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Summary 
Breast cancer is the most common type of cancer affecting women worldwide. It is the leading 

cause of cancer-related death among females and its incidence rate is rising sharply. Significant 

molecular heterogeneity exists within breast cancer, which consequently leads to the formation of 

multiple molecular subtypes of the disease. In an effort to address the challenges associated with 

establishing reliable markers predictive of breast cancer and to develop effective drug therapies, 

the major aim of this thesis is to achieve an improved understanding of the molecular 

mechanisms and pathway deregulation in the breast cancer pathology. 

 

The studies described in this thesis applied high throughput proteomics and glycomics analyses, 

which allowed parallel global protein and N-glycan comparisons, respectively, to be made to 

define discriminatory patterns that correlated with the molecular heterogeneity observed in breast 

cancer. Specifically, comparative proteomics and glycomics of secreted and membrane fractions 

from a panel of breast cancer cell lines corresponding to three common breast cancer subtypes 

including luminal A, HER2-enriched and basal B subtypes, were performed using non-

tumorigenic human mammary epithelial cells (HMEC) as a normal healthy reference. The 

distinctive subcellular proteome and glycome signatures unique to the individual cancer subtypes 

were functionally evaluated by utilizing a range of bioinformatics-assisted pathway analysis tools 

to gain insights into regulatory mechanisms underlying the normal and tumorigenic cellular 

processes.  

 

The combination of structural and functional proteomics yielded consistent molecular themes 

involved in the pathogenesis of breast cancer. In addition, distinctive molecular features 

associated with each subtypes were present. In the first study of its kind, comprehensive analysis 

of the secreted N-glycome of a panel of breast epithelial cells investigated the involvement of 

protein N-glycosylation in breast cancer. The causative and/or effector roles of aberrant N-
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glycosylation in breast tumorigenesis were evident as strongly supported by the presence of 

tumor-promoting N-glycan determinants in the secreted and membrane fractions of breast 

cancer cells. Significantly, unique secretome N-glycosylation signatures enabled breast cancer 

subtype classification.  

 

Subcellular-specific N-glycosylation was found to be a universal cellular feature not only limited 

to epithelial breast cancer cells and was mechanistically explained by the differential solvent 

accessibility to the asparagines residues forming the N-glycosylation sites. Having mapped this 

relationship between spatial accessibility and N-glycan processing of glycoproteins is important to 

allow us to understand the expression and (de)regulation of glycoepitopes in breast cancer. 

 

In recognizing the importance of investigating intact glycopeptides to integrate the information 

from the obtained breast cancer cellular proteome and glycome and obtain site-specific 

information of protein N-glycosylation of breast cancer cells in future work, a multi-lectin affinity 

chromatography platform for cancer-specific glycoprotein enrichment directly from whole cell 

lysates was developed and optimized, which will serve as a useful tool in glycoproteomics.  

 

In conclusion, this thesis provides the most detailed picture of the proteome and N-glycome 

deregulation in multiple breast cancer subtypes to date, which yields valuable insight into the 

multiple mechanisms associated with the pathophysiological changes in breast cancer. This 

molecular insight forms an important knowledge platform from which the emerging field of 

glycoproteomics promise to yield an even higher definition of the tumor-specific protein 

modifications and, as a consequence, eventually allow us to develop targeted molecular 

therapeutics and diagnostics tools to benefit the growing number of women affected by the 

disease.   
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1.1 Breast cancer 

1.1.1 Breast cancer incidence and mortality 

With one in eight women predicted to develop breast cancer in their lifetime, breast cancer is the 

most commonly diagnosed cancer affecting Australian women [1]. In 2011, the disease accounted 

for 15.6% of all female cancer deaths, making it the second leading cause of cancer-related deaths 

in Australian women. The incidence rate is rising steadily with 13,567 new cases diagnosed in 

Australia in 2008. Approximately 15,270 new cases will be detected in Australia in 2014 and this 

figure is estimated to increase by about 13% by 2020 [2]. 

 

1.1.2 Anatomy of the breast  

 

 

 

 

Figure 1.1 Anatomy of the mammary gland.  
(Adapted from Ali et al. 2002 [3] and 
http://www.breastcancer.com) 

 

The mammary gland is a complex tissue composed of a series of milk-producing lobes connected 

to the lactiferous ducts that converge near the nipple. Together, these form a branching ductal 

network that is embedded in a mass of fibrous connective tissues, adipose tissues and 

extracellular matrix collectively known as the mammary stroma. The breast is thus comprised of a 

diverse array of cell types, although the majority belong to two types of differentiated epithelial 

cells found within the epithelium ductal network – an inner layer of polarized luminal epithelial 

cells facing the ductal lumen surrounded by an outer layer of myoepithelial cells (Figure 1.1). The 

myoepithelial cells affect the differentiation, polarity, proliferation and migration of the adjoining 

luminal epithelial cells [4]. In addition, they secrete major structural proteins such as laminin and 

°"""' 
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collagen that contribute to the formation of the basement membrane, which is a physical barrier 

separating the ductal epithelium structures and the stroma [5].  

 

1.1.3 Types of breast cancer 

Breast cancer is a highly diverse disease with more than a dozen histopathological variants 

defined by the World Health Organization (WHO) [6]. Breast tumors that are still confined 

within the ducts or lobules are known as ductal or lobular carcinoma in situ, respectively. When 

lesions have breached the basement membrane or spread to the lymph nodes, they are generally 

known as invasive breast cancer. The majority of invasive breast cancers are of epithelial origin 

known as carcinomas. Sarcomas which arise from the stroma in the breast are rare. The two 

dominant types of invasive breast cancers are invasive ductal carcinoma (IDC) and invasive 

lobular carcinoma (ILC). Up to 80% of breast lesions are IDC, often described as not otherwise 

specified (NOS), making it the most common form of breast cancer while 10% to 15% are 

represented by ILC. Both of these carcinomas show distinguishable molecular and genetic 

features [7, 8]. The remaining carcinomas are rare and include the inflammatory breast cancer, 

Paget’s disease and IDC variants such as tubular, medullary, mucinous and papillary carcinomas 

[9].   

 

1.1.4 Molecular subtypes of breast cancer 

Following initial diagnosis, breast cancer is often categorized according to established 

classification schemes to determine the prognosis of the disease and more importantly, to aid in 

selection of the most appropriate treatment for the individual breast cancer patient [10]. The 

classification schemes are heavily based on pathological examination of breast tumors which 

group them into histopathological types, tumor grades and stages. In addition, breast tumors are 

assessed for expression of estrogen receptor (ER), progesterone receptor (PR) and human 

epidermal growth receptor 2 (HER2). The hormone receptors (ER and PR) are assayed by 
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immunohistochemistry (IHC) while HER2 status is confirmed by fluorescent in situ 

hybridization.   

Table 1.1 Summary of characteristics of breast cancer subtypes. 
Molecular 
subtype 

Gene expression1 Prevalence
Relative 
Survival 

Therapeutic 
options 

Luminal A ER+, PR+, HER2-, low Ki-67 ~40% Longest  
Hormonal 

therapy 

Luminal B 
ER+ and/or PR+, HER2-, high 

Ki-67 
~20% Decreased 

Hormonal 
therapy 

HER2-
enriched 

ER-, PR-, HER2+ 
15-20% 

Decreased Trastuzumab 

Basal-like 
ER-, PR-, HER2-, EGFR+, 

CK5/CK17 
Shortest 

Surgery/Chemo-
therapy 

Claudin-low ER-, PR-, HER2-, claudin genes 10-15% Decreased
Surgery/Chemo-

therapy 
1ER+/-, ER positive/negative; PR+/-, PR positive/negative, HER2+/-, HER2 positive/negative, 
EGFR+, EGFR positive  
 
In recent years, there has been an increased emphasis to use molecular approaches to improve 

breast cancer diagnostics due to the limited clinical utility of the conventional classification 

schemes. The receptor status of ER, PR and HER2 has prognostic value in predicting efficacy of 

targeted hormone and cytotoxic drug treatment against these receptors. However, the predictive 

value has insufficient specificity and sensitivity, and is inadequate for newly developed targeted 

therapies. Moreover, these traditional classification schemes alone are unable to capture the 

genetic diversity that is invariably present within the largest IDCs NOS group. The seminal work 

by Perou et al, revealed that distinctive molecular features associated with IDC-classified breast 

tumors, such as differential expression of the three receptors (ER, PR and HER2) and 

proliferative genes, such as Ki-67, could be used to segregate tumors into various intrinsic 

subtypes [7]. The four subtypes identified were known as luminal A (ER/PR positive, HER2 

negative), luminal B (ER positive and/or PR positive, HER2 positive), HER2-enriched (ER/PR 

negative, HER2 positive) and basal-like (ER/PR/HER2 negative, also known as triple-negative) 

(Table 1.1). Subsequent gene profile-centric investigations have reproducibly observed similar 

trends showing that these key molecular features are conserved among breast cancers [11-14].  
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More recently, a novel subtype known as claudin-low that shares some characteristics of the 

basal-like subtype has been described [15].    

 

Molecular subtyping has great prognostic value since each subtype has unique survival outcomes. 

The division of luminal subtypes into luminal A and B is of clinical interest because despite both 

groups being positive for ER, they have different prognosis with luminal A having a better 

prognosis than luminal B. Similarly, significantly worse prognosis is observed in HER2-enriched 

and basal-like subtypes. Subtype classification also influences the therapeutic options and serves 

to predict treatment response, in particular for tumors that are highly responsive or non-

responsive to hormonal or targeted drug therapies. Patients with ER+ breast cancer are treated 

with drugs such as Tamoxifen that blocks ER activity while those with HER2+ benefit from 

anti-HER2 drugs such as Trastuzumab. In contrast, patients with breast tumors that lack the 

three receptors, i.e. ER, PR and HER2, are not expected to respond to these targeted treatments 

and may be more suitable to undergo surgery and chemotherapy. 

 

Although the gene expression-based stratification of breast cancer has led to better insights into 

the biological diversity of breast cancers, the overall underlying molecular mechanism(s) in breast 

tumorigenesis, including those associated with the more aggressive basal-like breast tumors, are 

still poorly understood. It is widely accepted that gene transcription does not necessary correlate 

with the expression of gene products (i.e. proteins), which are the key mediators of cellular 

processes. Various spliced protein variants are known to exist for a single gene, and proteins 

undergo a wide range of post-translational modifications (PTMs) such as glycosylation, 

phosphorylation or methylation which dramatically can affect their biological functions.  
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Studying protein expression and the associated PTMs is therefore crucial to understand how 

these molecular effectors of function regulate key biological events during malignant breast 

transformation. 

 

1.2 Proteomics 

1.2.1 Proteomics – a brief overview 

The proteome is defined as the entire complement of proteins, produced by the genome of a 

particular cell or tissue, at a specified time, space and condition [16]. Proteomics encompasses the 

structural analysis of proteins involving aspects such as protein identification, protein abundance 

measurements as well as both qualitative and quantitative characterization of any PTMs 

associated with the expressed proteome. The development of conjugated liquid chromatography 

(LC) and advanced mass spectrometry (MS) technologies have been pivotal in aiding the rapid 

advancement of proteomics by allowing for high throughput and ultra-sensitive protein 

identification and quantitation. The LC interfaced with tandem MS (MS/MS) is currently the 

mainstay technology for proteomics-based studies, which are undertaken via either a global or 

targeted approach of the proteome being investigated. Global proteomic analysis entails the 

identification and quantitation of all proteins in a given sample, in contrast to targeted 

proteomics, which investigate a relatively small group of proteins under various conditions [17]. 

By combining appropriate upstream methodologies such as sample preparation and 

fractionation/enrichment and downstream computational tools, proteomics is a powerful 

analytical approach to allow parallel global proteome profiling and identify distinct protein 

expression patterns in tumorigenesis, so as to discover cancer biomarkers and gain insights into 

molecular perturbations. A typical global proteomics workflow to find differences between the 

proteomes of a disease and healthy reference (control) samples is illustrated in Figure 1.2. The 

following sections will describe the global proteomics workflow that incorporates various 
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proteomics technologies used for proteome profiling and their applications in breast cancer 

research. 

 
Figure 1.2 A Schematic representation of a typical proteomics workflow involving the comparative 
investigation of disease and healthy control samples. In summary, the samples are digested and 
applied to LC-MS/MS after which the data are analysed for proteins identification, relative 
quantification and biological significance. (Modified from Meissner and Mann 2014 [18]) 

 

1.2.2 Sample preparation 

 In the last two decades, technological advancements in MS-based proteomics have facilitated the 

rapid, accurate and highly sensitive analysis of proteins at a relatively low cost. However, despite 

these advances, proteomics analyses remain challenging due to the complexity of samples 

investigated and the extensive dynamic molar range of proteins present within the proteome. To 

overcome these issues, appropriate implementation of upstream methodologies are needed. This 

includes sample enrichment or separation/fractionation steps to enhance the dynamic range and 

depth of analysis [19]. In plasma or serum samples displaying an extreme dynamic range of 

protein concentration, depletion strategies are often employed to remove the high abundance 

proteins in order to detect those of lower abundance [20]. Protein glycosylation is a biologically 

significant PTM with more than 50% of proteins  considered to be glycosylated [21].  

 

In recent years, the field of glycoproteomics have emerged to focus on the analysis of this major 

class of biomolecules (glycoproteins) [22], which have the potential to serve as cancer 

biomarkers. Several separation tools have been developed to enrich for glycoproteins to decrease 

Dlsease Control 

t:=i t:=i 

Relative ~D 
Biological 
inference 
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sample complexity thus facilitating more efficient analysis of glycoproteins. Enrichment 

technologies include the use of lectins [23], boronic acid [24] and hydrazine chemistry [25] to 

capture glycoproteins from complex mixtures. Lectins bind to glycoproteins via recognition of 

specific glycoepitopes attached to the proteins. Such property is exploited to identify altered 

glycoforms on tumor samples, for example, a two-step fractionation strategy combining serum 

depletion with the enrichment of glycoproteins using multi-lectin affinity chromatography (M-

LAC) has been developed for biomarker discovery studies [26]. M-LAC is the subject of 

investigation presented in Chapter 5. Boronic acid form reversible covalent complexes with the 

cis-diols present in monosaccharides of glycan residues on proteins in an alkaline/acidic aqueous 

solution and have been shown to successfully isolate and identify glycoproteins from complex 

protein mixtures [27, 28]. Similarly targeting the cis-diols found in glycosylated proteins, the 

hydrazide chemistry-based selectively enrichment of glycoproteins has been widely applied in 

proteomics research [29-31] since it was first developed by Zhang et al [25]. Although this 

method may be easily integrated into LC-MS/MS workflows, the irreversible glycoprotein 

attachment to hydrazide beads limit the downstream analysis of the intact glycoprotein relative to 

the non-covalent and reversible covalent lectin and boronic acid enrichment strategies, 

respectively. 

