair is in accord with greater genomic surveillance prior to entry into S. 

Among these proteins we identified menin (MEN1), which participates in blocking G1/S 

progression in response to DNA damage by promoting the expression of CDK inhibitors 

(Scacheri et al. 2006; Balogh et al. 2010). Other up-regulated proteins implicated in G1 arrest 

included lamin A/C and LAP2B (de las Heras et al. 2012). In addition, TERF2 and TP53BP1, 

with roles in telomere protection, indicated the prevalence of processes that maintain limitless 

replicative potential (de Lange 2005; De Boeck et al. 2009). A number of transcriptional 

repressors associated with acquiring insensitivity to growth inhibition, such as ZN217 and 

Z512B, and increased cell proliferation by repression of CDK inhibitors, such as CTBP2 and 

MBD2, also displayed up-regulation (Berger and Bird 2005; Thillainadesan 2008, Tili et al. 

2010). Overall, these processes indicate that a number of molecular mechanisms that control and 

promote cell division are in place in the arrested G1N state of MCF-7.

Up-regulated proteins in the SN cell fraction included numerous proliferation markers, such as 

Ki-67, and proteins involved in DNA replication. A number of proteins specifically associated 

with breast cancer proliferation, such as PHB and G3BP2, were observed (French et al. 2002; 

Mishra et al 2010), suggesting that these proteins could be particularly important in the active 

cell cycle of MCF-7 cells. Components associated with the first and last steps of oxidative 

phosphorylation suggest enhanced ATP production in S, indicative of a greater need for energy 

support in proliferating cells. In addition, NDK8, involved in the production of nucleoside 

triphosphates other than ATP (The UniProt Consortium 2012) was also up-regulated, as expected 

in a cell with a high requirement of nucleotides for DNA synthesis. Transcriptional regulators 

displayed differential expression in both the G1N and SN fractions. In G1N, these proteins were 

primarily associated with RNA polymerase II transcription, responsible for mRNA and snRNA 

synthesis, while in SN, these proteins were associated with the transcription of rRNA, tRNA and 

members of the translation and splicing complexes (Baillat et al. 2005; Vannini and Cramer 

2012).

The comparison of G1C and SC cell fractions revealed processes that support those that were 

observed in the nuclear fractions. In G1C, a number of intracellular signaling proteins with roles 
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in cell survival, cell growth, proliferation and decreased CDK inhibition displayed up-regulation, 

suggesting the presence of G1N protective hallmarks of cancer. The over-expression of DPP2, a 

protein involved in maintaining cells in a quiescent state such as the one that would be induced 

by G1 arrest, while preventing programmed cell death, is suggestive of another hallmark of 

cancer, i.e., evasion of apoptosis (Mele et al. 2009). Some proteins involved in the degradation of 

cell cycle-related proteins, such as CUL4B, and of misfolded proteins, such as DERL1, were also 

up-regulated in the G1C fraction. Protein degradation could be indicative of cellular stress 

induced by serum starvation, or DNA damage detection, which was encountered in the nucleus. 

DERL1 is also involved, however, in protecting cells from apoptosis (Wang et al. 2008), further 

solidifying the process of evasion of programmed cell death in this fraction. In addition, several 

proteins involved in fatty acid degradation and various steps of mitochondrial respiration were 

found up-regulated in G1C. Enhanced fatty acid metabolism has been associated with certain 

cancers (Ockner et al. 1993; Liu 2006), and a previous proteomic study of breast cancer tissues 

suggested a link between ER+ status and fatty acid metabolism (Rezaul et al. 2010). These 

processes suggest that cells are utilizing various sources of energy production in response to 

serum deprivation.

As expected, proteins up-regulated in SC were indicative of cellular mechanisms characteristic to 

proliferation. Among these, we identified the MCM proteins that are localized to the cytoplasm 

after DNA replication in the nucleus (Morgan 2007), and also participate in centrosome 

duplication in the cytoplasm (Knockleby and Lee 2010). A number of proteins involved in the 

production of nucleotides and nuclear import, as well as proteins involved in protein biosynthesis 

and folding, were also recognized in this fraction. These findings support the greater need for 

nucleotides and proteins that are necessary for genome duplication and cell cycle progression. In 

addition, a transcriptional co- -Pace and Ali 2008), and a protein 

involved in insulin degradation, IDE (Malito et al. 2008), were also up-regulated, in accordance 

with the ER+ phenotype of MCF-7 cells and the composition of the medium used for cell cycle 

release.

In terms of the molecular signaling pathways involved in G1 and S, that could play a role in 

granting ER+ breast cancer cells a proliferative advantage, the Wnt and TGF-
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appeared to be most affected. The data suggests that cellular proliferation might be repressed, 

which is in accordance with the arrested state of the cells. However, the repression of CDK 

inhibitors was also promoted, which is indicative of enhanced proliferative capacity observed in 

cancer cells in the absence of mitogenic signaling. Furthermore, in G1C, we observed the up-

regulation of signaling proteins associated with proliferation upon relocation from the cytoplasm 

to the nucleus, such as KS6B1 and STAT3 (Fingar et al. 2004; Dreesen and Brivanlou 2007; 

Fenton and Gout 2011). Cytoplasmic localization of these proteins is in accordance with an 

arrested cell state with potential to proliferate. The signaling pathways represented in SN and SC 

were representative of active proliferation, as supported by the molecular processes discussed 

above.

Overall, the data obtained for the MCF-7 cell line supports cell cycle arrest in G1 and 

proliferation in S. Most significantly, however, the G1 phase of the cell cycle revealed the 

prevalence of co-regulated proteins and biological processes that work synergistically at the 

G1/S interface to maintain a cancerous proliferative phenotype. Relevant to signaling, some 

proteins involved in the mTOR, Jak-STAT, integrin and Wnt pathways were representative of 

cellular attributes that confer self-sufficiency in proliferative and growth signals, while some 

negative regulators of the TGF-

insensitivity to anti-growth signals by repression of CDK inhibitors. Various proteins related to 

evasion of apoptosis, limitless replicative potential, induction of invasion and metastasis, 

sustained angiogenesis, deregulation of energy metabolism and evasion of immune destruction 

were also up-regulated. The comparative analysis of the G1 nuclear fractions of MCF-7 and 

MCF-10A indicated that the MCF-7 cells support  the up-regulation of proteins involved in 

highly regulated cellular processes such as DNA repair, mRNA splicing, transcriptional 

regulation and chromatin organization. The up-regulation of DNA repair proteins in cancer cells

is in accordance with increased genomic instability and greater levels of mutations that enable 

cells to acquire tumor progression capabilities (Hanahan and Weinberg 2011). Splicing is an 

important process in the regulation of cell proliferation, as it is responsible for generating protein 

diversity, and has an important role in the expression of cell cycle-relevant proteins (Weinberg 

2007). Moreover, the up-regulation of the components of the minor spliceosome is indicative of 

the influence of splicing in cancer cells, as it affects proteins involved in some of the most 
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important cellular processes including DNA repair and replication (Will and Luhrmann 2005). A 

number of transcriptional repressors and components of chromatin remodeling complexes were 

also up-regulated. One of these proteins is HDAC1, which has a major role in repressing the 

expression of CDK inhibitors p21 and p27, which arrest cells in G1 in response to DNA damage 

(Weinberg 2007; Jurkin et al. 2011). Inhibition of these CDK inhibitors in G1/MCF-7 suggests 

support of cell proliferation despite DNA damage recognition. HDAC1, along with MTA2, also 

identified in this dataset, have additional roles in repressing estrogen action (Kawai et al. 2003; 

Denslow and Wade 2007), a process which is in accord with the experimental conditions that 

were used for generating the G1-arrested cells, i.e., an estradiol-free culture medium.