 

Very often, reduction in the sample complexity can be easily achieved by sample separation by 

gel-based or gel-free approaches. Gel-based methods are capable of separating proteins, whereas 

gel-free methods in proteomics are typically used to separate peptides after digestion and may be 

conjugated directed to the LC-MS/MS analysis as described below. Such strategies are now a 

standard step incorporated prior to MS/MS analysis to enhance the protein identification. 
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1.2.2.1 Gel‐based	separation	of	proteins	

By exploiting the physicochemical properties of proteins, one-dimensional electrophoresis (1DE) 

on sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) resolves proteins 

according to their molecular weight (MW) while two-dimensional electrophoresis (2DE) 

separates proteins first based on isoelectric focusing (IEF) followed by MW on SDS-PAGE, thus 

allowing detection of protein charge-isoforms. The gel is then fixed, stained and imaged to 

visualize the protein bands or spots where they are subsequently excised and proteolytically 

digested into peptides. The enzymatic release of peptides from proteins for MS characterization 

is commonly referred to as “bottom-up” protein identification, an approach which fundamentally 

defines shotgun proteomics [32]. This contrasts the “top-down” strategy where intact proteins or 

large protein fragments are directly analyzed (Figure 1.3). The “top down” strategy preserves the 

biological organization within the protein but due to the associated analytical challenges 

including, but not limited to, limited throughput and sensitivity is best suited for the emerging 

field of mechanistic biology for studying single proteins or simple protein mixtures. The “bottom 

up” method, therefore, remains the preferred approach for most current proteomics research 

[33].  

 

Figure 1.3 The “top-down” vs “bottom-up” approach in proteomics research. (Adapted from Compton 
et al, 2012 [33])  

'Next-gen' top
down proteomics 

Top-down 
proteomics 

Bottom-up 
proteomics 

9= = = 
= 

0 Number of laboratories operative in studying 

~ Connectivity to mechanistic biology and human disease 
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A related alternative to 2DE gel based proteomics is known as differential in-gel electrophoresis 

(DIGE).  DIGE was introduced to improve the reproducibility of 2DE, mainly as a result of gel 

to gel variations [34]. DIGE allows the labelling of proteins with up to three different fluorescent 

cyanine dyes and pooling of the labelled proteins, followed by 2D separation to quantitatively 

compare for differential expression [35]. This strategy has been widely adopted in breast cancer 

biomarker studies [36-39]. However, taking into account overall cost, time, reproducibility and 

recovery rate, the 1DE SDS-PAGE is becoming the fractionation method of choice for many 

global LC-MS-based proteomics applications [40, 41].  

 

Figure 1.4 A schematic diagram of a MudPIT experiment.  
(Source: http://www. dddmag.com/articles/2007/10/got-mudpit) 

 

1.2.2.2 Gel‐free	separation	of	peptides	

Ongoing concerns regarding limitations of gel-based methods such as biased detection of certain 

classes of proteins and increased sample handling led to the development of an innovative gel-

free technique for protein separation known as multidimensional protein identification 

technology (MudPIT) [42]. The seminal work in the early days of modern proteomics 

impressively described the identification of more than 5,000 peptides mapped to around 1,500 

proteins from the yeast proteome, many of which were of low abundance. The technology has 

been widely applied to study global proteomic changes in cancer [43-45], where a complex 

mixture of proteins is first digested and applied to a strong cation exchange resin (SCX) 

chromatography column, followed by reversed phase (RP) chromatography,  prior to MS analysis 

MUDPIT 
(Multidimensional Protein Identification Technology) 
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(Figure 1.4). The coupling of ion exchange and RP chromatography to MS represent a typical 

mode of orthogonal 2D LC analysis of proteins where peptides are separated using two different 

mechanisms to ensure maximum peptide coverage, thus enhancing protein identification. 

Limitations of SCX chromatography including low peptide resolution, reduced sample recovery 

and the need for sample desalting [46] have led to the development of other orthogonal methods 

such as strong anion exchange (SAX)/RP [46] and high pH-low pH RP systems [47] showing 

improved separation efficiency.  

 

The choice of either gel-based or non-gel-based method will depend on several factors including 

time, cost, sample type and complexity. A brief comparison of the analytical advantages and 

limitations of both approaches is listed in Table 1.2.  

 
Table 1.2 Comparison between gel-based and non-gel-based protein separation for LC-MS/MS 
analysis 

Advantages Disadvantages 
1D/2D GEL  

 Ability to identify novel proteins 
 Separates protein modifications (2D) 
 Good resolving power (2D) 
 Less time required (1D) 

 

 Biased towards certain classes of proteins 
 Limited reproducibility (2D) 
 Limited dynamic range (1D) 
 Limited sensitivity but improved for DIGE 

NON-GEL BASED 2D LC-MS/MS 
 Ability to identify novel proteins  
 Improved separation efficiency and 

proteome coverage 
 Less sample handling 
 Less biased than gel-based for certain 

protein classes 

 No visualization of separated proteins 
 Time consuming for increased SCX/SAX 

fractionation 
 Less flexibility in setup 

 

 

1.2.2.3 Lectin affinity chromatography 

As products of one of the most common PTMs, glycoproteins constitute a major class of 

biomolecules with significant roles in pathological processes including various human cancers. 

The glycoproteome, i.e. the entire complement of cellular glycoprotein expression, of tumor cells 

is therefore an attractive source to mine for potential biomarkers. For comprehensive coverage of 
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the glycoproteome in a complex mixture such as serum, the wide dynamic molar range of 

proteins often necessitates enrichment prior to their analysis. Plants lectins have the ability to 

bind to specific glycan epitopes and more than 60 of them, which recognize a diverse range of 

glycan structures are commercially available. Table 1.3 shows a partial list of commonly used 

lectins and their known specificity including concanavalin A (Con A), jacalin (JAC) and wheat 

germ agglutinin (WGA), Aleuria aurantia lectin (AAL), Lens culinaris agglutinin (LCA), Sambucus 

nigra lectin (SNA), peanut agglutinin (PNA), and Phaseolus vulgaris leucoagglutinin (PHA-L). Some 

of these lectins such as Con A, WGA and JAC display a broader glycan specificity, which is 

useful to capture a wider range of glycoproteins while others such as LCA, SNA and PHA-L 

have narrower glycan selectivity and can be used for more targeted glycoform enrichment. 

 

Table 1.3 Commonly used lectins and their glycan specificities  
(Adapted from Fanayan et al, 2012 [23]) 

 

Several modes of lectin affinity chromatography workflows have been established to isolate 

cancer-associated glycoproteins from complex biological samples. Using single lectin affinity 

chromatography, lectins with narrow selectivity were shown to enrich a small group of 

Lectin 

Concanavalin A (Con A) 

Wheat germ agglutinin (WGA) 

Jacalin (JAC) 

Sambucus nigra lectin (SNA, EBL) 

Peanut agglutinin (PNA) 

lens culinaris agglutinin (LCA) 
Phaseolus vulgaris 

leucoagglutinin (PHA-L) 
Aleuria aurantia lectin (AAL) 

Specificity 

High-mannose type, branched 
a -mannosidic structures 

N-acetylglucosamine; chitobiose 
(sialic acid) 

Galactosyl (b· 1,3) 
N-acetylgala ctosamine 
(0-glycoproteins) 

Sialic acid attached to terminal 
galactose in (a-2,6) 

Galactosyl (b· 1,3) 
N-acetylgala ctosamin 
IT-Antigen) 

a -Linked mannose residues 
Tri/tetra -a ntennary complex-type 

N-glycan 
Fucose linked (a • 1,6) to 

N-acetylglucosamine; fucose 
linked (a • 1,3) to 
N-acetyllactosamine 
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glycoproteins with 3-fold or more change in concentration between normal and breast cancer 

patient plasma [48]. Varieties of lectins can be used consecutively in an approach known as serial 

lectin affinity chromatography (SLAC); The specificity of JAC for O-glycans was shown to be 

increased by first using Con A to remove high mannose type N-glycans before application of the 

flowthrough fraction to the JAC column [49]. On the other hand, using multiple lectins that 

recognize different glycan motifs in a single column can increase the range of glycoproteins 

isolated simultaneously [50]. This approach is known as multiple lectin affinity chromatography 

(M-LAC). This method is the subject of investigated detailed in Chapter 5 where lectins with 

broad glycan specificities were used i.e. Con A, JAC and WGA with the aim to capture large and 

complex subsets of proteins with different glycoforms for further analysis.     

 

1.2.3 LC-MS/MS-based protein detection of peptides 

Both gel-based and gel-free separation shotgun proteomic approaches have allowed for high 

throughput characterization of complex mixtures of proteins when coupled with advanced LC-

MS/MS [51-53]. The LC serves to chemically separate the peptides and is usually achieved on the 

basis of differential peptide hydrophobicity using RP column packed with octadecylsilyl (C18) 

stationary phases. Bound peptides are progressively eluted with increasing gradient of 

hydrophobic organic solvents such as acetonitrile (ACN) which are then subjected to ionization 

in the MS. The development of the two most popular ionization sources for MS, namely, matrix-

assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI) has won their 

inventors the Nobel Prize in Chemistry in 2002 [54]. Both types are known as relative soft 

ionization methods (Figure 1.5). MALDI involves embedding the analyte molecules (i.e. peptides) 

in an organic matrix which become ionized when the matrix absorbs energy from the laser. The 

exact mechanism of desorption and ionization is still unclear [55]. ESI utilizes electrical voltage 

and heat to transfer ions from liquid to the gas phase generating peptide precursor ions; which 

are then separated according to their mass to charge ratios (m/z) for further fragmentation using, 
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for example, collision induced dissociation (CID) to generate MS/MS spectra [56]. Although 

both methods of ionization are routinely used in proteomics, ESI typically produces a range of 

multiply charged ions that can be detected in ideal m/z ranges of all common types of mass 

analyzers for biomolecular analysis thereby enabling efficient identification and characterization 

of large biologically important macromolecules such as peptides, proteins, nucleic acids and 

carbohydrates [57]. On the other hand, the combination of MALDI and time of flight (TOF)-MS 

in applications such as peptide mass fingerprinting demonstrates the usefulness of MALDI as a 

rapid and sensitive analytical tool for protein identification.  

 

Figure 1.5 The two major ionization methods for modern MS of biomolecules are (a) MALDI and (b) 
ESI. (Adapted from Lucio et al, 2013 [58] )  

 

1.2.4 Label-assisted and label-free mass spectrometry-based protein quantitation 

The ability to accurately quantify protein expression in comparative studies represents an 

important but challenging task enabling determination of proteins that may play key biological 

roles in disease development and potential biomarkers or drug targets. Currently, MS-based 

relative quantitation of individual proteins from different samples can be undertaken either via 

the label-assisted or label-free techniques.  

 

1.2.4.1 Label-assisted methods 

To perform a typical label-assisted quantification experiment, two or more protein samples are 

simultaneously investigated in a single run. Stable heavy isotopes are widely used for protein 
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labelling (Figure 1.6b) and can be performed at either the protein or peptide level. However, it is 

desirable to introduce the label as early in the sample work-up as possible to allow mixing of the 

samples being compared and thereby avoid introduction of bias from sample preparation steps, 

which may skew the relative quantitation.  

 

Figure 1.6 Relative quantitation can be performed with (a) label-free technique based on peak intensity or 
spectral count; or (b) labelled stable isotopes to generate “light” and “heavy” samples.  (Adapted from 
Zhu et al, 2010 [59])  

Common labelling strategies include (1) introducing stable isotope-containing amino acids in the 

cell culture media (SILAC) that contains 12C6-lysine and 13C6-arginine which are then 

metabolically incorporated into proteins via de novo protein biosynthesis [60]; (2) chemically 

modifying the sulfhydryl-reactive chemical group of the protein or peptide with isotope-coded 

affinity tag (ICAT) [61]; (3) enzymatic labelling of proteolytic fragments with 18O [62]; and, (4) 

modifying peptides with amino-reactive isobaric labels including isobaric tags for relative and 

absolute quantitation (iTRAQ) [63] or tandem mass tags (TMT) [64]. As SILAC has been 

restricted to in vitro use, a modified approach has been developed to facilitate protein quantitation 

in vivo, for example, the human tissue proteome [65]. The super-SILAC strategy greatly improved 

quantification accuracy of various tumor tissues by analysing the combined mixtures of five 

SILAC-labeled cell lines with the individual tumor tissues. Differentially labelled samples, 

typically defined as “heavy” and “light”, are pooled and analyzed together in the same LC-
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MS/MS run and the quantitative difference between the samples is detected by means of the 

quantitative intensities of specific mass shifted signals in the MS or MS/MS.  

 

Relative quantitation using metabolic, ICAT and enzymatic labelling are based on mass difference 

between differentially labelled peptides and therefore limited by the number of samples analyzed 

in a single run as labelling beyond 3-plex set of samples would lead to more complex mass 

spectra. This issue is addressed by the design of isobaric chemical tags, i.e., iTRAQ and TMT 

reagents, enabling multiplexed analysis of different biological samples or conditions (up to eight 

for iTRAQ and ten for TMT) in a single experiment. The N-termini and the lysine residues of 

proteolytic peptides are modified by iTRAQ or TMT tags, each containing a mass balance and a 

unique reporter group, which are indistinguishable in the MS. Upon peptide fragmentation, 

distinct low-mass reporter ions are generated and their intensity ratio measured, yielding 

quantitative information of proteins present in the samples. Both iTRAQ and TMT are widely 

applied to shotgun proteomics to quantify and identify differentially expressed proteins as disease 

biomarkers [66-68]. However, studies have reported an underestimation of fold changes, also 

known as “ratio compression”, using these quantitation methods which leads to substantially less 

proteins being identified and quantified [69]. Strategies that addressed this limitation include 

employing fractionation to reduce sample complexity [70], removing co-isolating impurities that 

interfere with peptide elution through gas-phase purification [71] and applying computational 

algorithms to improve the quantitation accuracy while retaining protein coverage [69].    

 

1.2.4.2 Label-free quantitation 

.In recent years, technological advancements in the high performance (HP) LC system and high 

resolution/accuracy mass spectrometry have facilitated the use of label-free quantitation in 

numerous comparative proteomics studies. The strategy requires each sample containing 

unlabelled peptide mixtures to be analyzed in separate LC-MS/MS runs. The relative protein 
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abundance is then determined by comparing the precursor peak ion intensities or MS/MS 

spectral counts of the corresponding peptides across all the samples. The relative protein 

abundance has been reported to correlate well with the relative precursor peptide ion intensity or 

spectral counts of identified peptides with reproducible results [72-74]. Strong correlation has 

also been observed for complex protein mixtures in particularly for medium to high abundance 

proteins [74-76]. Precursor ion intensity is quantified by measuring the area under curve of the 

peptide precursor ions in the LC-MS. However, peak area can vary from run to run, even with 

the same sample but from two injections, extensive normalization is therefore necessary to 

account for such variation amongst samples and is achieved using sensitive computer algorithms 

to automatically align the extracted ion chromatograms prior to comparison [77].  