The over-expression of some of the components of the cohesin complex is relevant to cancer as 

the dysregulation of this complex can have profound effects on gene expression and DNA repair 

(Xu et al. 2011). The up-regulation of a group of proteins that are involved in nuclear import and 

export, both important processes in tumorigenesis and cell cycle regulation, was also found in 

MCF-7. The nuclear transport proteins IMB1, IMA1, IMA2 and RAN are involved in mobilizing 

cytoplasmic cargo to the nucleus. Components of the nuclear pore complex, such as NU133 and 

NU160, regulate mRNA export, and are important in cell cycle and cancer regulation, as their 

over-expression can result in mRNA accumulation in the nucleus, causing proteins to not be 

expressed, even when gene expression is optimal (Vasu et al. 2001). These processes may affect 

the proper localization of significant proteins such as catenin-

The cytoplasmic fraction of MCF-7 displayed up-regulation of processes that boost transcription, 

splicing and mRNA export from the nucleus, to ultimately support translation, protein synthesis 

and processing. Protein synthesis is particularly relevant to cell growth, and up-regulation of 

AN32A, PTPA, IF4B and IF4G suggests promotion of an active G1 signaling and translation 

activity. As previously described in the literature, well-known cancer markers such as keratins 8, 

18 and 19 were identified in this dataset (Karantza 2011). While keratin 18 is up-regulated in 

its transcriptional activity in the nucleus and negatively impact malignancy (Karantza 2011). 

Altogether, however, the up-regulated molecular processes in MCF-7/G1 nuclear and 

cytoplasmic fractions, as compared to MCF-10A, are indicative of detection of DNA damage 
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and enhanced cell growth and proliferative capacity even in the absence of mitogenic signaling. 

The data also suggest active cellular participation in the G1 phase, not the quiescent G0 phase, 

which would be more favored in normal cells. All processes that displayed up-regulation in 

MCF-7 appear to be interrelated, underlying the need for an effective proteomic strategy to 

obtain a comprehensive overview of the concurrent molecular mechanisms that affect ER+ breast 

cancer cell proliferation.

Among the up-regulated proteins in the nuclear fraction of MCF-10A/G1, we identified a 

number of tumor suppression markers and proteins that have been associated with inhibition of 

cell growth and proliferation, differentiation and entry into G0, including SPB5, IRF6, ABI1 and 

1433S (Fan and Goff 2000; Yang et al. 2003; Echarri et al. 2004; Bailey et al 2005; Bailey et al. 

2008; Goulet et al. 2011). The up-regulation of these proteins is indicative of a normal cell 

response to serum starvation, in which the cells readily exit the cell cycle and enter a quiescent

state (G0). The down-regulation of these same proteins in MCF-7 is possibly linked to growth 

and proliferative potential, and gene expression activities that are more closely associated with 

an active G1 phase, instead of entry into G0. The up-regulation of tumor suppressor 14-3-3

proteins (E, F and Z) in MCF-10A/G1N is indicative of repression of cell proliferation, as these 

proteins are implicated in the repression of the Wnt pathway transcriptional activity by relocating 

catenin- -regulated in this fraction, to the cytoplasm (Morrison 2009). The up-regulation 

of a number of proteins involved in cytoskeleton organization and translation could be associated 

with cytoplasmic contamination of the nuclear fraction, although further investigation would be 

required to draw concrete hypotheses and conclusions about these processes and their potential 

roles in the nucleus. Open to interpretation remains also the identification of the proto-oncogene 

YES which was found to be indicative of a well-differentiated tissue in liver cancers (Nonomura 

et al. 2007).

The cytoplasmic fraction of MCF-10A/G1 displayed, as expected, up-regulation of EGFR and 

EGF mediated proliferation. Although EGFR is expressed for a limited time range, simultaneous 

down-regulation of cyclin G-associated kinase (GAK) increases EGFR presence at the plasma 

membrane surface (Weinberg 2007). In addition to mitogenic signaling, EGFR is implicated in 

cell adhesion by interaction with catenin- ner 
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et al. 2004), both of which were also up-regulated in this fraction in addition to other catenins. 

Concurrent with a greater need for anchorage dependence and extracellular signaling, MCF-10A 

cells displayed up-regulation of cell surface receptors and proteins involved in cell-cell adhesion 

and cell-extracellular matrix signaling, including integrins (ITA6, ITB1, and ITB4), which 

provide a connection between the intracellular and extracellular environment and modulate cell 

adhesion, motility and cytoskeleton regulation (Weinberg 2007). The up-regulation of epithelial 

intermediate filaments such as vimentin was associated with the epithelial-mesenchymal 

transition phase accompanying the MCF-10A phenotype (Weinberg 2007, Sandhu et al. 2005), 

perhaps indicating a greater need for normal cells to have cell-cell contact in cell culture. 

Calcium-binding proteins (S100 proteins and annexins) are usually linked to breast cancer, 

however, annexin A1 has been described to be down-regulated in ER+ breast cancer (Rezaul et 

al. 2010), and S100-A7 has been found to be up-regulated in MCF-10A as a result of serum 

deprivation and other conditions that promote cellular stress (Enerback et al. 2002). Altogether, 

the proteins and molecular processes that displayed up-regulation in MCF-10A were indicative 

of the presence of tumor suppressors and processes related to inhibition of cell proliferation, 

enhanced differentiation and response to cellular stress, as characteristic to the MCF-10A 

phenotype.

Altogether, the information generated from the comparison of MCF-7 and MCF-10A cells is 

indicative of concurrent aberrations in cancer cell cycle regulation that are responsible 

synergistically for driving cancer cells into uncontrolled proliferation. The large number of up-

regulated proteins involved in transcription, splicing, and translation are suggestive of an active 

growth phase. In particular, the altered expression level of components of the minor spliceosome, 

of several proteins involved in the repression of CDK inhibitors, of proteins involved in blocking 

or modulating differentiation, of a large number of DNA repair, chromatin remodeling, and RAS 

oncogene superfamily proteins, as well as of tumor suppressor proteins, seem to be explicit 

trademarks of the proliferative capacity of ER+ breast cancer cells. Up-to-date, this data set 

represents the most comprehensive comparative  study  between a cancerous and non-

tumorigenic cell state at the G1/S cell cycle interface, uncovering for the first time new 

relationships between co-regulated protein networks with essential roles in transcription 

activation and repression, signaling and cell cycle control.
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This discovery-driven proteomics approach led to the identification of a set of differentially 

expressed proteins that represent opportunities for the development of new therapeutic targets for 

ER+ breast cancer cases, as well as of novel biomarker panels for the diagnosis of the disease. 

Although contingent to further validation of the data, the results outlined above provide the basis 

for selecting multiple targets from the category of proteins that may confer proliferative capacity 

to ER+ breast cancer cells. These categories include signal transduction proteins involved in 

RAS, estrogen and TGF- ators of the cell cycle, splicing factors 

and DNA damage proteins, just to name a few. Such therapies would result in the  inactivation of 

some hallmarks of cancer that result from gain and loss of oncogene and tumor suppressor 

activities, respectively, the repression of protein isoforms with roles in enhanced proliferation, 

and the expression of CDK inhibitors that may lead to arrest and apoptosis. Additional data 

analysis, validation and statistical and mathematical modeling may lead to further projections

that could help select relevant protein combinations for more detailed scrutiny.

In order to gain a better understanding of the impact of our results, and facilitate the use of these 

data in future studies, it is important to discuss some of the potential pitfalls of this study. In an 

effort to maintain our samples under physiologically relevant conditions, fluorescence-activated 

cell sorting and chemical arrest of cells was avoided for the generation of G1-arrested and S-

released cells. As a result, the population of cells that was analyzed always contained some 

fraction of cells that were in a different cell cycle stage than the one that was intended for 

analysis. While complete cell culture synchronization could not be achieved, high reproducibility 

of biological replicates, careful selection of filtering parameters, and statistical evaluation of the 

data enabled the confident  selection  of differential expressed proteins  between  the various  cell 

states. Regarding the reliability of the quantitation, two factors must be taken into consideration: 

(a) low spectral counts result in decreased reliability in quantitative comparisons, and (b) 

posttranslational modifications may interfere with the interpretation of the differential expression 

data. The first case poses a problem for some important cancer and cell cycle relevant proteins 

(such as cyclins and CDKs), which if present in low abundance, can escape the detection limits 

or present very low spectral counts. The ability to include the proteins within a functional 

network may increase, however, the confidence in the expression data. Targeted MS multiple 
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reaction monitoring, or the use of immunoassays, would certainly be useful complementary 

techniques for validating the present findings. The latter case is relevant to all proteins selected 

as differentially expressed, as the appearance of change in expression level could be an artifact of 

changes in posttranslational modifications. As many posttranslational modifications play a role 

in the functional status of a protein, alternative sample processing and data handling approaches 

that can identify the number and site of such modifications would certainly benefit the 

interpretation of the present dataset. In conclusion, this study generated a comprehensive map of 

the molecular processes and signaling pathways that play a role in promoting the proliferation of 

ER+ breast cancer cells. Based on the present findings, we hypothesize  that  the MCF-7 ER+ 

breast cancer cells gain proliferative capacity in at least three ways: (a) self-sufficiency in growth 

signaling,  as a result of  altered gene transcription, splicing and translation, processes which 

confer enhanced cell growth capabilities, and  produce  potentially  aberrant proteins; (b) 

insensitivity to anti-growth signaling, as a result of  the  repression of CDK inhibitors, mediated 

by transcriptional repressors or deregulated signaling pathways such as TGF-

of apoptosis,  as a result of  the  expression of cell death-protecting proteins. In addition, the up-

regulation of functional protein categories such as DNA repair and chromatin remodeling are 

also likely to confer a proliferative advantage to ER+ breast cancer cells. Despite the need for 

further validation of the data, we report that we have identified at least four protein sets of 

interest: (a) proteins displaying differential expression in an arrested and proliferating state of 

MCF-7, (b) proteins displaying differential expression in ER+ breast cancer and normal breast 

epithelia under arrest conditions, (c) proteins with biomarker potential, and (d) proteins with 

therapeutic target potential.

Proposed avenues to continue this work include the following:  (a) Global phosphoproteomic 

studies of ER+ breast cancer cells to determine the phosphorylation state of signaling proteins 

and to increase the confidence in the differential expression results. (b) Comparative proteomic 

analyses of different ER+ breast cancer cell lines and tissues to solidify the information obtained 

from the MCF-7 model system.  Such comparative analyses could provide information about the 

specificity of our findings for ER+ breast cancer. Our quantitative method based on spectral 

counting offers the capability to compare an unlimited number of samples that do not need to be 

processed concurrently, thus allowing this study to continue as long as comparable levels of 



131

reproducibility can be achieved. (c) Validation of the present findings by targeted studies of the 

specific processes and proteins that were identified to be of interest in this dataset. This would be 

particularly important for confirming the potential of selected proteins as biomarkers or 

therapeutic targets, and for translating the results into the clinical setting for the treatment of ER+ 

breast cancer.
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Appendix A: Proteins Associated with Breast Cancer Disease in MCF-7

Swiss-Prot 
ID Protein Protein name MW 

(Da)
Spectral 
counts

P78527 PRKDC DNA-dependent protein kinase catalytic 
subunit 468,787 334.80

P12956 KU70 ATP-dependent DNA helicase 2 subunit 1 69,799 151.60
Q14980 NUMA1 Nuclear mitotic apparatus protein 1 238,113 151.60
P13010 KU86 ATP-dependent DNA helicase 2 subunit 2 82,652 130.60
P09874 PARP1 Poly [ADP-ribose] polymerase 1 113,012 112.80
P07437 TBB5 Tubulin beta chain 49,639 90.80
P15531 NDKA Nucleoside diphosphate kinase A 17,138 67.20
P11586 C1TC C-1-tetrahydrofolate synthase, cytoplasmic 101,496 59.60
P35232 PHB Prohibitin 29,786 51.60
O43684 BUB3 Mitotic checkpoint protein BUB3 37,131 33.00

Q5JWF2 GNAS1 Guanine nucleotide-binding protein G(s) 
subunit alpha isoforms Xlas 110,956 31.40

P27695 APEX1 DNA-(apurinic or apyrimidinic site) lyase 35,532 30.20
P54727 RD23B UV excision repair protein RAD23 homolog B 43,145 29.60
P21266 GSTM3 Glutathione S-transferase Mu 3 26,542 21.60
P02786 TFR1 Transferrin receptor protein 1 84,818 19.20
P15559 NQO1 NAD(P)H dehydrogenase [quinone] 1 30,848 15.00
P10599 THIO Thioredoxin 11,730 12.00
P00441 SODC Superoxide dismutase [Cu-Zn] 15,926 11.00
P21964 COMT Catechol O-methyltransferase 30,018 10.40
P34896 GLYC Serine hydroxymethyltransferase, cytosolic 53,049 7.60
P16435 NCPR NADPH--cytochrome P450 reductase 76,641 7.40

P16455 MGMT Methylated-DNA--protein-cysteine 
methyltransferase 21,632 6.60

P06400 RB Retinoblastoma-associated protein 106,092 6.00

Q07973 CP24A Cytochrome P450 24A1, mitochondrial 
precursor 58,838 4.60

P01112 RASH GTPase HRas precursor 21,285 4.40
P07099 HYEP Epoxide hydrolase 1 52,915 3.80
Q13330 MTA1 Metastasis-associated protein MTA1 80,737 3.40
Q92878 RAD50 DNA repair protein RAD50 153,796 3.20
P18887 XRCC1 DNA-repair protein XRCC1 69,483 3.20

Q01831 XPC DNA-repair protein complementing XP-C
cells 105,915 2.80
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Swiss-Prot 
ID Protein Protein name MW 

(Da)
Spectral 
counts

P35520 CBS Cystathionine beta-synthase 60,548 2.40
O43708 MAAI Maleylacetoacetate isomerase 24,167 2.40
P29353 SHC1 SHC-transforming protein 1 62,813 2.00

P37231 PPARG Peroxisome proliferator-activated receptor 
gamma 57,583 2.00

Q9UBB5 MBD2 Methyl-CpG-binding domain protein 2 43,228 1.60
Q12888 TP53B Tumor suppressor p53-binding protein 1 213,441 1.40
P49916 DNL3 DNA ligase 3 102,626 1.20