 

Relative protein abundance as assessed by spectral counts relies on the sum of MS/MS spectra 

obtained for each identified peptide across different samples. Normalization is also required for 

spectral counting methods but without the need of complicated computer algorithms, for 

example, the simple but robust method known as the normalized spectral abundance factor 

(NSAF) takes the protein length into account. NSAF was shown to be able to reliably determine 

the quantitative changes of membrane proteins in yeast following statistical analysis [78]. 

Zybalilov et al defined the NSAF for a protein k in the formula shown below where the 

numerator is the spectral count (SpC) of a protein divided by the length of protein (L) and the 

denominator is the sum of numerator of all N proteins in the experiment. Although both 

quantitative methods show a high degree of correlation to protein abundance, higher 

reproducibility and a large dynamic range were observed with spectral counting than with 

precursor peptide ion intensity [76].  

 

(SpC /L)k 
(NSAF)k = "C'N (SpC / L); 

'"'1 =1 
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A major issue in label-free is the potential bias arising from sample preparation and data 

acquisition [79]. However, such bias can be minimized with careful sample handling and 

implementation of good practises for LC-MS/MS data acquisition, for example, inclusion of 

quality control runs and performing all analyses in a single batch in randomized order. In 

addition, to increase the statistical significance of the measured protein fold-change, it is 

necessary to perform sample analysis in multiple technical replicates (at least in triplicate). The 

main advantages of label-free approaches are the ability to perform and compare many samples 

in a single experiment without additional sample processing steps and at a relatively low cost. 

Label-free quantitation has been shown to have a greater and deeper proteome coverage 

compared to iTRAQ [80]. Taken together, label-free quantitation is particularly suited for large-

scale discovery-based studies to interrogate sets of differentially expressed proteins to map 

unique molecular signatures associated with specific conditions. Based on these reasons and 

accessibility to high mass accuracy and high resolution LC-MS/MS instrumentation, the label-

free quantitation method was chosen as the method of choice for the quantitative proteomics 

analyses in Chapter 2. 

  

1.2.5 Bioinformatics tool for protein identification 

The computational task in protein identification begins with matching the acquired MS/MS 

spectra to a database of theoretical spectra generated from in silico digestion of protein sequences 

(translated from protein coding regions of DNA) by specifying the appropriate parameters such 

as cleavage rules, possible modifications, species, precursor and fragment ion mass tolerance and 

charge states (Figure 1.7). The availability of complete whole-genome sequences has benefitted 

greatly the process of protein identification in that the protein sequence database consists of 

translated protein sequences from known genomic data. The curated non-redundant and publicly 

available SWISS-PROT database, containing the entire set of known human proteins and their 

predicted fragment spectra is widely used in proteomics [81], while a high-quality spectral library 
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with actual experimental spectra has also been constructed for more accurate spectral matching 

and scoring [82]. In order to validate the results of the highly automated and high-throughput 

process of database search, it is necessary to estimate the false discovery rate (FDR) to minimize 

false-positive identifications. Database search is typically repeated using identical search 

parameters against a decoy database, in which the protein sequences have been reversed from the 

true target protein database [83]. The FDR is usually pre-specified before the database search, the 

value is reported as the ratio of the number of matches in the decoy database to the total matches 

in both the target and decoy databases. 

 

Figure 1.7 Workflows illustrating the typical approaches in database-assisted protein identification from 
LC-MS/MS data. (Adapted from Duncan et al, 2010 [84]) 

Confident peptide identification from complex mixtures depends heavily on the resolving power 

and mass accuracy of the mass spectrometer, which in turn will affect the stringency and the 

FDR of the database search. In typical MS/MS spectra, the predominant fragments ions 

observed are the b and y ions, generated from the cleavage of the polypeptide backbone. During 

database search, computer algorithms are ran to match experimentally-derived fragment ions 

against pre-defined in silico peptide fragmentation in the database to return a list of peptide 

sequences which are ranked with their probability score or FDR. Higher MS resolution allows for 

narrower mass tolerance of precursor and fragment ions leading to higher level of confidence in 

the peptide identification. Therefore MS with high resolution in excess of 20,000 and high mass 

accuracy below 10 parts per million (ppm), such as the orbitrap platform or triple quadrupole 

TOF instruments, are much sought after in proteomics-based studies.  
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Scores are generally given for peptide-spectrum matches (PSMs) and the highest scoring matches 

are used for protein assignment. Essentially the identity of the protein is inferred from the 

peptide sequences that match the queried MS/MS spectra during database search. Ambiguity of 

protein identification can arise when a common or degenerate peptides are present in multiple 

proteins, which therefore complicates the interpretation of proteomics data [85]. This “protein 

inference problem” is further compounded when a protein has only one single identifiable 

peptide (so-called “one-hit wonders”) which naturally has a higher probability of false-positive 

identification compared to proteins covered by multiple identified peptides. Taken together, it 

becomes evident that accurate assignment of proteins assembled from identified peptides 

requires sophisticated statistical computations.  

 

More than a dozen complex algorithms to assist the protein identification from LC-MS/MS data 

have been developed, some of which are proprietary while others are freely available. Currently, 

the three most commonly used are Sequest [86], Mascot [87]  and X!Tandem [88]. These 

algorithms also address the issue of “one-hit wonders” by incorporating additional statistical tools 

such as PeptideProphet to validate PSMs [89]. Recently, simpler algorithms have been written to 

target high quality MS data obtained from the increased use of high resolution and high mass 

accuracy mass spectrometers such as the Orbitrap or high-end Q-TOF platforms [90, 91]. In this 

thesis, X!Tandem which is publicly available and run from the Global Proteome Machine (GPM) 

interface, is the main software tool used for protein identification.  

 

In recent years, a number of proteomics software with a suite of analytical tools have been 

developed, containing pipeline features that allow comprehensive analysis of high quality MS data 

including protein and PTM identification as well as peptide/protein validation and quantitation. 

Some software are licensed by manufacturers of mass spectrometers such as Proteome Discover 

(Orbitrap, Thermo Scientific) and ProteinPilot (TripleTop, ABSciex), while others are standalone 
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proprietary software such as Scaffold ([92] and Byonic [93]). Freely available open source 

proteomics software tools are also widely used and include the Trans-Proteomic Pipeline[94] , 

Skyline [95] and MaxQuant [96].  

 

1.2.6 Proteomics in breast cancer biomarker discovery 

In the past decades, significant amount of proteomics data in the space of breast cancer has been 

accumulated through large scale comparative studies of breast cancer and “healthy” normal 

reference samples utilizing model systems such as mammalian cultured cells [45, 51, 53, 97-101], 

mice models [102-105] and human tumor xenografts models (in mice) [106-108], clinical 

biological specimen such as serum [52, 109-116] tumor tissues [98, 117-119], tissue interstitial 

fluid (TIF) [120, 121], nipple aspirate fluid (NAF) [122-124], cerebrospinal fluid [125], saliva [38, 

126] and tear [127]. The motivation underlying most of these efforts were the anticipation that 

the proteins between disease and normal states provide molecular signatures or yield insight into 

the intracellular signalling pathways that lead to initiation and progression of breast tumors. Such 

knowledge may in turn identify novel biomarkers and new drug targets [128]. For example, 

quantitative proteomics analysis of ER-negative breast tumor cells of defined breast cancer stages 

identified a multi-marker signature of three proteins (isocitrate dehydrogenase 2, cellular retinoic 

acid-binding protein 2 and alpha-tocopherol-associated protein) that were predictive of overall 

breast cancer survival [98].   

 

Well-characterized cell lines established from primary breast tumors, pleural effusions or other 

metastatic sites are widely used in MS-based breast cancer studies. To date more than 50 breast 

cancer cell lines are available to researchers; the more frequently used cell lines are shown in 

Table 1.4. Cell lines provide a continuous source of homogeneous cell population and therefore 

largely overcome the issue of cellular heterogeneity contributed by for example, the stromal, 

endothelial, adipose and immune cells in clinical samples [129]. The frequently-used breast cancer 
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cell lines such as MCF7, SKBR3 and MDA-MB-231, which are also part of the human epithelial 

breast cell panel investigated in this thesis, have been individually characterized at the proteome 

level [130-132]. The shotgun proteomics approach utilized in these studies identified numerous 

proteins that were previously recognized to be involved in breast cancer tumorigenesis. For 

example, cathepsin D, 14-3-3-sigma, antigen Ki-67 in MCF7; human receptor protein kinase, 

breast cancer type 1 and 2 susceptibility proteins, and N-myc proto-oncogene protein in SKBR3; 

breast tumor suppressor p53 and epidermal growth factor receptor in MDA-MB-231. 

  

Table 1.4 Clinicopathological features of frequently used breast cancer cell lines* 
Cell line Subtype ER PR HER2 Source Tumor type 
184A1 B  NA  RM NA 
BT20 A    PT AC 
BT474 L + + + PT IDC 
BT549 B    PT IDC 
HS578T B    PT C Sar 
MCF7 L + +  PE Met AC 
MCF10A B    RM F 
MDA157 B    PE Med C 
MDA231 B    PE Met AC 
MDA453 L   + PE Met C 
MDA468 A    PE Met AC 
SKBR3 L   + PE Met AC 
T47D L + +  PE IDC 

A = Basal A subtype; AC = adenocarcinoma; B = Basal B subtype; C Sar = carcinoma sarcoma; F = 
fibrocystic disease; IDC = invasive ductal carcinoma; L = Luminal subtype; Med C = medullary 
carcinoma, Met AC = metastatic adenocarcinoma; Met C =metastatic carcinoma; NA = not available; PE 
= pleural effusion; PT = primary tumor; RM= reduction mammoplasty. (*Extracted from Kao et al, 2009 
[133]) 
 

The major concern whether breast cancer cells are representative of the molecular diversity 

observed in breast tumors were addressed through profiling of various breast cancer cell lines, 

which mirrored the luminal-basal subtype distinction established in true breast tumors after 

surgery [129, 133, 134]. However, researchers need to take into consideration the limitations 

associated with using cell lines, including their genomic instability, risk of cross-contamination 

and intra-laboratory cell line heterogeneity during the experimental design and data interpretation 

[135]. 
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The global expression of membrane and secreted proteins of breast cancer cell lines are often the 

main focus as they are a rich source of potential biomarkers and drug or antibody targets. An 

early work using 2DE to separate membrane proteins proved to be challenging as they are not 

readily amenable to IEF such that very few proteins were consistently observed across the 25 

malignant samples [136]. In a subsequent study, SILAC was used to investigate a pair of isogenic 

cell lines, accurately representing different stages of metastasis. In the same study, metastasis-

related plasma membrane proteins including CD74, CD44, CD98, ecto-5-nucleotidase, integrin 

β1, integrin α6, annexin A2 and MUC18 were identified, some of which were validated by 

immunohistochemistry staining (IHC) in primary breast cancer biopsies [99]. More recently, 

MudPIT analysis identified more than 5,000 plasma membrane proteins extracted from a panel of 

breast cancer cell lines. The large amount of derived proteome knowledge revealed the 

correlation of the expression of plasma membrane proteins with the aberrant expression of 

tyrosine kinases (eg. proto-oncogene c-kit and ephrin receptor), cellular adhesion molecules (eg. 

CD44 and tetraspanins) and structural proteins (eg filamin A and alpha-actinin-4) [45]. Various 

proteomics technologies including 1DE, 2DE, 2D-DIGE and SILAC were used to capture the 

secretome profiles of breast cancer cells. These studies suggested a number of proteins with 

biomarker potential including proteasome activator complex subunit 1 and HLA class I 

histocompatibility antigen [100]; PDZ domain containing 1, 4-aminobutyrate aminotransferase 

and Pentraxin-related protein PTX3 [101]; salivary cystatins (CST1, CST2 and CST4), 

plasminogen activators (PLAT and PLAU) and collagen proteins (PLOD2 and COL6A1) [137]; 

bestrophin-3, parvabumin, barrier-to-autointegration factor and the 14-3-3 proteins [53]. A 

consistent observation across these studies was a significant presence of exosomes (alternatively 

referred to as microvesicles or microparticles in the literature) in the secretions. These organelles 

are secretory vesicles that carry macromolecules including proteins, nucleic acids and lipids which 

all may be involved in cell-cell communication [138]. Given their emerging relevance in cancer 
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development, they have been the focal point in recent proteomics profiling studies including 

those on breast cancer [139-141].  

 

The first step for successful translation of potential biomarkers identified in in vitro systems into 

clinical applications is their detection in clinical samples such as tissue biopsies or serum of breast 

cancer patients. Accordingly, findings from cell cultured-based proteomics studies were validated 

using tissue biopsies [99, 101] or plasma [142]. However, there may be inconsistencies in the 

results obtained from tumor tissues as illustrated by the example of 14-3-3 sigma protein, a 

promising early-stage biomarker for breast cancer. Initial studies on tumor tissues showed that 

this signalling protein was down-regulated in a specific breast cancer subtype but this observation 

could not be replicated in other tumor types in a subsequent investigation [143]. Aside from 

tumor heterogeneity, the hormonal micro-environment of the tumor tissues can also influence 

protein expression, hence, affecting proteome deregulation [144].    

 

The serum or plasma is often considered the preferred source for mining and validation of 

diagnostic biomarkers as it is readily obtainable directly from patients and healthy donors with 

minimal invasiveness. In addition, the circulating body fluid is an enriched reservoir of proteins 

secreted from all cells lining the blood circulation including the sites of primary tumor lesions or 

metastases, thus reflecting the physiological and pathological status of individuals. However, 

several factors present enormous analytical challenges for comprehensive serum proteome 

analysis. Firstly, the dynamic molar range of proteins in the serum is extreme, spanning at least 10 

orders of magnitude [145]. Secondly, the serum proteome is dominated by a few high-abundant 

proteins including albumin which alone contributes to more than half of the total serum protein 

and together with at least 15-20 other high-abundant proteins make up almost 95% of the total 

serum protein content [146]. Thirdly, there is intra- and inter-individual variations, which lead to 

a large biological variation even within patient groups and various protein isoforms may be 
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observed in the serum [147]. Lastly, the sample collection, handling and storage conditions can 

lead to profound changes in the serum proteome, thereby affecting the downstream 

interpretation of the acquired data [148]. Immunoaffinity depletion is often applied to serum 

samples to remove albumin and other highly abundant serum proteins so as to benefit 

subsequent separation techniques such as 2DE or MudPIT. While detection of the less abundant 

proteins is improved with serum depletion, loss of potentially valuable low-abundant proteins has 

been known to occur by their binding to albumin [149]. A number of initiatives have been 

implemented to standardize protocols for sample collection and handling [150] and setting up 

resource databases containing high-confidence human plasma proteome reference sets such as 

PeptideAtlas [151] and Plasma Proteome Database (PPD) [152].     