P18074 ERCC2 TFIIH basal transcription factor complex 
helicase subunit 86,854 1.20

P47985 UCRI Cytochrome b-c1 complex subunit Rieske, 
mitochondrial precursor 29,649 1.00

P04040 CATA Catalase 59,719 0.80
Q13085 COA1 Acetyl-CoA carboxylase 1 265,383 0.60
P00374 DYR Dihydrofolate reductase 21,439 0.40
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Appendix B: Putative Cancer Biomarkers in MCF-7

Swiss-Prot 
ID Protein Protein name MW 

(Da)
Spectral 
counts

P05783 K1C18 Keratin, type I cytoskeletal 18 48,029 1180.00
P05787 K2C8 Keratin, type II cytoskeletal 8 53,671 883.40
P21333 FLNA Filamin-A 280,561 713.80
P14618 KPYM Pyruvate kinase isozymes M1/M2 57,900 621.60
P08727 K1C19 Keratin, type I cytoskeletal 19 44,065 593.20
P06733 ENOA Alpha-enolase 47,139 513.60
P49327 FAS Fatty acid synthase 273,225 456.20
P06748 NPM Nucleophosmin 32,555 426.60

P11142 HSP7C Heat shock cognate 71 kDa 
protein 70,854 377.40

P04406 G3P Glyceraldehyde-3-phosphate 
dehydrogenase 36,030 368.40

P78527 PRKDC DNA-dependent protein kinase 
catalytic subunit 468,787 334.80

Q00610 CLH1 Clathrin heavy chain 1 191,492 327.40
P13639 EF2 Elongation factor 2 95,277 277.80
O43707 ACTN4 Alpha-actinin-4 104,789 277.60
P07900 HS90A Heat shock protein HSP 90-alpha 84,607 270.20

P61978 HNRPK Heterogeneous nuclear 
ribonucleoprotein K 50,944 267.80

P07355 ANXA2 Annexin A2 38,580 258.20

P46940 IQGA1 Ras GTPase-activating-like 
protein IQGAP1 189,133 237.20

P35579 MYH9 Myosin-9 226,391 236.40
Q15149 PLEC1 Plectin-1 531,408 233.80
P23528 COF1 Cofilin-1 18,491 232.00
P13646 K1C13 Keratin, type I cytoskeletal 13 49,556 230.20

Q09666 AHNK Neuroblast differentiation-
associated protein AHNAK 628,705 224.40

P08107 HSP71 Heat shock 70 kDa protein 1 70,009 220.60
Q13813 SPTA2 Spectrin alpha chain, brain 284,363 220.60
P19338 NUCL Nucleolin 76,569 214.40

P06576 ATPB ATP synthase subunit beta, 
mitochondrial precursor 56,525 214.00

Q71U36 TBA1A Tubulin alpha-1A chain 50,104 205.00
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Swiss-Prot 
ID Protein Protein name MW

(Da)
Spectral 
counts

P10809 CH60 60 kDa heat shock protein, 
mitochondrial precursor 61,017 197.40

P00558 PGK1 Phosphoglycerate kinase 1 44,586 186.20
P12814 ACTN1 Alpha-actinin-1 102,993 174.00

P26599 PTBP1 Polypyrimidine tract-binding 
protein 1 57,186 170.80

P31943 HNRH1 Heterogeneous nuclear 
ribonucleoprotein H 49,198 166.40

P04792 HSPB1 Heat shock protein beta-1 22,769 162.40
P07737 PROF1 Profilin-1 15,045 158.80
P15311 EZRI Ezrin 69,370 158.60

P40926 MDHM Malate dehydrogenase, 
mitochondrial precursor 35,509 148.60

P23246 SFPQ Splicing factor, proline- and 
glutamine-rich 76,102 145.20

P30101 PDIA3 Protein disulfide-isomerase A3 
precursor 56,747 142.00

Q14204 DYHC1 Dynein heavy chain 1, cytoplasmic 
1 532,072 140.00

P22314 UBA1 Ubiquitin-like modifier-activating 
enzyme 1 117,775 139.60

P08238 HS90B Heat shock protein HSP 90-beta 83,212 139.00
O75369 FLNB Filamin-B 278,018 138.40
P14625 ENPL Endoplasmin precursor 92,411 134.80

P25705 ATPA ATP synthase subunit alpha, 
mitochondrial precursor 59,714 132.20

P06744 G6PI Glucose-6-phosphate isomerase 63,107 131.60
P18669 PGAM1 Phosphoglycerate mutase 1 28,786 131.40
P31949 S10AB Protein S100-A11 11,733 125.00
P11940 PABP1 Polyadenylate-binding protein 1 70,626 124.20

P38646 GRP75 Stress-70 protein, mitochondrial 
precursor 73,635 123.80

P55072 TERA Transitional endoplasmic 
reticulum ATPase 89,266 117.00

P04075 ALDOA Fructose-bisphosphate aldolase A 39,395 115.80
P60842 IF4A1 Eukaryotic initiation factor 4A-I 46,125 115.00

P11413 G6PD Glucose-6-phosphate 1-
dehydrogenase 59,219 114.20
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Swiss-Prot 
ID Protein Protein name MW 

(Da)
Spectral 
counts

P62937 PPIA Peptidyl-prolyl cis-trans 
isomerase A 18,001 114.00

P27824 CALX Calnexin precursor 67,526 106.40
P60174 TPIS Triosephosphate isomerase 26,653 103.80
P63104 1433Z 14-3-3 protein zeta/delta 27,728 90.60

P26641 EF1G Elongation factor 1-gamma 50,087 90.40

P52209 6PGD 6-phosphogluconate dehydrogenase, 
decarboxylating 53,106 90.00

P23396 RS3 40S ribosomal protein S3 26,671 82.80
P18124 RL7 60S ribosomal protein L7 29,207 82.00

P55786 PSA Puromycin-sensitive 
aminopeptidase 103,211 81.20

P36578 RL4 60S ribosomal protein L4 47,668 80.80
P62158 CALM Calmodulin 16,827 79.60
Q06830 PRDX1 Peroxiredoxin-1 22,096 79.40

P63244 GBLP Guanine nucleotide-binding 
protein subunit beta-2-like 1 35,055 75.80

P07910 HNRPC Heterogeneous nuclear 
ribonucleoproteins C1/C2 33,650 75.20

O43390 HNRPR Heterogeneous nuclear 
ribonucleoprotein R 70,899 73.40

Q15084 PDIA6 Protein disulfide-isomerase A6 
precursor 48,091 73.00

Q9H4B7 TBB1 Tubulin beta-1 chain 50,295 72.60

Q13263 TIF1B Transcription intermediary factor 1-
beta 88,494 72.40

P29401 TKT Transketolase 67,835 69.20

Q9Y4L1 HYOU1 Hypoxia up-regulated protein 1 
precursor 111,266 68.00

P15531 NDKA Nucleoside diphosphate kinase A 17,138 67.20
P27797 CALR Calreticulin precursor 48,112 65.40

Q96AG4 LRC59 Leucine-rich repeat-containing 
protein 59 34,909 64.40

P48735 IDHP Isocitrate dehydrogenase [NADP], 
mitochondrial precursor 50,877 62.80

P62826 RAN GTP-binding nuclear protein Ran 24,408 62.60
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Swiss-Prot 
ID Protein Protein name MW 