 

Extensive MS-based proteomics have been performed to compare the serum of breast cancer 

patients to those of normal healthy individuals to identify differentially expressed proteins. Using 

a three-step method (immunodepletion of abundant proteins followed by fractionation using RP-

HPLC and 2DE PAGE) and the LC-MS/MS of serum samples from breast ductal carcinoma in 

situ (DCIS) patients and normal controls, one study revealed vitronectin to be a novel candidate 

serum marker for early detection of DCIS amongst a list of other differentially regulated proteins 

[116]. The elevated protein expression in DCIS samples was validated using enzyme-linked 

immunosorbent assay, western blot and IHC staining of tissues samples. The findings were 

supported by previous studies reporting similar observations [153, 154]. It is thought that 

vitronectin regulate proteolysis by binding to and stabilizing plasminogen activator inhibitor-1 

(PAI-1) while inhibiting the activity of urokinase plasminogen activator receptor (uPAR) [155]. 

Both PAI-1 and uPAR have been shown to have clinical utility by their implicated roles in cancer 

invasion and metastasis. Thus vitronectin may be a promising biomarker candidate for the early 

detection of breast cancer.    

 



 

38 
 

Constraints in using tissues and serum as suitable sources of biomarkers in the clinic have led 

other researchers to seek alternative sources of biological relevant specimen including the nipple 

aspirate fluid (NAF) and tissue interstitial fluid (TIF). NAF breast fluid is rich in proteins, 

secreted by epithelial cells that line the ducts while TIF is the extracellular fluid that surrounds 

the breast tissues. Both are considered as attractive sources because of their proximity to the 

primary tumor site and the lower proteome complexity relative to serum. In a study using label-

free spectral counting that compared the NAF proteomes between breast cancer and normal 

individuals, almost 900 non-redundant proteins were identified of which half were unique to the 

cancer-associated NAF, thus validating this bodily fluid to be a valuable source of breast cancer-

specific biomarkers [122]. However, the results from these small sample sizes need to be 

validated with a larger sample cohort. Another study applied a more extensive biomarker 

discovery research strategy that initially identified 110 differentially regulated proteins in the TIF 

derived from a pair of matched breast tumor/benign tissues [120]. This was then followed by 

comparative proteomic analysis with the remaining 68 pairs of samples to single out a set of 26 

common breast cancer-related proteins including calreticulin, cellular retinoic acid-binding 

protein II, chloride intracellular channel protein 1, EF-1-beta, galectin 1, peroxiredoxin-2, 

platelet-derived endothelial cell growth factor, protein disulfide isomerase and ubiquitin carboxyl-

terminal hydrolase 5, which were validated by a tissue microarray containing 70 various grades of  

malignant breast carcinomas. Many of these have already been observed in other plasma- and 

secretome-based studies and the authors proposed that future studies will evaluate their true 

potential as breast cancer biomarkers. 

 

1.2.7 Functional analysis of proteomics – pathway analysis and interaction networks 

To achieve the overarching goal of identifying potential biomarkers for breast cancer diagnosis, 

prognosis and targets for therapy, an improved understanding of the global and integrated view 

of molecular mechanisms underlying breast cancer biology is essential. Studies that use high 
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throughput proteomics approaches, including those in this thesis, have generated a vast amount 

of high quality data enabling comprehensive system-wide investigation of protein deregulation 

during breast cancer. It is now well-accepted that cancer is a systems biology disease with 

multiple oncogenic proteins involved simultaneously in different cellular processes [156]. 

Therefore, in addition to identifying, characterizing and quantifying the proteins which are 

differentially expressed in biological samples, an emerging theme is to undertake a functional 

interpretation of the proteome-wide changes. Two strategies for functional proteome analysis 

that are widely adopted by an increasing number of proteomics-based studies are pathway and 

protein-protein network analyses.  

 

A major challenge in functional proteome analysis is capturing biologically significant information 

from the large datasets. To this end, it relies heavily on the effective use of bioinformatics tools 

to query knowledge bases that have been established and meticulously maintained by individuals, 

research institutions or consortia, for example, UniProt [157], Gene Ontology (GO) [158], Kyoto 

Encyclopaedia of Genes and Genomes (KEGG) [159] and Reactome [160]. These database-

centric resources provide integrated biological information of genes, mRNAs, proteins and other 

small molecules including their biological processes, components, structures or molecular 

interactions, either predicted or experimentally observed [161]. The most basic approach in 

functional proteome analysis is to categorize the identified proteins using GO terms consisting of 

defined descriptors that relate proteins with their biological processes, molecular functions or 

cellular components [158]. More in-depth analysis can be performed from the perspective of 

biological pathways or protein-protein networks, which seek to understand the key processes 

underlying the functional roles of differentially expressed proteins by statistically evaluating their 

relationships and interactions with one another in a given condition. Bioinformatics tools proved 

to be indispensable for this type of data mining as they are able to organize and reduce the 

complexity of large volumes of data to present a visual view of significantly important biological 
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patterns and relationships. Examples of freely available computational tools for functional 

proteome analysis include STRING [162], DAVID [163] , PANTHER [164] and Cytoscape [165] 

or commercially developed software such as GeneGo MetaCore (www.genego.com) and 

Ingenuity Pathway Analysis (IPA) (www.ingenuity.com).  

 

In an effort to gain better mechanistic insights, proteome-based studies that explored the 

functional aspects of the resulting proteomes identified important oncogenic processes and 

protein interaction networks that are critical for cancer progression [45, 51, 100, 137, 166-168], 

indicating the usefulness of these approaches to interpret large data sets. Some recurring themes 

that emerged from these analyses include perturbations of cellular structural integrity, changes to 

the extracellular matrix (ECM) composition, abnormal intracellular signalling, increased cell 

locomotion and an activated immune system in the cancer pathophysiology. These altered 

processes were found to be orchestrated by changes in the expression of groups of functionally 

similar proteins such as cytoskeletal proteins, extracellular matrix proteins, cell surface integrins, 

tyrosine kinases, adhesion proteins and peptide-presenting proteins. Individual groups of proteins 

can interact within their own network as well as work synergistically with other protein groups to 

promote cancer invasion and metastasis.  

 

Increasing evidence suggests that dramatic changes in the extracellular matrix (ECM) 

composition play a significant role during successive stages of breast cancers from the initial 

appearance over progression to metastasis [169]. Structurally, the ECM is composed of two 

cellular and biochemically distinct components, the basement membrane (BM), which forms a 

physical barrier separating the epithelium or endothelium from the stroma; and the interstitial 

matrix, which is mainly made up of the stromal cells [5]. Laminin, entactin, type IV collagen and 

heparin sulphate proteoglycan (perlecan), secreted from the epithelial, endothelial and stromal 

cells are found in the BM while the interstitial matrix is composed of a mesh of fibrillar collagen, 
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glycosaminoglycans (GAGs), glycoproteins such as fibronectin, thrombospondin, tenascin and 

tissue inhibitor metalloproteinase. The BM has two important functions: (1) it serves as an 

anchorage for the epithelium through binding to the transmembrane integrins or non-integrin 

protein such as dystroglycan, both of which act as a linkage between the ECM and cytoskeleton 

within the cells [170], (2) it induces epithelial cell polarity and differentiation, mediated through 

the integrins, to regulate the development and homeostasis of epithelial tissues [171]. Similarly, 

the interstitial matrix is critically involved in cellular communication by regulating the activity of 

growth factors by means of binding to them thereby limiting their diffusion. Thus the ECM 

components serve to provide structural support to tissues and modulate biochemical signals to 

influence cellular behaviour such as proliferation, polarity adhesion, migration, polarity and 

migration through its interaction with cellular receptors, primarily the integrins.  

 

The ECM-cell interactions are highly dynamic, with multiple regulation and feedback 

mechanisms to keep the cellular activities under tight control. Evidence from in vitro studies 

demonstrated that fibroblasts in the stroma can become activated, secrete various growth factors 

and ECM proteins, and as a consequence initiate carcinogenesis by autocrine signalling [172]. 

Aberrant ECM remodelling that leads to the degradation of ECM components, particularly in the 

BM, represents an essential step for tumour invasion and metastasis (Figure 1.8). Several studies 

have shown that the down-regulation of BM components, such as the laminins and type IV 

collagen [173-175]; and over-expression of ECM degrading enzymes such as the matrix 

metalloproteinases, are associated with breast tumorigenesis [176, 177]. The loss of epithelial 

anchorage and polarity allows the cells to gain mobility, breaching the BM to invade the dense 

interstitial matrix and acquiring mesenchymal-like characteristics; a model known as epithelial 

mesenchymal transition (EMT), which describes the progression of cancer development into 

metastasis [178]. This process is generally accompanied by a number of deregulated events 

including altered expression of cytosekeletal proteins, cell adhesion molecules such as cadherins, 
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integrins, membrane-associated tyrosine kinases, growth factors and cytokines. Cadherin 

switching, i.e loss of E-cadherin and over-expression of N-cadherin on tumor cell surface, and 

altered expressions of catenins, which are found in cadherins complexes, is well-documented in 

epithelial carcinomas such as breast cancer [179-181]. Although EMT is well studied, the 

molecular events that initiate these processes are still poorly understood but may involve 

deregulation of pathways associated with protein modification, i.e. phosphorylation and 

glycosylation.  

 

Figure 1.8 Schematic diagram showing the process of epithelial-mesenchymal transition. (Adapted from 
Kalluri et al, 2009 [182])  
 
 
1.3 Protein glycosylation 

1.3.1 Protein glycosylation – a brief overview 

 

 

 

 

Figure 1.9 Symbol nomenclature for the representation of glycans as 
proposed by the Consortium of Functional Glycomics (CFG). Only 
the most common monosaccharide building blocks for mammalian 
glycans are shown. 

Glycosylated proteins ubiquitously decorate human cell surfaces and are major components of 

the extracellular matrix. Protein glycosylation is a universal phenomenon that occurs in all forms 

of life ranging from most basic prokaryotic cells to the complex multicellular eukaryotic cellular 

systems where it generates an array of glycoproteins [183].  The attached glycans displayed high 
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structural diversity, which is rather remarkable considering the limited number of 

monosaccharide building blocks utilized for mammalian glycan synthesis including fucose (Fuc), 

mannose (Man), galactose (Gal), glucose (Glc), N-acetylgalactosamine (GalNAc), N-

acetylglucosamine (GlcNAc), N-acetylneuraminic acid (NeuAc) and N-glycolylneuraminic acid 

(NeuGc) (Figure 1.9). The often partial glycan occupancy of various glycosylation sites on the 

polypeptide backbones, also known as protein macro-heterogeneity, in combination with the 

extensive micro-heterogeneity caused by variation in the glycan length (number of building 

blocks), the monosaccharide compositions, topology/branching and linkage types dramatically 

increase the diversity of the glycosylated proteome, which is considered to be essential to 

facilitate the diverse functional roles of glycoproteins [184]. 

 

Several types of protein glycosylation are known in human but the two most common types 

involve glycans enzymatically attached to the protein via either N- or O-glycosidic linkages. In 

protein N-glycosylation, an N-glycan precursor is added via a reducing-end N-acetylglucosamine 

(GlcNAc) residue to asparagine (Asn) residues on polypeptides found within a consensus peptide 

sequences or “Asn-sequons” displaying Asn-X-Serine/Threonine (Ser/Thr), where X can be any 

amino acid residue except for proline [185]. However, not all predicted Asn-sequons are 

glycosylated, indicating that consensus sequences alone do not solely dictate N-glycosylation and 

that additional primary structure features or conformational requirements may be needed to 

promote N-glycosylation [186, 187]. O-glycosylation involves the attachment of an N-

acetylgalactosamine (GalNAc) residue to either Ser or Thr residues on the protein backbone. So 

far, no recognition motifs or sequons have been identified and it remains as such unclear why 

certain Ser or Thr residues are O-glycosylated whilst others are not. Both N- and O-glycosylations 

are prevalent on membrane and secretory (non-mucin) proteins while O-glycosylation is also 

commonly found on large viscous cysteine-rich glycoproteins known as mucins. Mucins are 

expressed in large quantities on many epithelial surfaces of the body, including the 
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gastrointestinal and respiratory tract and by the salivary and sweat glands [188]. We have 

established a robust MS-based workflow for profiling and characterization of N-glycans released 

from various biological samples and the focus in this thesis is exclusively on protein N-

glycosylation.  

 

Despite the fact that a plethora of N-glycoforms decorate mammalian proteins, all N-glycans are 

synthesized using the same biosynthetic machinery. As such, all maturing glycoproteins traffic a 

common pathway known as secretory pathway. Starting with the addition of a common glycan 

precursor of which only the outer domains gets modified by truncation and extension reactions, 

all N-glycosylation share a common tri-mannose chitobiose core (Man3GlcNAc2) [189]. The 

extension from the two non-reducing end mannose residues of the chitobiose core [Manα(1,3) 

and Manα(1,6)] by the addition of various monosaccharide residues generates an assortment of 

N-glycan structures, which can be classified into three major classes: high-mannose, hybrid and 

complex (Figure 1.10). Paucimannose (truncated chitobiose N-glycan cores) is a more unusual 

mammalian N-glycan type, but widely expressed in plants and invertebrates [190, 191]. This type 

of N-glycosylation has gained much attention in recent years for its association with 

pathophysiological conditions such as inflammation and cancer [192].  

 

 

Figure 1.10 Types of N-glycans and their linkages 
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1.3.1.1 Biosynthesis and the endoplasmic reticulum (ER)-Golgi secretory pathway 

Extensive metabolic studies in mammalian cell cultures and in yeast have unravelled this 

seemingly complicated process of N-glycan biosynthesis into four distinct stages [193]: (1) the 

synthesis of lipid-linked glycan precursors, a highly conserved process among all eukaryotes, (2) 

en bloc transfer of the glycan precursors to the Asn-sequons of protein acceptors, (3) early 

monosaccharide trimming in endoplasmic reticulum (ER), and (4) further processing of the N-

glycans in the cis-, medial- and trans-Golgi network (Figure 1.11). As these series of steps are tightly 

coupled to the synthesis of secretory proteins, the process is also known as ER-Golgi secretory 

pathway.   