(Da)
Spectral 
counts

Q16719 KYNU Kynureninase 52,318 61.20
P08758 ANXA5 Annexin A5 35,914 60.40

P49588 SYAC Alanyl-tRNA synthetase, 
cytoplasmic 106,743 60.00

P62258 1433E 14-3-3 protein epsilon 29,155 58.80
P37802 TAGL2 Transgelin-2 22,377 58.60
P39019 RS19 40S ribosomal protein S19 16,051 58.00
P30041 PRDX6 Peroxiredoxin-6 25,019 57.40

P08195 4F2 4F2 cell-surface antigen heavy 
chain 57,909 57.20

Q13509 TBB3 Tubulin beta-3 chain 50,400 56.40
P46783 RS10 40S ribosomal protein S10 18,886 55.00

Q96AE4 FUBP1 Far upstream element-binding 
protein 1 67,519 54.20

P13667 PDIA4 Protein disulfide-isomerase A4 
precursor 72,887 52.60

P07384 CAN1 Calpain-1 catalytic subunit 81,838 52.20
P35232 PHB Prohibitin 29,786 51.60
P62241 RS8 40S ribosomal protein S8 24,190 49.60

P22695 QCR2 Cytochrome b-c1 complex subunit 
2, mitochondrial precursor 48,413 48.80

Q9BSJ8 ESYT1 Extended-synaptotagmin-1 122,780 48.60
P09429 HMGB1 High mobility group protein B1 24,878 47.80

Q14103 HNRPD Heterogeneous nuclear 
ribonucleoprotein D0 38,410 47.80

P07339 CATD Cathepsin D precursor 44,524 46.80
P78371 TCPB T-complex protein 1 subunit beta 57,452 46.40

P30086 PEBP1 Phosphatidylethanolamine-binding 
protein 1 21,044 44.40

P51659 DHB4 Peroxisomal multifunctional 
enzyme type 2 79,636 44.20

P32119 PRDX2 Peroxiredoxin-2 21,878 44.20

P19105 MLRM Myosin regulatory light chain 2, 
nonsarcomeric 19,782 42.20

P61981 1433G 14-3-3 protein gamma 28,285 42.00
P46013 KI67 Antigen Ki-67 358,472 41.20
Q9Y224 CN166 Protein C14orf166 28,051 41.00
Q15019 SEPT2 Septin-2 41,461 40.60
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Swiss-Prot 
ID Protein Protein name MW 

(Da)
Spectral 
counts

P09972 ALDOC Fructose-bisphosphate aldolase C 39,431 40.40
P09493 TPM1 Tropomyosin alpha-1 chain 32,689 40.40

P49411 EFTU Elongation factor Tu, 
mitochondrial precursor 49,510 39.80

Q99729 ROAA Heterogeneous nuclear 
ribonucleoprotein A/B 36,202 39.40

O43399 TPD54 Tumor protein D54 22,224 39.00

Q16891 IMMT Mitochondrial inner membrane 
protein 83,627 38.80

P51149 RAB7A Ras-related protein Rab-7a 23,475 38.40
P06396 GELS Gelsolin precursor 85,644 37.60
P05388 RLA0 60S acidic ribosomal protein P0 34,252 37.60

P13693 TCTP Translationally-controlled tumor 
protein 19,583 36.60

Q01518 CAP1 Adenylyl cyclase-associated 
protein 1 51,823 34.80

P28331 NDUS1
NADH-ubiquinone 
oxidoreductase 75 kDa subunit, 
mitochondrial

79,417 33.00

P08133 ANXA6 Annexin A6 75,826 32.00

P21796 VDAC1 Voltage-dependent anion-selective 
channel protein 1 30,754 31.80

P07108 ACBP Acyl-CoA-binding protein 10,038 31.20

O14745 NHERF Ezrin-radixin-moesin-binding 
phosphoprotein 50 38,845 31.00

P05198 IF2A Eukaryotic translation initiation 
factor 2 subunit 1 36,089 30.40

P27695 APEX1 DNA-(apurinic or apyrimidinic 
site) lyase 35,532 30.20

O75874 IDHC Isocitrate dehydrogenase [NADP] 
cytoplasmic 46,630 30.20

P02538 K2C6A Keratin, type II cytoskeletal 6A 60,008 29.40
Q13162 PRDX4 Peroxiredoxin-4 30,521 29.20
P31947 1433S 14-3-3 protein sigma 27,757 29.20
Q9Y490 TLN1 Talin-1 269,596 29.00
P50991 TCPD T-complex protein 1 subunit delta 57,888 28.60
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Swiss-Prot 
ID Protein Protein name MW 

(Da)
Spectral 
counts

P42224 STAT1 Signal transducer and activator 
of transcription 1-alpha/beta 87,280 28.60

P52565 GDIR1 Rho GDP-dissociation inhibitor 1 23,193 28.40
P22392 NDKB Nucleoside diphosphate kinase B 17,287 28.20

P49748 ACADV
Very long-chain specific acyl-
CoA dehydrogenase, 
mitochondrial

70,346 28.20

P62750 RL23A 60S ribosomal protein L23a 17,684 27.20

P52907 CAZA1 F-actin-capping protein subunit 
alpha-1 32,902 26.60

P30084 ECHM Enoyl-CoA hydratase, 
mitochondrial precursor 31,367 26.00

O75489 NDUS3
NADH dehydrogenase 
[ubiquinone] iron-sulfur protein 3, 
mitochondrial

30,223 24.00

P45880 VDAC2 Voltage-dependent anion-selective 
channel protein 2 31,547 24.00

P62805 H4 Histone H4 11,360 23.80
O60701 UGDH UDP-glucose 6-dehydrogenase 54,989 21.80
O75083 WDR1 WD repeat-containing protein 1 66,152 21.00
P09104 ENOG Gamma-enolase 47,239 20.60

P05023 AT1A1 Sodium/potassium-transporting 
ATPase subunit alpha-1 precursor 112,824 19.40

P16401 H15 Histone H1.5 22,567 19.40
P02786 TFR1 Transferrin receptor protein 1 84,818 19.20

P27105 STOM Erythrocyte band 7 integral 
membrane protein 31,711 19.00

P62993 GRB2 Growth factor receptor-bound
protein 2 25,190 18.60

P52597 HNRPF Heterogeneous nuclear 
ribonucleoprotein F 45,643 17.40

P51570 GALK1 Galactokinase 42,246 16.80
P62899 RL31 60S ribosomal protein L31 14,454 16.60

Q12907 LMAN2 Vesicular integral-membrane 
protein VIP36 precursor 40,203 16.40

P06753 TPM3 Tropomyosin alpha-3 chain 32,799 16.20
Q9Y446 PKP3 Plakophilin-3 87,029 16.00
P04080 CYTB Cystatin-B 11,133 15.60
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Swiss-Prot 
ID Protein Protein name MW 

(Da)
Spectral 
counts

P30043 BLVRB Flavin reductase 22,105 15.20

P15559 NQO1 NAD(P)H dehydrogenase 
[quinone] 1 30,848 15.00

P67936 TPM4 Tropomyosin alpha-4 chain 28,505 14.00
O76003 GLRX3 Glutaredoxin-3 37,408 13.60

Q9NRX4 PHP14 14 kDa phosphohistidine 
phosphatase 13,824 12.60

P53621 COPA Coatomer subunit alpha 138,244 12.20
P10599 THIO Thioredoxin 11,730 12.00
O75347 TBCA Tubulin-specific chaperone A 12,847 11.80
P25786 PSA1 Proteasome subunit alpha type-1 29,537 11.60
P46782 RS5 40S ribosomal protein S5 22,862 11.00

P62873 GBB1
Guanine nucleotide-binding 
protein G(I)/G(S)/G(T) subunit 
beta-1

37,353 11.00

P25398 RS12 40S ribosomal protein S12 14,517 11.00
P00441 SODC Superoxide dismutase [Cu-Zn] 15,926 11.00
P62917 RL8 60S ribosomal protein L8 28,007 10.20
P18206 VINC Vinculin 123,722 10.20
P61019 RAB2A Ras-related protein Rab-2A 23,531 10.00
P17987 TCPA T-complex protein 1 subunit alpha 60,306 9.80
P49903 SPS1 Selenide, water dikinase 1 42,883 9.80
P16403 H12 Histone H1.2 21,352 9.20

O00299 CLIC1 Chloride intracellular channel 
protein 1 26,906 9.00

Q00325 MPCP Phosphate carrier protein, 
mitochondrial precursor 40,069 8.20

Q02543 RL18A 60S ribosomal protein L18a 20,749 8.20
Q9NQC3 RTN4 Reticulon-4 129,851 8.20
P12004 PCNA Proliferating cell nuclear antigen 28,750 7.80

P00505 AATM Aspartate aminotransferase, 
mitochondrial precursor 47,445 7.40

P09525 ANXA4 Annexin A4 35,860 6.80
Q07960 RHG01 Rho GTPase-activating protein 1 50,404 6.20
O14737 PDCD5 Programmed cell death protein 5 14,276 5.20

Q9P0J0 NDUAD
NADH dehydrogenase 
[ubiquinone] 1 alpha subcomplex 
subunit 13

16,688 4.20
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Swiss-Prot 
ID Protein Protein name MW 

(Da)
Spectral 
counts

P16949 STMN1 Stathmin 17,292 4.00

Q99536 VAT1 Synaptic vesicle membrane 
protein VAT-1 homolog 41,894 3.60

P04183 KITH Thymidine kinase, cytosolic 25,452 2.80
Q14847 LASP1 LIM and SH3 domain protein 1 29,698 2.20
P00918 CAH2 Carbonic anhydrase 2 29,228 2.00
Q14764 MVP Major vault protein 99,266 2.00
P09382 LEG1 Galectin-1 14,706 1.60
Q9UHV9 PFD2 Prefoldin subunit 2 16,638 1.60

P43307 SSRA Translocon-associated protein 
subunit alpha precursor 32,215 1.60

O00625 PIR Pirin 32,093 1.40
Q96HE7 ERO1A ERO1-like protein alpha precursor 54,358 1.20
Q99471 PFD5 Prefoldin subunit 5 17,317 1.20
O43169 CYB5B Cytochrome b5 type B precursor 16,322 0.80

Entries in bold print represent putative breast cancer biomarkers identified in the
literature.



147

Appendix C: Selected Proteins Identified in MCF-7 and MCF-10A

SwissProt Protein Protein name
Total 

spectral 
counts

P62258 1433E 14-3-3 protein epsilon 122.60
Q04917 1433F 14-3-3 protein eta 18.40
P61981 1433G 14-3-3 protein gamma 111.60
P31947 1433S 14-3-3 protein sigma 266.40
P63104 1433Z 14-3-3 protein zeta/delta 252.60
Q8IZP0 ABI1 Abl interactor 1 3.20

P11310 ACADM Medium-chain specific acyl-CoA dehydrogenase, 
mitochondrial 0.80

P12814 ACTN1 Alpha-actinin-1 475.20
O43707 ACTN4 Alpha-actinin-4 504.00
P61163 ACTZ Alpha-centractin 3.60

O95831 AIFM1 Apoptosis-inducing factor 1, mitochondrial precursor 20.80

P28838 AMPL Cytosol aminopeptidase 1.40

P39687 AN32A Acidic leucine-rich nuclear phosphoprotein 32 
family member A 26.20

P50995 ANX11 Annexin A11 24.40
P04083 ANXA1 Annexin A1 274.60
P07355 ANXA2 Annexin A2 2139.00
O95782 AP2A1 AP-2 complex subunit alpha-1 13.20
O15511 ARPC5 Actin-related protein 2/3 complex subunit 5 2.20

Q9UBL3 ASH2L Set1/Ash2 histone methyltransferase complex subunit 
ASH2 4.20

O75947 ATP5H ATP synthase subunit d, mitochondrial 34.20

P25705 ATPA ATP synthase subunit alpha, mitochondrial precursor 132.20

P16278 BGAL Beta-galactosidase precursor 2.40
P55957 BID BH3-interacting domain death agonist 2.00

Q9H7B2 BXDC1 Brix domain-containing protein 1 3.00
Q8TDN6 BXDC2 Brix domain-containing protein 2 3.00
Q05682 CALD1 Caldesmon 21.00
P04040 CATA Catalase 0.80
P07858 CATB Cathepsin B precursor 42.20
P07339 CATD Cathepsin D precursor 46.80
P06493 CDC2/CDK1 Cell division control protein 2 homolog 14.20
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P60953 CDC42 Cell division control protein 42 homolog precursor 0.60

Q6P1J9 CDC73 Parafibromin 6.60
P24941 CDK2 Cell division protein kinase 2 0.80

O14519 CDKA1 Cyclin-dependent kinase 2-associated protein 1 4.80

P41208 CETN2 Centrin-2 7.80

Q12873 CHD3 Chromodomain-helicase-DNA-binding protein 3 14.60

Q14839 CHD4 Chromodomain-helicase-DNA-binding protein 4 46.00

O00299 CLIC1 Chloride intracellular channel protein 1 9.00

P10606 COX5B Cytochrome c oxidase subunit 5B, mitochondrial 
precursor 7.00

P46108 CRK Proto-oncogene C-crk 6.80
P68400 CSK21 Casein kinase II subunit alpha 32.00
Q13363 CTBP1 C-terminal-binding protein 1 5.00
P56545 CTBP2 C-terminal-binding protein 2 6.80
P35221 CTNA1 Catenin alpha-1 133.00
P35222 CTNB1 Catenin beta-1 14.40
O60716 CTND1 Catenin delta-1 81.20
Q13616 CUL1 Cullin-1 3.00
Q13620 CUL4B Cullin-4B 0.80
P39880 CUTL1 Homeobox protein cut-like 1 6.60
P99999 CYC Cytochrome c 13.80

Q9NR28 DBLOH Diablo homolog, mitochondrial precursor 2.20
Q16531 DDB1 DNA damage-binding protein 1 34.40

Q5VWA5 DDOST/
Q5VWA5

Dolichyl-diphosphooligosaccharide-protein 
glycosyltransferase 48 kDa subunit 51.80

P17844 DDX5 Probable ATP-dependent RNA helicase DDX5 104.40
Q9BUN8 DERL1 Derlin-1 2.20
P15924 DESP Desmoplakin 265.00
P51659 DHB4 Peroxisomal multifunctional enzyme type 2 44.20
P25686 DNJB2 DnaJ homolog subfamily B member 2 2.00
P26358 DNMT1 DNA (cytosine-5)-methyltransferase 1 31.80

Q9UHL4 DPP2 Dipeptidyl-peptidase 2 precursor 4.80
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P32926 DSG3 Desmoglein-3 precursor 9.60