 

Figure 1.11 Initial synthesis, processing and maturation of human N-glycoproteins in the secretory 
pathway (Adapted from Varki et al, 2009 [194])  
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The assembly of the glycan precursors on the lipid dolichol phosphate carrier begins on the 

cytosolic face of the ER culminating with the lipid-linked 14-monosaccharide complex glycan 

precursor with the composition Glc3Man9GlcNAc2 (Figure 1.12). The translocation to the 

luminal side of the ER is  mediated by an ER “flippase” enzyme [195]. Secretory, membrane-

bound, ER-, Golgi- or endosome-residing proteins are targeted to the secretory pathway by their 

signal or signal-anchor sequences [196]. The co-translational protein glycosylation modification is 

initiated by the transfer of the entire oligomannose precursor onto selected Asn-sequons of 

newly-synthesized polypeptides entering the ER, a process facilitated by the multisubunit enzyme 

oligosaccharyltransferase (OST). Variable occupancies at the individual Asn-glycosylation sites of 

glycoproteins give rise to the macro-heterogeneity of glycoforms [197]. Local sequence and 

topological constraints may influence site-specific occupancy; however there is incomplete 

understanding of the factors controlling the glycosylation efficiency [187].  

  

Figure 1.12 N-glycan precursor containing the trimannosyl core structure (box). 

In the ER, the outer glucose residues of the N-glycan precursor are sequentially removed by 

interactions with the ER chaperones (i.e. calnexin and calreticulin) and glycosidase enzymes (α-

glucosidase I and II, ERα(1,2)-mannosidase) to ensure correct folding of the glycoproteins before 

leaving the ER and into the Golgi apparatus. Trimming continues in the cis-Golgi by a series of 

Golgi-resident α-mannosidases, which removes more mannose residues until a key intermediate 

(Man5GlcNAc2) is formed in the medial-Golgi. The arrays of glycosyltransferases localized in the 

medial- and trans-Golgi act upon this intermediate in a step-wise manner yielding hybrid- or 

complex-type structures containing up to four antennae extending from the two α-mannoses of 
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the chitobiose core. The series of enzymatic remodelling eventually lead to the “maturation” of 

N-glycans, which primarily involves the addition of sialic acid, fucose, galactose, N-

acetylgalactosamine to the non-reducing end (antennas), which in addition may receive another 

layer of structural complexity by the infrequent addition of sulphate and phosphate to particular 

monosaccharide residues. Not all high mannose N-glycans that enter the Golgi are fully 

processed but may terminate at any given point in the glycosylation machinery. This introduces 

an extensive glycan heterogeneity resulting in glycosylated proteins displaying for example, 

varying numbers of mannose residues (Man5-9GlcNAc2). Thus, multiple N-glycan types often 

appear at a single N-glycosylation site due to competing enzymatic reactions giving rise to protein 

micro-heterogeneity [197]. Several factors can affect the differential processing of N-glycans 

including trafficking rates along the ER-Golgi secretory pathway, the availability of sugar donors 

and abundance/activity and localization of the modifying glycosyltransferases [198]. These 

factors are well controlled during cellular homeostasis and growth, development and 

differentiation and often unique in the individual cell and tissues types, giving rise to cell- and 

tissue-specific N-glycosylation [199]. In addition, cellular systems may further fine tune these 

expression patterns through the feature of protein or site-specific N-glycosylation to express 

unique sets of glycoforms on individual proteins [200]. The interesting observation of subcellular-

specific N-glycosylation on secreted and membrane glycoproteins was investigated in this thesis 

(Chapter 4). 

 

1.3.2 Characterization of protein N-glycosylation 

In the past few decades, it has become increasingly evident that aberrant protein glycosylation is 

intimately associated with numerous pathological conditions including many human cancers 

[201], congenital disorders [202], inflammation [203], diabetes [204] and neurodegenerative 

diseases [205]. This has prompted many biochemists and glycobiologists to investigate the 

glycome, which is defined as the entire set of glycans displayed in a specified “system” such as a 
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cell or organism at a given time under a given condition. The system-wide analysis of the glycome 

complements the molecular studies of other “omes” including the genome, transcriptome, 

lipidome, proteome and metabolome. Glycomics research is currently expanding rapidly, 

covering many aspects of scientific research from basic science and fundamental biology over 

therapeutic areas to the development and refinement of state-of-the-art analytical technologies 

with fusion to neighbouring analytical disciplines such as proteomics and glycoproteomics. In 

cancer research where the attention is focused on identifying unique expression patterns of N-

glycans, two major objectives have emerged. Firstly, detecting N-glycan changes associated with 

cancer may lead to the identification of candidate N-glycan biomarkers of sufficiently high 

sensitivity and specificity for early diagnosis and monitoring of cancer progression. Secondly, 

functional glycomics studies may provide insights into the significance of N-glycosylation in 

cellular functions during tumorigenesis. However, the lack of a direct synthesis template or “blue-

print” as for the protein equivalent and the structural heterogeneity of N-glycans have posed a 

significant challenge for the identification and structural characterization of N-glycans [206] 

(Figure 1.13).  

 

 

Figure 1.13 The challenges in glycomics research. Unlike the transcriptome and proteome which are 
based on a genetically encoded template, the glycome is built via nontemplate-driven processes as a 
secondary gene-product. In addition, the encoded information is significantly enhanced as it flows from 
the genome to the glycome. (Adapted from Turnbull et al, 2007[206]) 
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Until recently, the field of glycomics research lagged far behind the genomics and proteomics 

disciplines, but recent advances have improved the analytical capabilities to allow for streamlined 

analysis of the glycome. As such as, the development of robust and relatively high-throughput 

analytical platforms integrating the use of powerful mass spectrometry has allowed larger-scale 

characterization of N-glycosylation profiles [207], thus aiding to establish its place amongst the 

other “omics” fields. In recent years, the need for an integrative understanding of the 

glycoproteome has placed more emphasis on glycoproteomics, which has a significantly higher 

level of complexity relative to the proteome and glycome alone.   

 

1.3.2.1 LC-MS/MS based structural analysis of the N-glycome 

By global analysis of N-glycans released from mixtures of glycoproteins, N-glycome profiling is 

an approach to capture the N-glycosylation status of a biological event. However, this method 

suffers from a loss of information on the protein origin of the released glycans including site 

occupancy. In contrast, site-specific glycoprofiling of glycopeptides retains vital information of 

the carrier protein identity [22]. Such an approach, which is defined as glycoproteomics when 

preformed on the system-wide level, is often necessary to get a better and more exact 

understanding of the functional roles of protein glycans.  

 

The liberation of N-glycans from glycoproteins is achieved enzymatically by N-glycosidase F 

(PNGase F) treatment, which specifically hydrolyses the amide bond between N-glycan and the 

Asn residue, converting the Asn to an aspartic acid residue in the process. PNGase F is effective 

on virtually all types of N-glycans of the mammalian type but does not release N-glycans having 

chitobiose cores containing α(1,3) linked fucosylation, which are common features of plant N-

glycosylation. Instead, PNGase A is used to release all plant N-glycans [208]. Alternatively, N-

glycans can be chemically removed by for example hydrazinolysis or β-elimination. However, one 

major drawback is the significant degradation of the protein component in these chemical 
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reactions. β-elimination is frequently used for O-glycan release due to limited availability of 

enzymes for complete O-deglycosylation [209]. 

 

Historically, N-glycomics research focused on identifying monosaccharide compositions of N-

glycans in the N-glycome. With advances in instrumentation for glycan separation, detection and 

characterization, various N-glycan analytical methods have been developed and optimized 

enabling now complete structural characterization and quantification of N-glycan species within a 

glycome population. Three major approaches have been described and are routinely used for 

both structural analysis and quantitative glycomics [209] i.e. (1) Reductive amination where the 

reducing end of glycans is derivatized (and reduced) by labelling with a functional group followed 

by HPLC analysis and fluorescence detection [210, 211], (2) permethylation of N-glycans 

followed typically by MALDI-MS analysis in the positive polarity mode [212, 213], and (3) 

glycans can be left underivatized. The reduced N-glycans are separated and detected by porous 

graphitized carbon PGC-LC-ESI-MS in the negative polarity mode [209] (Figure 1.14). This 

approach has been utilized for the N-glycan analysis in this thesis.     

 

Figure 1.14 The three main approaches in N-glycan profiling and characterization. 
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The advantages and disadvantages associated with each of these methods are presented in Table 

1.5 and these are briefly discussed below. For a complex mixture of N-glycans, the practice of 

fluorescent labelling of N-glycans at the reducing terminus offers several advantages. Amongst 

various fluorescent molecules useful for such so-called reductive amination reactions, 2-

aminobenzamide (2-AB) is the most widely used fluorophore. The fluorescent tag facilitates and 

enhances the N-glycan detection limit and thereby the sensitivity on HPLC-fluorescence with 

sensitivity limits in the low femtomole range [214]. In addition, the fluorescence intensity 

measured from the stoichiometric labelling of all free N-glycans in the pool allows for accurate 

N-glycan quantitation [215]. This method is often accompanied by sequential treatment with an 

array of specific exoglycosidases, which remove specific terminal monosaccharide residues, 

generating a series of related glycan species from which the glycan sequence can be deduced 

[216]. However, this validation process is labour intensive as it requires repeated exoglycosidase 

digestions and reanalysis by HPLC to be performed. A comprehensive database (GlycoBase), 

containing chromatographic data generated from these reactions has been established to facilitate 

higher throughput of the structural identification of N-glycans [217].  

 

Without doubt, advent of modern MS has revolutionized glycomics research and the approach of 

using permethylated N-glycans analyzed by MALDI-TOF-MS or ESI-MS in positive mode has 

contributed to this impetus. Permethylation, which methylates all free hydroxyl and carboxyl 

groups, stabilizes the derivatized glycans, in particular the sialic acid residues which otherwise are 

prone to premature destruction in the ionization process in MS; it increases the predictability of 

MS fragmentation to improve interpretation of the monosaccharide sequence and branching 

glycans; and it allows simultaneous and quantitative analysis of acidic and neutral glycans when 

the MS detection is performed in the positive mode [218]. In addition, permethylated glycans can 

be subsequently subjected to gas chromatography MS for linkage analysis [219]. As a result, this 
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approach has been extensively used to profile and characterize N-glycans in various biological 

samples [212, 219-221].  

 

Although these two glycan derivitization strategies, i.e. 2-AB labelling and permethylation greatly 

enhance the detection sensitivity of glycans during LC separations, they are still inadequate to 

resolve and identify isomeric glycans, an inevitable consequence of the extensive N-glycosylation 

micro-heterogeneity, thus limiting the in-depth and accurate characterization and quantitation of 

N-glycan isomers.   

 
Table 1.5 Comparison of the three approaches for N-glycan profiling and characterization. 

Advantages Disadvantages 
Fluorescent labelling of N-glycan (2-AB labelling)  

 Increased the detection sensitivity limit  
 Allows for quantitative analysis  
 Extensive database for structural assignment 

 

 Incomplete derivatization may occur 
 Labour-intensive work with repeated 

exoglycosidase digestions for validation 
 Inadequate to resolve isomers 

Permethylation of N-glycan 
 Increased the detection sensitivity limit 
 Allows for quantitative analysis 
 Increased predictability of MS fragmentation 
 Allows for linkage analysis 

 Incomplete derivatization may occur 
 Inadequate to resolve isomers 

Reduction of N-glycan 
 Forms alditol (eliminates the anomericity of 

reducing end of glycan) 
 Easy to perform 

 Slight under-derivatization may occur and 
loss of labile glycan PTMs during reduction 

 

In contrast, PGC efficiently separates isomeric glycans in a reproducible manner [222]. The 

performance of PGC for N-glycan separation has been investigated and compared to those of 

other types of chromatography such as hydrophilic interaction liquid chromatography (HILIC) 

and reversed-phase chromatography (RPC) and found to have superior peak capacity allowing 

efficient separation of N-glycans [223]. When coupled to tandem MS in the negative mode, PGC 

provides a tool for the very detailed characterization of complex mixtures of glycans [224] with 

the ability to differentiate between many isobaric glycan epitopes/determinants,  e.g. terminal 

α2,3- and α2,6-sialylation; between core α1,6- and antenna α1,2/3/4-fucosylation; between 
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terminal motifs such as Gal-GlcNAc (LacNAc) and GalNAc-GlcNAc (LacdiNAc); and between 

bisecting GlcNAc and non-bisecting GlcNAc residues [225]. The exact interaction mechanism(s) 

between the glycans and the hexagonal carbon atoms in the PGC stationary phase remains 

unclear; however, the interactions have been established at low resolution to be of mixed mode 

consisting partially of hydrophobic, electrostatic, and hydrophilic (dipole-dipole interactions) 

[226]. In order to reduce the added complexity of α and β anomers formed by the anomericity 

switching at reducing end of all free glycans due to their separation by the high resolving power 

of PGC, the reducing ends of N-glycans are routinely converted to free sugar alditols by simple 

sodium borohydride based reduction enabling single chromatographic peak detection on PGC-

LC. Using this approach, several studies have successfully characterized complex mixtures of 

released N-glycans from glycoproteins extracted from various biological sources including cell 

lines, tissues and secreted bodily fluids such as saliva and milk [227-232]. One disadvantage of 

this approach is the limited availability of computational tools for high throughput data analysis 

of the information-rich MS/MS spectra. Thus, laborious manual de novo interpretation is still 

required for detailed assignment of structures.  

 

Most comparative glycomics studies are based on relative quantitation of investigated glycomes, 

which is achieved by normalizing individual glycan structures within each glycomic profile and 

compared across different samples. Such comparison is commonly used although low abundant 

glycans may not be easily quantified if there is large variation in the whole glycan profile. 

Absolute quantitation of N-glycan can be achieved by spiking glycan samples with fluorescently-

labelled glycan standards. Such measurement is desirable as each glycan quantified would be 

independent of the variations in the whole profile, however, this approach is currently not well 

established. Hence, relative glycan quantitation remains to be widely used, which also was the 

quantitation method applied in this study.       
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Notwithstanding, bioinformatics tools are clearly needed to integrate and automate interpretation 

of the vast amount of glycomics data being generated from these glycomics technology 

platforms. To meet such demands, several large scale initiatives such as Consortium for 

Functional Glycomics (CFG) [233], KEGG [159] and recently, the UniCarbKB [234] were set up 

to provide integrated resources to glycoscientists.  These resources include web-based tools such 

as GlycoMod [235] for predicting monosaccharide compositions of glycans based on MS 

(precursor) data; databases such as GlycoSuiteDB which contains manually curated glycan 

structural information as derived from the literature [236]; KEGG-GLYCAN which maps glycan 

data to known molecular interactions and pathways [237] and GlycoWorkbench, which consists 

of a suite of software tools useful for drawing glycan structures and annotating experimentally-

derived mass spectra [238]. However, there is still a lack of bioinformatics tools for the high-

throughput handling of large MS/MS datasets. Interpreting the MS/MS spectra currently relies 

on de novo approaches, which is a tedious process. Sophisticated computational algorithms for 

database matching to experimentally-derived MS/MS spectra are currently being developed to 

overcome this major bottleneck in glycan analysis. 