P33316 DUT Deoxyuridine 5'-triphosphate nucleotidohydrolase, 
mitochondrial 6.20

Q05193 DYN1 Dynamin-1 3.80
P50570 DYN2 Dynamin-2 13.60
P42892 ECE1 Endothelin-converting enzyme 1 1.20
P13639 EF2 Elongation factor 2 703.40
P49411 EFTU Elongation factor Tu, mitochondrial precursor 91.20
P00533 EGFR Epidermal growth factor receptor precursor 2.40
Q99613 EIF3C Eukaryotic translation initiation factor 3 subunit C 6.40
P62495 ERF1 Eukaryotic peptide chain release factor subunit 1 7.20
Q13158 FADD Protein FADD 4.20
Q05397 FAK1 Focal adhesion kinase 1 7.80
P39748 FEN1 Flap endonuclease 1 60.00
O75369 FLNB Filamin-B 836.20
P04066 FUCO Tissue alpha-L-fucosidase precursor 1.80

Q9UN86 G3BP2 Ras GTPase-activating protein-binding protein 2 3.00

P23771 GATA3 Trans-acting T-cell-specific transcription factor 
GATA-3 0.80

P06396 GELS Gelsolin precursor 37.60
P62993 GRB2 Growth factor receptor-bound protein 2 18.80
P38646 GRP75 Stress-70 protein, mitochondrial precursor 123.80
Q13547 HDAC1 Histone deacetylase 1 44.60
Q92769 HDAC2 Histone deacetylase 2 11.40
P09429 HMGB1 High mobility group protein B1 47.80
O43464 HTRA2 Serine protease HTRA2, mitochondrial precursor 3.80
P14735 IDE Insulin-degrading enzyme 5.40
Q16666 IF16 Gamma-interferon-inducible protein Ifi-16 37.60

P05198 IF2A Eukaryotic translation initiation factor 2 subunit 1 30.40

P23588 IF4B Eukaryotic translation initiation factor 4B 50.40
Q04637 IF4G1 Eukaryotic translation initiation factor 4 gamma 1 29.80
P52294 IMA1 Importin subunit alpha-1 6.60
P52292 IMA2 Importin subunit alpha-2 59.40
Q14974 IMB1 Importin subunit beta-1 193.00

Q9NVR2 INT10 Integrator complex subunit 10 2.60
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Q9UI26 IPO11 Importin-11 2.20
Q86XC7 IPO5/Q86XC7 RAN binding protein 5 1.00
O14896 IRF6 Interferon regulatory factor 6 48.00
P23229 ITA6 Integrin alpha-6 precursor 19.60
P05556 ITB1 Integrin beta-1 precursor 13.20
P16144 ITB4 Integrin beta-4 precursor 85.00

Q8WUM6 ITGB1/
Q8WUM6 Integrin, beta 1 1.00

P13645 K1C10 Keratin, type I cytoskeletal 10 8.00
P02533 K1C14 Keratin, type I cytoskeletal 14 68.60
P08779 K1C16 Keratin, type I cytoskeletal 16 6.60
P05783 K1C18 Keratin, type I cytoskeletal 18 1185.80
P08727 K1C19 Keratin, type I cytoskeletal 19 594.20

P35908 K22E Keratin, type II cytoskeletal 2 epidermal 33.00

P12035 K2C3 Keratin, type II cytoskeletal 3 5.40
P13647 K2C5 Keratin, type II cytoskeletal 5 62.80
P02538 K2C6A Keratin, type II cytoskeletal 6A 93.00
P08729 K2C7 Keratin, type II cytoskeletal 7 62.40
P05787 K2C8 Keratin, type II cytoskeletal 8 884.60
P46013 KI67 Antigen KI-67 41.20
P04183 KITH Thymidine kinase, cytosolic 2.80
Q14533 KRT81 Keratin type II cuticular Hb1 65.00
P23443 KS6B1 Ribosomal protein S6 kinase beta-1 5.20

P42167 LAP2B Lamina-associated polypeptide 2, isoforms 
beta/gamma 5.00

P09382 LEG1 Galectin-1 1.60

Q3BDU5 LMNA/
Q3BDU5 Prelamin A/C 3.80

P20700 LMNB1 Lamin-B1 50.40
O60341 LSD1 Lysine-specific histone demethylase 1 26.20

Q9UBB5 MBD2 Methyl-CpG-binding domain protein 2 1.60
O95983 MBD3 Methyl-CpG-binding domain protein 3 14.40
P49736 MCM2 DNA replication licensing factor MCM2 3.20
P33991 MCM4 DNA replication licensing factor MCM4 14.40
P33993 MCM7 DNA replication licensing factor MCM7 6.60

Q15528 MED22 Mediator of RNA polymerase II transcription subunit 
22 2.00



151

SwissProt Protein Protein name
Total 

spectral 
counts

O75448 MED24 Mediator of RNA polymerase II transcription subunit 
24 1.60

Q96G25 MED8 Mediator of RNA polymerase II transcription subunit 
8 4.40

O00255 MEN1 Menin 0.80

P16455 MGMT Methylated-DNA--protein-cysteine 
methyltransferase 7.60

P28482 MK01/ERK2 Mitogen-activated protein kinase 1 4.80
P27361 MK03/ERK1 Mitogen-activated protein kinase 3 1.60

P19105 MLRM Myosin regulatory light chain 2, nonsarcomeric 115.00

Q9UBU8 MO4L1 Mortality factor 4-like protein 1 22.40
Q15014 MO4L2 Mortality factor 4-like protein 2 12.20
P43246 MSH2 DNA mismatch repair protein Msh2 8.20
P20585 MSH3 DNA mismatch repair protein Msh3 1.20
P52701 MSH6 DNA mismatch repair protein MSH6 20.00
O94776 MTA2 Metastasis-associated protein MTA2 33.40
P35749 MYH11 Myosin-11 68.20
P35579 MYH9 Myosin-9 805.60
O43795 MYO1B Myosin-Ib 52.80
O60361 NDK8 Putative nucleoside diphosphate kinase 58.40

O00483 NDUA4 NADH dehydrogenase [ubiquinone] 1 alpha 
subcomplex subunit 4 2.40

O96000 NDUBA NADH dehydrogenase [ubiquinone] 1 beta 
subcomplex subunit 1 12.60

O76041 NEBL Nebulette 5.20
Q92979 NEP1 Probable ribosome biogenesis protein NEP1 1.00
Q9BVI4 NOC4L Nucleolar complex protein 4 homolog 0.80
O00567 NOL5A Nucleolar protein 5A 23.80

Q8TAT6 NPL4 Nuclear protein localization protein 4 homolog 7.40

Q8WUM0 NU133 Nuclear pore complex protein Nup133 3.20
Q12769 NU160 Nuclear pore complex protein Nup160 7.20
Q92621 NU205 Nuclear pore complex protein Nup205 1.60
P03891 NU2M NADH-ubiquinone oxidoreductase chain 2 1.20

Q9UBD5 ORC3 Origin recognition complex subunit 3 6.20
O43929 ORC4 Origin recognition complex subunit 4 1.40
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O43913 ORC5 Origin recognition complex subunit 5 1.00
Q8N7H5 PAF1/Q8N7H5 CDNA FLJ25557 fis, clone JTH02756 5.00
Q86U86 PB1 Protein polybromo-1 9.20
P12004 PCNA Proliferating cell nuclear antigen 7.80