 

1.3.3 Protein N-glycosylation changes in breast cancer 

We have come to understand that in protein N-glycosylation, the intricate organizational 

interplay of glycosylation enzymes including glycosidases and glycosyltransferases creates an array 

of highly complex and related glycan structures on proteins. It is thought that such structural 

diversity facilitated by the N-glycans on membrane-bound and secretory proteins is essential to 

carry out their divergent biological functions including cell proliferation, differentiation, 

migration, cell-cell integrity and recognition, cell-matrix and host-pathogen interactions, immune 

modulation and signal transduction [201]. Aberrant protein N-glycosylation can therefore disrupt 

normal cellular functions leading to lack of cellular homeostasis and pathophysiological 

conditions.   
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Early studies using cultured breast cancer cells and breast tumor tissues identified specific N-

glycan changes that correlate well with breast tumorigenesis, thus suggesting the involvement of 

N-glycans in breast cancer [239, 240]. Before the advent of more advanced MS technologies, a 

variety of glycan detection methods were employed to compare the glycosylation patterns 

between normal and breast cancer samples. These investigations were targeted visualizing glycan 

epitope-changes rather than modern approaches measuring the detailed structural glycome 

changes in MS-based glycomics studies. Plant lectins, which have reactivity for a wide range of 

glycan determinants, are the most commonly exploited tool for visualization/detection of glycan 

epitopes and have been used in several ways to reveal differential N-glycoepitope expression 

including lectin histochemical staining [241, 242], lectin affinity chromatography [243], lectin 

blotting [244], and lectin array [245]. When integrated with MS platforms, the value of lectins was 

clearly demonstrated by the ability to identify the proteins that carry tumor-specific glycan 

epitopes [212]. Lectins are thus useful to isolate and visualize glycoproteins in their intact forms 

whereas MS may facilitate the identification of the protein carrier. Another detection method, 

immunohistochemical (IHC) staining, uses antibodies to target glycan-associated antigens on 

breast tumor tissues, which positively correlated with the increased metastatic potential and poor 

prognosis of breast cancer patients [239, 246]. When combined with well-designed controls, 

approaches using lectin and antibodies are able to provide valuable information such as glycan 

topology, cellular localization and relative abundance [194]. Overall, glycan epitope-detection 

methods (i.e. lectins and antibodies) and whole structure characterization-(i.e. HPLC, LC-MS) 

have identified consistent alterations in the N-glycan expression patterns in breast cancer. The 

aberrant N-glycosylation involves a relative increase in sialylation, fucosylation, β1-6 branching 

and Lewis-type epitopes such as Lewis X (LeX), Lewis Y (LeY), sialyl Lewis X (sLeX) and sialyl 

Lewis A (sLeA). Differential detection using fluorescently-labelled lectin and antibody staining is 

generally quantified by the absolute fluorescence intensity, while in global glycan profiling, 

relative abundances between glycans within glycome populations are reported and the 
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glycoprofiles are then compared between samples. As such, an increase in a glycan determinant 

within a glycome population, e.g. complex type is naturally accompanied by the decrease of other 

glycan types, e.g. high mannose and hybrid types.  

 

In recent years, there has been a growing interest in understanding pathology-driven glycome 

changes at the system-wide level, which encompasses studies to investigate the relationship 

between the genome, transcriptome, gene product (i.e. proteome and glycome) and glycosylation 

enzyme activity [247-249]. The following sections detail these molecular changes in the context of 

breast cancer. Cell surface protein glycosylation changes in breast cancer has also been described 

as part of a published review, attached at the end of Chapter 1.  

 

1.3.3.1 Sialylation 

Sialic acids belong to a large family of nine-carbon α-keto acids known collectively as 

nonulosonic acids. The two predominant forms of sialic acid residues in mammalian cells are N-

acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc) [250] (Figure 2.15). 

Although Neu5Ac differs from Neu5Gc only by a single hydroxyl group, an irreversible mutation 

in the human gene encoding for the enzyme producing the Neu5Gc nucleotide donor have 

eliminated its expression in humans, thus limiting its production to non-human mammals [251]. 

However, minute quantities of Neu5Gc detected in normal human tissues and at somewhat 

higher levels in some human cancer tissue possibly by incorporation from exogenous (nutritional) 

sources, suggest their possible roles as cancer biomarkers [252]. 

 

 

Figure 1.15 The chemical structures of Neu5Ac and Neu5Gc. 
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The addition of sialic acids (herein mainly Neu5Ac) to N-glycans of glycoproteins is catalyzed by 

different families of sialyltransferases, which are classified according to the carbohydrate linkage 

being formed from the sialic acids to the penultimate residues, e.g.,  β-galactoside α-2,6-

sialyltransferases (ST6Gal) for α2,6-linked sialylation, β-galactoside α-2,3-sialyltransferases 

(ST3Gal) for α2,3-linked sialylation and α2,8-sialyltransferases (ST8Sia) for α2,8-linked sialylation 

(Figure 1.16). Increased expression of either α2,3- or α2,6-sialylated N-glycans have been 

observed in breast tumor tissues, breast cancer cell lines and breast cancer serum compared to 

healthy tissue [253-255]. In general, total sialylation is enhanced in breast malignancy although the 

linkage-specific expression differences remain undocumented. Sialylated Lewis epitopes including 

sLea and sLex were reported to be over-expressed in tissues and serum of breast carcinoma 

patients relative to healthy donors; their expression correlated with the increased metastatic 

potential of the cancer and the reduced patient survival [211, 256-259]. In contrast, the presence 

of the less common α2,8-polysialic acid has only been detected in the MCF7 breast cancer cell 

line. The two proteins known to specifically carry the α2,8-polysialic acid chains are neural cell 

adhesion molecule (NCAM), which is associated with nervous system development and plasticity 

[260], and the rat brain voltage-dependent sodium channel α subunit [261]. In an effort to better 

understand the mechanism of N-glycosylation deregulation, a transcriptomics study revealed an 

increased occurrence of the corresponding sialyltransferases [262]. In addition, this correlated 

with poor patient outcome, suggesting their clinical value as prognostic marker [263]. 

 

Sialic acids are commonly expressed on mammalian glycoconjugates i.e. glycoproteins, glycolipids 

and proteoglycans. Sialylation is a dominating feature on cell surface and secreted N-linked 

glycoproteins compared to the intracellular N-glycoproteome suggesting its involvement in 

extracellular biological functions [200]. Hybrid and complex type N-glycans of secretory nature, 

for example plasma glycoproteins, are often capped by sialic acid residues, serving to mask the 

underlying galactose residues from recognition by the liver asialoglycoprotein receptor, thus 
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extending the circulatory half-life [264]. The elevated expression of sLex in breast cancer patients 

and their strong correlation to advanced stages of the disease are often reported in serum-based 

studies [211, 259]. Serum measurements of sLex and CA15-3, which is currently a clinical breast 

tumor marker with relative low specific and sensitivity, has been suggested to improve the 

prognostic features (i.e. sensitivity) when monitoring breast cancer [265].  

 

The structural and chemical properties embedded within the large nine-carbon sialic acid 

molecule impart the potential for generating multiple levels of diversity, allowing the sialylated 

glycans to mediate various significant biological roles including immune responses, cellular 

recognition, adhesion and signalling [22]. The exposed terminal localization of sialic acid residues 

of glycoconjugates is a natural disposition to interact with other biomolecules, in particular the 

endogenous and exogenous glycan-binding proteins such as the family of sialic acid-binding 

lectins known as siglecs. Siglecs are important molecules for regulating the cell-cell signalling to 

facilitate a functional immune response [203]. In healthy individuals, such interactions are tightly 

controlled to attenuate immune responses mitigating the effects of inflammation [266]. However, 

hyper-sialylation on cancer cells may allow such cells to escape immune surveillance [267] and 

may also contribute to the invasive and metastatic behaviour of cancer cells [268]. Specifically, 

altered sialylation displaying higher levels of α2,6-sialic acid on the cancer cell surfaces were 

linked to increased motility and invasive potential of breast tumor cells [254]. Although the role 

of altered sialylation in breast cancer is evident, there remains a lack of mechanistic understanding 

of their involvement in tumor metastasis.  

 

1.3.3.2 Fucosylation 

Increase in fucosylation in human cancers is well documented and may be a general glyco-

phenotypic hallmark associated with malignancy [269]. Fucosylated N-glycans are synthesized by 

a wide range of human fucosyltransferases (FUT1-11) and can be broadly categorized into core- 
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and antenna-fucosylated glycans (Figure 1.16). The most common modification of the innermost 

GlcNAc residue of the N-glycan chitobiose core is the α1,6-linked core fucosylation catalyzed by 

α1,6-fucosyltransferase 8 (FUT8). The link between core fucosylation and antibody-dependent 

cellular cytotoxicity (ADCC) is well known. Antibodies lacking core fucosylation display a higher 

affinity for the Fc receptors on immune cells leading to enhanced ADCC [270]. Such modulation 

has important clinical implications for Trastuzumab, a monoclonal antibody used for therapeutic 

treatment of breast cancer patients over-expressing the human epidermal growth factor receptor 

2 (HER2) [271]. In contrast, higher core fucose content has been found on the abundant serum 

glycoprotein α-1-proteinase inhibitor in breast cancer [272] which was supported by the detection 

of an up-regulated FUT8 transcripts in breast tumor tissues [247]. The role of increased core 

fucosylation on glycoproteins in breast tumorigenesis remains unclear and needs further 

investigation. 

 

 

Figure 1.16 Diagram illustrating the glycosyltransferase genes involved in the N-glycan changes observed 
in breast cancer. (Adapted from Christiansen et al, 2013 [201])  
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and fucosylated glycoepitopes/determinants known as sLex and sLea, respectively. Many studies 

have demonstrated a clear pathological relationship between fucosylated Lewis antigens and the 

invasiveness of breast tumors [246, 273-275]. The pivotal regulatory role of fucosylation in breast 

cancer is manifested in the sialyl Lewis antigens as a binding ligand for E-selectins, which are 

expressed on endothelial cells in blood vessels [276]. Current proposition on extravasation of 

tumor cells at a metastatic site suggests the involvement of sLex antigens in a selectin-dependent 

manner for the adhesion and invasion similar to the mechanisms of leukocyte transendothelial 

migration [277]. Numerous corroborating lines of evidence are in support of this hypothesis. 

Reports of over-representation of sLex and sLex epitopes on metastatic breast tumor cells are 

well-documented [257, 258, 278] and they were shown to be critical determinants in the adhesion 

of tumor cells to vascular endothelium [279]. Introduction of the FUT4 gene into the breast 

cancer cell line MCF7 markedly induced the expression of sLex and enhanced attachment of 

cancer cells to the endothelial cells [280]. In hormone-dependent breast cancers, the adhesion 

was demonstrated to mediate through E-selectin and sLex interactions to promote cancer 

metastasis [249]. Breast carcinoma-associated glycoproteins that have been identified as carriers 

of Lewis types determinants include CD44 [281], CD98hc [282], CD147 [283] and podocalyxin 

[284]. Taken together, the regulatory role of fucosylation is firmly established in breast 

tumorigenesis. Such knowledge could be further exploited to seek new diagnostic methods to 

ultimately improve the range of therapeutic options and clinical outcome of breast cancer 

patients. 

 

1.3.3.3 Branching and bisecting GlcNAc 

The glycosylation enzyme, N-acetylglucosaminyltransferase V (GnT-V), which is encoded by 

MGAT5, catalyses the formation of β1,6-GlcNAc branches on N-glycans (Figure 1.16). Using 

lectin-based methods, consistently higher levels of β1,6 branching of the cell surface N-glycans 

have been detected in breast tumor tissues when compared to normal tissues [212, 241, 242, 285]. 
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These observations were supported by concomitant increases in the GnT-V levels [286] and its 

corresponding MGAT5 [287]. Knockdown studies that dampened the expression of GnT-V 

inhibited cells dissolution from the ECM and the subsequent spreading of cancer cells, thus 

demonstrating that β1,6 branching may drive the migratory and metastatic phenotype in breast 

tumor cells [288, 289]. Some studies have used the strong implications of β1,6-branching in 

breast malignancy to propose that N-glycan branching may be a predictive marker for the 

identification of node-negative breast cancer [241, 242].  

 

The role of β1,4-bisecting GlcNAc in breast cancer has not been extensively investigated. 

Bisecting GlcNAc epitopes are synthesized when a β1,4-linked GlcNAc residue is attached to the 

N-glycan core by N-acetylglucosamintransferase III (GnT-III). In breast tumors, the expression 

of the responsible MGAT3 gene was down-regulated compared to normal breast tissues [247]. 

The authors suggested anti-tumor features of bisecting GlcNAcylation by reasoning that the 

addition of the bisecting GlcNAc to the core may prevent other types of N-glycan branching to 

form, for example the tumor associated β1,6-linked GlcNAc as described above.  

 

1.3.3.4 High mannose N-glycans 

Total cellular glycoproteins extracted from the human ovarian carcinoma cell line, SKOV3 

predominantly displayed high-mannose type N-glycans [290]. Increased expression of high-

mannose type N-glycans on cell surfaces of various tumors including breast, colorectal, lung, 

cervical, ovarian and lymphatic cancers have been reported [291]. These N-glycans were released 

from membrane proteins isolated using conventional ultracentrifugation method, however, a 

recent study showed that ultracentrifugation was inefficient in enriching for cell surface proteins, 

but instead predominantly capture intracellular membrane glycoproteins [292]. Evidence for this 

observation is substantiated in Chapter 4 where the proteomics of such preparations showed that 

many ER- and Golgi-residing proteins were co-purified along with plasma membrane proteins. 
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Therefore it cannot be ruled out that intracellular glycoproteins contributed to the high mannose-

rich patterns observed in such cancer studies. Nevertheless, expression of high-mannose type N-

glycans carrying nine mannose residues, which is normally considered to be an indicator of 

relative immature and intracellular N-glycan, were elevated in the sera of breast cancer patients 

and in breast tumor mice models relative to healthy references thereby indicating that these 

unprocessed glycoconjugates are indeed extracellular [293]. Additionally, immature high-mannose 

structures have been detected on cell surface glycoproteins including intracellular adhesion 

molecular 1 and the oncogenic form of epidermal growth factor receptor (EGFR) [294]. As is the 

case for many of the other glycan structures and glycoepitopes, it remains unknown whether 

these alterations are causing or a consequence of tumorigenesis. Thus, the exact significance of 

the presence of high-mannose type N-glycan in breast malignancy remains to be determined. 