Q29RF7 PDS5A Sister chromatid cohesion protein PDS5 homolog A 21.00

Q9NTI5 PDS5B Sister chromatid cohesion protein PDS5 homolog B 22.00
Q8IZL8 PELP1 Proline-, glutamic acid- and leucine-rich protein 1 4.20
Q99471 PFD5 Prefoldin subunit 5 1.20
P35232 PHB Prohibitin 51.60
P14923 PLAK Junction plakoglobin 58.40

Q96T60 PNKP Bifunctional polynucleotide phosphatase/kinase 17.20

P62136 PP1A Serine/threonine-protein phosphatase PP1-alpha 
catalytic subunit 69.40

P62140 PP1B Serine/threonine-protein phosphatase PP1-beta 
catalytic subunit 4.60

P37231 PPARG Peroxisome proliferator-activated receptor gamma 2.00

Q15257 PTPA Serine/threonine-protein phosphatase 2A 
regulatory subunit B' 5.80

P31930 QCR1 Cytochrome b-c1 complex subunit 1, mitochondrial 
precursor 39.20

P22695 QCR2 Cytochrome b-c1 complex subunit 2, mitochondrial 
precursor 48.80

P63000 RAC1 Ras-related C3 botulinum toxin substrate 1 precursor 4.00

O60216 RAD21 Double-strand-break repair protein rad21 homolog 4.80

Q92878 RAD50 DNA repair protein RAD50 3.20
P62826 RAN GTP-binding nuclear protein Ran 102.20
P01112 RASH GTPase HRas precursor 4.40
P06400 RB Retinoblastoma-associated protein 7.40
Q09028 RBBP4 Histone-binding protein RBBP4 49.80
Q16576 RBBP7 Histone-binding protein RBBP7 66.60

Q9UKL0 RCOR1 REST corepressor 1 21.00
P35244 RFA3 Replication protein A 14 kDa subunit 17.00
P40937 RFC5 Replication factor C subunit 5 6.20
P61586 RHOA Transforming protein RhoA precursor 2.60
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P08134 RHOC Rho-related GTP-binding protein RhoC precursor 1.40

P04843 RIB1 Dolichyl-diphosphooligosaccharide--protein 
glycosyltransferase subunit 1 78.60

P04844 RIB2 Dolichyl-diphosphooligosaccharide--protein 
glycosyltransferase subunit 2 68.60

P31350 RIR2 Ribonucleoside-diphosphate reductase subunit M2 6.60

P27635 RL10 60S ribosomal protein L10 10.80
Q02543 RL18A 60S ribosomal protein L18a 8.20

Q9UNX3 RL26L 60S ribosomal protein L26-like 1 1.80

O15160 RPAC1 DNA-directed RNA polymerases I and III subunit
RPAC1 5.80

P52435 RPB11 DNA-directed RNA polymerase II subunit RPB11-a 2.60

Q15050 RRS1 Ribosome biogenesis regulatory protein homolog 9.80
P63220 RS21 40S ribosomal protein S21 9.00
Q9Y265 RUVB1 RuvB-like 1 68.00
Q9Y230 RUVB2 RuvB-like 2 27.40
P06703 S10A6 Protein S100-A6 21.60
P60903 S10AA Protein S100-A10 139.40
P31949 S10AB Protein S100-A11 516.20
Q07955 SFRS1 Splicing factor, arginine/serine-rich 1 140.20
Q08170 SFRS4 Splicing factor, arginine/serine-rich 4 7.80
Q13243 SFRS5 Splicing factor, arginine/serine-rich 5 5.00
Q16629 SFRS7 Splicing factor, arginine/serine-rich 7 29.80
Q13242 SFRS9 Splicing factor, arginine/serine-rich 9 22.20
P29353 SHC1 SHC-transforming protein 1 2.00
Q96ST3 SIN3A Paired amphipathic helix protein Sin3a 31.80
P63208 SKP1 S-phase kinase-associated protein 1A 24.40

Q14683 SMC1A Structural maintenance of chromosomes protein 
1A 49.40

Q9UQE7 SMC3 Structural maintenance of chromosomes protein 3 69.80

P51532 SMCA4 Probable global transcription activator SNF2L4 8.20

O60264 SMCA5
SWI/SNF-related matrix-associated actin-
dependent regulator of chromatin subfamily A 
member 5

15.00
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Q8TAQ2 SMRC2
SWI/SNF-related matrix-associated actin-
dependent regulator of chromatin subfamily C 
member 2

29.60

Q92925 SMRD2
SWI/SNF-related matrix-associated actin-
dependent regulator of chromatin subfamily D 
member 2

11.00

P00441 SODC Superoxide dismutase [Cu-Zn] 11.00
P36952 SPB5 Serpin B5 precursor 206.20
P49458 SRP09 Signal recognition particle 9 kDa protein 5.80
P61011 SRP54 Signal recognition particle 54 kDa protein 18.20
O76094 SRP72 Signal recognition particle 72 kDa protein 14.80

P08240 SRPR Signal recognition particle receptor subunit alpha 2.20

Q8N3U4 STAG2 Cohesin subunit SA-2 12.60
P40763 STAT3 Signal transducer and activator of transcription 3 4.00
P29083 T2EA Transcription initiation factor IIE subunit alpha 2.60
P49848 TAF6 Transcription initiation factor TFIID subunit 6 1.40
Q15554 TERF2 Telomeric repeat-binding factor 2 1.20
P02786 TFR1 Transferrin receptor protein 1 19.20

P09110 THIK 3-ketoacyl-CoA thiolase, peroxisomal precursor 22.40

Q9Y490 TLN1 Talin-1 136.80
P11387 TOP1 DNA topoisomerase 1 86.40
P11388 TOP2A DNA topoisomerase 2-alpha 24.60
Q02880 TOP2B DNA topoisomerase 2-beta 86.20
Q12888 TP53B Tumor suppressor p53-binding protein 1 1.40
P09493 TPM1 Tropomyosin alpha-1 chain 103.80
P07951 TPM2 Tropomyosin beta chain 12.60
P06753 TPM3 Tropomyosin alpha-3 chain 73.00
P67936 TPM4 Tropomyosin alpha-4 chain 60.80

Q9Y4A5 TRRAP Transformation/transcription domain-associated 
protein 6.80

P25490 TYY1 Transcriptional repressor protein YY1 0.80
Q9UMX0 UBQL1 Ubiquilin-1 5.80
P50552 VASP Vasodilator-stimulated phosphoprotein 31.20
P08670 VIME Vimentin 25.00
P18206 VINC Vinculin 84.20
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O00401 WASL Neural Wiskott-Aldrich syndrome protein 1.80
Q01831 XPC DNA-repair protein complementing XP-C cells 3.60
P55060 XPO2 Exportin-2 131.20
P18887 XRCC1 DNA-repair protein XRCC1 3.20

P07947 YES Proto-oncogene tyrosine-protein kinase Yes 7.60
Q96TA2 YMEL1 ATP-dependent metalloprotease YME1L1 1.60
Q96KM6 Z512B Zinc finger protein 512B 2.60
O75362 ZN217 Zinc finger protein 217 8.20
Q07157 ZO1 Tight junction protein ZO-1 11.80

Q9UDY2 ZO2 Tight junction protein ZO-2 1.20

Total spectral counts represent the sum of spectral counts identified in all fractions of MCF-7. Entries in 
bold font represent proteins that were discussed in the context of the MCF-7/MCF-10A comparison, thus 
the total spectral counts are based on all fractions of MCF-7 and MCF-10A.