 

1.4 Aims of the thesis 

The major aim of this thesis was to apply state-of-the-art proteomics and glycomics analytical 

technologies, in conjunction with sophisticated bioinformatics tools, to gain insights into the 

molecular alterations associated with breast cancer. The investigated samples comprised of a 

panel of cultured human breast epithelial cells. A total of six breast cancer cell lines were used; 

five were established from metastatic cells obtained by the pleural effusion and one derived from 

primary breast tumors. The five cancer cell lines were representative of three common breast 

cancer subtypes, MCF7 for luminal A, SKBR3 for HER2-enriched, MDA-MB-468 (MDA468) 

for basal-A, and MDA-MB-157 (MDA157), MDA-MB-231 (MDA231) and HS578T for basal-B 

subtypes. Two non-tumorigenic cell lines were used including the human mammary epithelial 

cells (HMEC), which was derived from normal breast tissues and MCF10A, an immortalized cell 

line originated from the mammary gland of a patient with fibrocystic disease. Minor focus was 

given to the development and optimization of the multi-lectin affinity chromatography (M-LAC) 
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methodology for fractionation/enrichment of cancer-specific glycoproteins derived from breast 

cancer cells. To achieve these aims, the following studies were conducted: 

1. Comparative global profiling of secreted and membrane proteins extracted from four breast 

epithelial cell lines (HMEC, MCF7, SKBR3 and MDA231) to identify differentially 

expressed and unique proteins in breast cancer cells. Global and subtype-specific functional 

analyses were performed on the subset of significantly regulated proteins to elucidate cancer-

related pathways and protein-protein interaction networks. 

2. Global N-glycan profiling and structural characterization of secreted and membrane 

fractions of six breast epithelial cell lines (HMEC, MCF7, SKBR3, MDA157, MDA231 and 

HS578T). Global and subtype-specific comparative analyses were carried out to identify 

differentially expressed N-glycan determinants. 

3. Performing systematic investigation of subcellular-specific N-glycosylation of cell surface, 

secreted and microsomal fractions extracted from three breast epithelial cells (MCF10A, 

MCF7 and MDA468) by using a combination of structural knowledge, computational and 

analytical tools. 

4. Optimizing the multi-lectin affinity chromatography platform, comprising of a combination 

of three lectins (Con A, WGA and Jac), to enrich for glycoproteins from the cell lysates of 

MCF7 with the aim for future application to target tumor-specific glycoepitopes present in 

complex biological samples.   
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2.1 Introduction 

Molecular profiling of breast cancer has successfully characterized the disease into various 

subtypes with distinctive pathological features and clinical outcomes [7, 295]. The remarkable 

heterogeneity of breast cancer tumors underscores the importance of identifying molecular 

signatures specific to each subtype to aid the development of targeted therapies. Tumorigenic 

transformation in breast epithelial cells has correlated well with protein expression changes [296]. 

Global differential protein analysis, i.e. mapping and comparing all proteins between different 

samples, could unravel protein signatures that determine the biological and functional 

characteristics associated with each breast cancer subtype, providing us with better insights into 

the underlying molecular mechanisms involved. However, such function-based global analysis 

approach to examine different breast cancer subtypes has not been widely undertaken by those 

investigating the proteome-wide changes in various breast cancer cells [51, 99, 101].  

 

Both secreted and membrane proteins are involved in key biological processes such as cell-cell 

communication, transportation of molecules, enzymatic activities, cellular adhesion and immune 

response. During malignant transformation, cells secrete various effector molecules into the 

extracellular space that promote cellular migration, invasion, adhesion and matrix degradation 

[297]. More than 50% of membrane proteins are potential drug targets [298]. Therefore, analysing 

the secreted and membrane proteomes is a promising approach to identify potential cancer 

biomarkers and drug targets. 

 

In this study, we utilized a shotgun proteomics method to investigate the subcellular specific 

proteomes of four cultured breast epithelial cells. Three well-characterized breast cancer cell lines 

established from the pleural effusion representative of each breast cancer subtypes were selected,  
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namely, MCF7 for luminal A subtype, SKBR3 for HER2-enriched subtype and MDA231 for 

basal B subtype. The primary human mammary epithelial cells (HMEC) served as a normal 

reference for comparison with the three breast cancer cell lines.  

 

Although comparative analysis performed between paired tumor and normal non-tumorigenic 

tissues may represent the most suitable comparison for understanding tumorigenesis and for 

downstream clinical applications, tissue heterogeneity in terms of cellular and molecular 

composition remains a significant challenge. Hence, cultured cells were used in this study as they 

constitute a homogeneous population of epithelial cells, which allow for interrogation of breast 

epithelial cancer cell-specific proteins without contamination from other cell types such as 

stromal cells, adipocytes, endothelial cells or immune cells In addition, breast cancer cell lines 

recapitulate the subtype classification observed in vivo in breast tumors, making them suitable 

models for studying breast cancer subtypes [134]. In total, we identified more than 3,000 secreted 

and membrane proteins from the conditioned media and the enriched membrane of four breast 

epithelial cells. Accordingly, we subjected these identified proteins to a system-wide functional 

analysis to gain insight into the molecular events underlying breast tumorigenesis. The functional 

analysis of differentially expressed proteins in the three breast cancer cell lines revealed common 

functional features involved in breast cancer biology, including abnormal activities associated 

with the proteasomes, translation initiation factors, cytoskeletal proteins and in the extracellular 

matrix (ECM). Functional analysis of the proteins specific to each of the three breast cancer 

subtypes revealed that the G protein-coupled receptor GPCR signalling pathway was activated in 

the three breast cancer subtypes, but that this pathway involved different sets of proteins. 

Importantly, this approach identified a number of proteins that were central to the altered 

biological processes or pathways and which could serve as potential cancer biomarkers or targets 

for future cancer therapy. 
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2.2 Materials and methods 

2.2.1 Cell cultures and sample preparation under serum-free conditions 

Human mammary epithelial cells (HMEC) were purchased from Lonza (CC-2551, Walkersville, 

MD). Human breast cancer cell lines MCF7, SKBR3 and MDA231 were obtained from 

American Type Culture Collection (Manassas, VA). HMEC was grown in HuMEC Ready Media 

(Invitrogen, CA). The other three cell lines were grown in RPMI (Sigma, MO) supplemented 

with 5% FBS (Invitrogen, CA), 10 mM glutamine (Invitrogen, CA) and 10 µg/mL insulin. Cells 

were maintained at 37C in 5% CO2 for all experiments. The breast epithelial cell lines were 

grown in triplicates to around 80% sub-confluency and washed at least four times with ice-cold 

PBS to remove traces of FBS and incubated in serum-free media at 37C in 5% CO2 for 48 

hours. Cell viability was determined by trypan blue exclusion assay after 48-hour incubation, 

Conditioned media (CM) containing the serum-free secreted proteins were collected, followed by 

centrifugation at 2,000 x g to pellet any floating cells. Supernatant was then concentrated and 

buffer exchanged with PBS (1x) using Amicon Ultra centrifugal filter devices with a 10,000 MW 

cut-off membrane (Millipore, MA). Proteins were then precipitated with acetone overnight at -

20°C and stored at -80°C until further analysis. Following removal of serum-free media, cells 

were washed with PBS (1x) and harvested  in Tris buffer containing 25 mM Tris-HCl pH 7.4, 150 

mM NaCl, 1 mM EDTA and protease inhibitors cocktail (Roche Diagnostics). The cell 

suspensions were ultra-sonicated (Branson Sonifier 450) on ice for 3 rounds of 10 s and 

centrifuged at 2,000 x g for 20 min at 4C to remove intact cells and nuclei. The supernatant was 

ultra-centrifuged at 120,000 x g for 80 min after which the supernatant was discarded. The 

microsomal membrane pellet was washed twice with ice-cold 0.1 M sodium carbonate and 

resuspended in 25 mM Tris-HCl pH 7.4, 150 mM NaCl and 1% (v/v) Triton X-114. Samples 

were subjected to phase partitioning by incubation at 37C for 20 min, followed by 1,000 x g 

centrifugation for 10 min. The upper aqueous layer was carefully removed and 9 volumes of ice-
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cold acetone was added to the lower detergent phase and incubated overnight at -20C to 

precipitate the proteins. 

 

The total protein concentration of the subcellular fractions from breast cells was measured using 

Bradford reagent (Sigma, MO). Equal amount of total protein in each subcellular proteome was 

used for precipitation followed by solubilization in NuPAGE LDS sample buffer to prepare 

protein samples for gel electrophoresis.  

 

2.2.2 Gel electrophoresis of subcellular proteomes and in-gel digestion 

Proteins were separated using 1D gel electrophoresis (SDS-PAGE) and each lane was sliced in 

eight fractions which, after in-gel digestion, were analyzed by LC-MS. This analytical approach 

(GeLC-MS) was chosen to provide an additional orthogonal platform for protein separation, 

which has been shown to achieve in-depth protein identification [299]. SDS-PAGE also has the 

advantages to improve protein solubility and to render samples more compatible with LC-MS by 

the option for removing salts, buffers and detergents in the in-gel digestion step.  

   

Approximately 50 µg of membrane proteins and 20 g of secreted proteins were reduced with 50 

mM of dithiothreitol for 10 min at 70C and alkylated with 125 mM iodoacetamide in the dark at 

room temperature for 30 min. Each sample (10 µL), in NuPAGE LDS buffer, was loaded on 4-

12% Bis-Tris PAGE gel (Invitrogen) and electrophoresis was performed at 200 V for 50 min. 

After separation of proteins, the gel was fixed in 40% (v/v) ethanol and 10% (v/v) acetic acid for 

at least 2 hours and stained overnight with Coomassie Blue G250, and destained with Milli-Q 

water (Millipore). 
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To perform in-gel trypsin digestion each lane was cut into 8 segments of equal size. Each 

segment was further sliced into 1 mm smaller pieces and placed in a 96-well plate. The gel pieces 

were destained with 50% (v/v) ACN in 50 mM ammonium bicarbonate until they became clear. 

They were then dehydrated in 100% ACN and dried. Trypsin (sequencing grade Modified, 

Promega) was added at a weight ratio of 1:30 to digest the proteins overnight at 37C. The next 

day, the tryptic peptide mixtures were collected and two more extractions were performed with 

2% (v/v) formic acid in 50% (v/v) ACN and 50 mM ammonium bicarbonate. All three extracted 

fractions were combined and the solution was dried by vacuum centrifugation. Tryptic peptides 

were acidified in 10 µL 0.1% (v/v) formic acid and desalted. Briefly, C18 tips were washed three 

time with 20 µL 100% ACN, three times with 20 µL 50% (v/v) ACN in 0.1% formic acid, and 

equilibrated with 50 µL 0.1% (v/v) formic acid. After sample loading, tips were washed three 

times with 20 µL 0.1% formic acid. Peptides were eluted by 20 µL 60% (v/v) ACN in 0.1% 

formic acid and 20 µL 90% (v/v) ACN in 0.1% formic acid and dried. The samples were at 

stored at -80C until used for LC-MS/MS analysis. 

 

2.2.3 LC-MS/MS-based proteomics 

Triplicates LC-MS/MS injections from all peptide mixtures derived from extracted membrane 

and secreted proteomes of the breast epithelial cell lines were performed using a Q-Exactive 

Orbitrap (ThermoFisher) mass spectrometer. Tryptic peptide mixtures in 0.1% (v/v) formic acid 

were loaded onto an in-house packed RP column (2.7 µm Halo C18 resins, 100 mm x 75 µm). 

Separation of peptides was performed over 60-min gradient with the first 50 min linear gradient 

increasing from 0-50% in solvent B (0.1% (v/v) aqueous formic acid in ACN) and up to 85% in 

solvent B for the next 2 min and maintained at 85% for 8 min. The flow rate was set at 300 

nl/min. The nanoLC system was connected directly to the nanoESI source of the mass 

spectrometer. MS and MS/MS spectra were acquired with resolution of 35,000 in the positive 
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polarity mode and over the range of m/z 350 – 2000. Automated peak recognition, dynamic 

exclusion, and tandem MS of the top 10 most intense precursor ions were performed using 

Xcalibur v2.2 (ThermoFisher). Yeast enolase was routinely used between samples as quality 

control.  

 

2.2.4 Protein identification 

Raw LC-MS/MS data files were converted to MGF format using Proteome Discoverer (v2.0)  

and searched against SwissProt protein database (Homo sapiens, 20,279 reviewed entries) using the 

global proteome machine (GPM, Cyclone version). The following criteria were used during the 

search: carbamidomethylation of cysteine residues was set as a fixed modification and oxidation 

of methionine and deamidation of asparagine and glutamine residues were used as variable 

modifications. Mass tolerances of 10 ppm and 0.02 Da were selected for precursor and MS/MS 

fragment ions, respectively, with a maximum of two missed trypsin cleavages. 

 

Scaffold (v4.2.1, Proteome Software) was used to validate MS/MS based peptide and protein 

identifications. Peptide identifications were accepted if they could be established at greater than 

95.0% probability by the Scaffold Local FDR algorithm. Protein identifications were accepted if 

they could be established at greater than 99.0% probability assigned by the Protein Prophet 

algorithm incorporated in the software. Proteins that contained similar peptides and could not be 

differentiated based on MS/MS analysis alone were grouped to satisfy the principles of 

parsimony. Proteins sharing significant peptide homology were grouped into clusters of protein 

families. Proteins were annotated using GO terms from NCBI.  

 

2.2.5 Label-free quantitation using normalized spectral abundance factor 

Normalized spectral abundance factor (NSAF) was calculated based on the following formula: 

NSAF = (Spc/L)/∑(Spc/L), where Spc refers to the spectral count (number of non-redundant 
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peptide identifications for a given protein) and L is the length of the protein in amino acid 

residues [300]. Protein identifications were only included in NSAF data analysis if a given protein 

were covered by a minimum of two peptides in at least one of the three technical replicates and 

contained at least a total of four spectral counts across all replicates. For comparative analysis 

using fold change as a measure for protein regulation, only proteins that were present in both of 

the compared samples were included. The fold change of a protein was calculated by the ratio of 

its NSAF across different samples.  

 

2.2.6 Statistical analysis and bioinformatics 

Statistical analyses were conducted using SPSS software (v22). One-way ANOVA analyses were 

performed for proteins displaying a minimum of a three-fold change between each of the cancer 

cells and the HMEC reference followed by post-hoc Dunnett’s test. All P values were adjusted 

taking into account the multiple comparisons made and reported as multiplicity adjusted P values, 

where a value of less than 0.05 was regarded as statistically significant. GO annotation and 

functional analyses were performed using the open source program Cytoscape (v3.1.1) 

http://www.cytoscape.org/). Statistical test for enrichment or depletion was based on a two-

tailed hypergeometric test and corrected for multiple testing using Bonferroni [301]. Protein 

interaction networks were performed using STRING (v9.1) (http://string-db.org/). Hierarchical 

clustering analysis was performed using an in-house program written in R. 

 

2.3 Results 

2.3.1 Optimization of cultured cells for proteomics analysis 

In order to profile secreted proteins in the conditioned media of the four breast epithelial cell 

lines, it was essential to use serum-free media (SFM) to ensure no exogenous proteins from the 

FBS were included in the analysis of the secretome. Prior to SFM incubation, cells were adapted 

to growth in media containing a reduced amount of FBS (< 5% v/v) so as to minimize 
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deleterious effects on cell growth induced by rapid serum starvation. The confluency of cultured 

cells was checked and at ~70% sub-confluency the media were removed and cells washed at least 

three times with PBS before replacing the cells in SFM. Preliminary studies using conditioned 

media (CM) of MCF7 cells collected after 24 hours and 48 hours post-SFM incubation showed 

no significant difference in the protein expression patterns as evaluated by the protein patterns 

on SDS-PAGE between the two time points. Increased total cell counts and higher protein levels 

were observed in the 48-hour CM (Figure 2.1). Cell viability as measured by trypan blue exclusion 

remained above 90% for both time points indicating minimal cell death. The 48-hour SFM 

incubation time was thus chosen to maximize the protein concentration in the CM. After the CM 

was collected, cells were harvested and membrane proteins (microsomal fraction) extracted using 

ultracentrifugation followed by Triton X-114 phase partitioning. Both subcellular fractions (i.e. 

secreted and microsome) were fractionated on SDS-PAGE and each lane cut into eight equal-

sized fractions. The gel fractions were trypsinized and the resulting tryptic peptides were analyzed 

using LC-MS/MS to obtain the secreted and membrane subcellular proteomes of each of the 

investigated cultured breast cells. 

 

Figure 2.1 SDS-PAGE gel of MCF7 CM proteins sampled after 24 and 48 hours of incubation in SFM. 
Total cell counts, viability and protein amounts were also measured at the two time points. 
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2.3.2 Identification of secreted and membrane proteins in HMEC, MCF7, SKBR3 and 

MDA231 

Shotgun proteomics is a powerful analytical tool for system-wide proteome analysis, depicted in 

Figure 2.2. We applied this approach to investigate the global cellular profiles of secreted and 

membrane proteins in four breast epithelial cell lines. HMEC is a non-tumorigenic breast 

epithelial cell line while the other three breast cancer cell lines represent the three common breast 

cancer subtypes, namely, luminal A (MCF7), HER2-enriched (SKBR3) and basal B subtype 

(MDA231). Three technical replicates of the individual cell lines were performed. By applying 

strict criteria for peptide and protein identification (see Section 2.2.4 – Materials and Methods for 

details), we confidently identified a total of 1,755 and 2,063 non-redundant proteins in the 

secreted and the membrane fractions of the four cell lines, respectively (Table 2.1). The 

confidence of the protein identifications as measured by the false discovery rate (FDR) was less 

1% for all samples. Of the proteins identified in the two subcellular proteomes, i.e. secreted and 

membrane fractions, 34% to 42% have at least five unique peptides in each of the replicates. 

 

Figure 2.2 Workflow illustrating the sample preparation and the proteomic analyses of secreted and 
membrane protein fractions from the investigated breast epithelial cell lines. 
 
Table 2.1(a) Summary of the number of proteins identified in the secreted subcellular proteome. 

Cell line 

Number of proteins identified with two or more 
unique peptides (UP)*  

Total number 
of non-

redundant 
proteins 

FDR (%)
2 UP 3 UP 4 UP  5 UP 

HMEC 114 109 78 232 558 0.49 
MCF7 267 228 163 561 1219 0.53 
SKBR3 261 174 166 487 1088 0.57 

MDA231 243 203 165 483 1094 0.49 
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Table 2.1(b) Summary of the number of proteins identified in the membrane subcellular 
proteome. 

Cell line 

Number of proteins identified with two or more 
unique peptides (UP)*  

Total number 
of non-

redundant 
proteins 

FDR (%)
2 UP 3 UP 4 UP  5 UP 

HMEC 211 180 121 286 798 0.49 
MCF7 343 283 237 673 1536 0.53 
SKBR3 266 226 172 340 1004 0.57 

MDA231 306 239 171 500 1215 0.49 
* Unique peptides based on 95% confidence 

Amongst all samples, the non-tumorigenic cell line HMEC has the lowest number of secreted 

and membrane proteins identified whereas MCF7 has the highest number of proteins identified 

in both subcellular fractions. In each cell line, with the exception of SKBR3, more proteins were 

detected in the membrane relative to the secreted fraction. Figure 2.3 shows the proteome 

overlap for the two subcellular proteome fractions. The same proteins that were detected across 

the four different cell lines, herein termed “common proteins”, comprised 17% (292) and 20% 

(423) of the total secreted and membrane proteome, respectively.  

 

Figure 2.3 Four-way Venn diagrams showing the number of secreted and membrane proteins identified 
across the four breast epithelial cell lines. 

In total, the secreted and membrane subcellular proteomes of the four cell lines generated 3,052 

non-redundant proteins. A global comparison between the total secreted and membrane 

proteomes showed that they shared around 25% proteins, that is, 766 common proteins were 

observed in the two subcellular fractions (Figure 2.4). The common proteins ranged between 

14% for HMEC to 22% for MDA231, indicating significant heterogeneity between the 

investigated cell lines for these common proteins. A summary of the identified proteins in the 

Secreted proteins Membrane proteins 
MCF7 SKBR3 MCF7 SKBR3 
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secreted and membrane fractions of each cell line, along with their gene names, information on 

signal peptide, transmembrane information, exosome and breast cancer-specificity can be found 

in the Appendix 1 and 2.  

 

Figure 2.4 Number of common and unique proteins in the secreted and membrane subcellular fractions 
in all four breast epithelial cell lines (top) and separately in each of the cell lines (bottom). 

 

Figure 2.5 (a) Distribution of GO terms of proteins identified in the secreted fraction. (b) Distribution of 
secretion mechanisms used by secreted proteins i.e. secretion through classical (yellow) or non-classical 
pathways predicted either by SecretomeP (green) or via exosomes (light red).  

 

Although cells were progressively adapted to grow with reduced FBS to minimize cell stress, the 

presence of ER stress was evaluated by assessing the expression of ER stress markers in the 

secreted proteome. Proteins indicative of ER stress include 78 kDa glucose-regulated protein 

precursor (GRP78), homocysteine-induced endoplasmic reticulum protein (HERP), endoplasmic 

reticulum resident protein 72 (ERP72), tryptophan--tRNA ligase (WARS), 52 kDa repressor of 
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the inhibitor of the protein kinase (P58IPK) and ER degradation enhancer mannosidase alpha-

like 1 (EDEM) [302]. Of these, GRP78 and WARS were detected to be more abundant in the 

cancer cell lines (MCF7, SKBR3 and MDA231) relative to levels in the normal HMEC cell line 

(Table 2.2). WARS was not observed in HMEC; negligible in SKBR3 and moderately low in 

MCF7 and MDA231. The over-expression of GRP78 in tumor cells is well-documented and 

together with the lack of other ER stress indicators suggested that the elevated GRP78 levels in 

the three breast cancer cell lines maybe a cancer-associated feature rather than due to cell stress. 

 

Table 2.2 Relative abundance of GRP78 and WARS expressed in the secretome of cultured 
breast cells. 
Cell line GRP78 WARS 

Av. spectra count Fold change1 Av. spectra count Fold change1 
HMEC 25.7 1.0 0 N/A 
MCF7 121.3 2.7 12 High (infinite)
SKBR3 88 2.4 1.3 High (infinite)
MDA231 108.7 2.9 9.3 High (infinite)
1 Fold change relative to HMEC, NA = not applicable 

 

It is anticipated that the proteins identified in the secreted fraction (i.e. culture medium) are either 

secreted or shed from the cell surface of the cultured cells. Based on GO term, 313 and 116 

proteins were classified to be located in the extracellular space and extracellular matrix, 

respectively, while around 79% (1,384) of the these proteins were assigned as cytoplasmic 

proteins (Figure 2.5a). These data suggested that between 7-18% of proteins observed in the 

secreted fraction were proteins actually secreted from the cells. Given that cell viability was more 

than 90%, it is unlikely that cytoplasmic proteins were significantly released into the extracellular 

space due to cell death. In the classical secretion pathway in mammalian cells, proteins that are 

destined for the cell surface and secretion into the extracellular environment are targeted to the 

secretory pathway by a signal peptides and/or transmembrane domain. Based on the prediction 

tool SignalP v4.1 [303] and the curated information provided by UniProt, 503 proteins in the 

secreted fraction were predicted to contain signal sequences and an additional 106 proteins were 
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further predicted to have transmembrane domains. Hence, in total 609 of the 1,755 identified 

proteins (~35%) in the secreted fraction could be classified as secreted proteins. There is 

increasing evidence that, in addition to the well characterized classical secretory pathway, proteins 

that lack a signal peptide can be transported to the extracellular space via various non-classical 

pathways, which are independent of the ER-Golgi route [304]. Of the few types known, 

secretions through exosomes are the most well studied [305]. Using a sequence-based non-

classical protein secretion prediction tool, SecretomeP v2.0 [306], we found 82, 254, 269 and 273 

proteins in HMEC, MCF7, SKBR3 and MDA231, respectively, predicted to reach the cell 

exterior via the exosome route. Based on these numbers alone, this indicated a three-fold increase 

of the use of the non-classical secretion pathways in breast cancer cells relative to non-

tumorigenic cells. Interestingly, GO term defined 964 proteins in the secreted fraction as 

extracellular vesicular exosomes, which are membrane vesicles secreted by cells. Exosomes are 

also referred to as microvesicles, microparticles, ectosomes and by other terms in the literature. 

At the same time, 1,182 proteins in the secreted fraction were mapped to human-derived 

exosome in the Vesiclepedia database (http://microvesicles.org/) [307], which contains 

experimentally profiled proteins released from the exosomes. Considering the total set of 

identified proteins secreted via the classical pathways and, the non-classical pathways including 

secretions through exosomes, our analysis verified that at least 60% of proteins in the secreted 

fraction were of secretory nature across the four breast epithelial cell lines (Figure 2.5b). 

 

On the other hand, GO annotation of the proteins in the membrane fraction revealed that 

although 570 proteins were classified as being associated with the plasma membrane, a significant 

proportion were associated with intracellular membrane organelles, derived from the 

mitochondrion, endoplasmic reticulum (ER), Golgi apparatus, endosome and lysosome (Figure 

2.6). Although membrane proteins were extracted from the crude cell lysate under high-speed 

centrifugation, intracellular organelles were co-purified along with the plasma membrane proteins 
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in the microsome pellet. It is likely that integral membrane proteins were enriched during phase 

partitioning using Triton X-114 including those derived from the ER, Golgi apparatus, 

mitochondria and nucleus, in addition to the proteins from the plasma membrane [200]. 

 

Figure 2.6 GO term classification of the subcellular locations of proteins identified in the membrane 
fraction. Only GO terms significantly associated with the proteins are shown (P < 0.05). 

 

2.3.3 Global biological and functional analyses of secreted and membrane proteins 

The proteins aberrantly secreted or shed by cultured cancer cells into the extracellular 

environment may mirror those of tumor cells released into the blood circulation. Over 80% of 

the secreted and 70% of the membrane proteins from the breast cell lines were found to map to 

the proteome data in the PPD (http://www.plasmaproteome.org/) [152], which contains 

proteins reported in plasma and serum. Cluster analysis using GO term representation for 

biological processes of the identified proteins revealed as expected that the membrane and 

secreted proteins have considerable unique biological functions assigned to them (Figure 2.7). 

While the membrane proteins were largely involved in different intracellular metabolic and 

transportation processes (i.e. macromolecule localization), secreted proteins have varied roles 

including biological adhesion, wound healing, cell migration, response to organic substances and 

antigen processing and presentation of peptide antigen. Together this indicates that the roles of 

secreted proteins in general are centered on the interaction with other external molecules. When 

secreted proteins were further interrogated using Gene-to-Systems Breast Cancer Database 
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(http://www.itb.cnr.it/ breast cancer) around 30% of secreted proteins from the three breast 

cancer cell lines matched to breast cancer-associated proteins in the database, almost twice as 

much as those secreted by the non-tumorigenic cells (Table 2.3). However, this difference was 

not observed for membrane proteins.  

 

 
Figure 2.7 Cluster analysis of identified secreted and membrane proteins from the investigated breast cell 
lines and their classification according to their biological processes based on their significant association 
with GO terms, P < 0.05. Each circle represents a GO term. An over-representation of secreted proteins 
associated with a specific GO term is indicated in red and an over-representation of membrane proteins 
appears in green. When there is no over-representation of either sub-proteome, it appears in grey. Selected 
clusters of GO terms are highlighted by the representative GO term of the cluster. 
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Table 2.3 Number of secreted and membrane proteins found in the breast cancer database* 
Cell lines  Secreted protein Membrane protein 

Number# %# Number# %# 
HMEC 98 17.6 198 24.8 
MCF7 370 30.4 304 19.8 
SKBR3 329 30.2 209 20.8 
MDA231 332 30.3 273 22.5 

* Gene-to-Systems Breast Cancer Database (http://www.itb.cnr.it/ breast cancer) 
# Total proteins identified in the subcellular proteome 
 

2.3.4 Comparative analysis of secreted and membrane proteins differentially expressed 

between normal and breast cancer cells 

Label-free spectral counting of the identified proteins was used to determine the protein 

deregulation in the investigated cancerous breast cell lines relative to the non-cancerous cells as 

measured by a fold change in protein expression. As described explicitly in the introduction, 

spectral counting is a robust quantitative method for LC-MS/MS based proteomics data that has 

been shown to reliably and accurately yield a measure for the relative protein abundance between 

samples [231, 308-310]. The relative abundances of the proteins were expressed as normalized 

spectral abundance factors (NSAFs) where raw data are logarithmic transformed. Natural log 

transformation was applied to the raw intensity data to normalize the distribution and allow for 

significance testing as well as quantitation of proteins of both high and low abundance (Figure 

2.8). 

 

Figure 2.8 Logarithmic (natural log) transformed NSAF of secreted and membrane proteins derived from 
the four breast epithelial cell lines yield sample densities with normal distributions which allow for 
statistical comparative analyses of high and low abundant proteins between samples. See insert for colour 
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coding (the triplicate LC-MS/MS analyses are indicated in same colour but with full, half broken and 
broken lines).    

 

Figure 2.9 Venn diagrams showing the numbers of differentially expressed proteins between the 
individual breast cancer cell lines relative to the non-tumorigenic cell line (HMEC) for the subcellular 
proteomes (secreted, left; membrane, right).  

 

In total, 269 secreted proteins and 360 membrane proteins displayed a threefold or greater (P < 

0.05) regulation in the expression level for the three malignant breast cancer cell lines compared 

to HMEC. For the proteins identified in the secreted fraction, 142 proteins were in addition 

differentially expressed between MCF7/HMEC, 140 between SKBR3/HMEC; and 150 between 

MDA231/HMEC. For membrane proteins, 208 proteins were differentially expressed between 

MCF/HMEC, 134 between SKBR3/HMEC and 180 between MDA231/HMEC (Figure 2.9). A 

total of 49 secreted and 29 membrane proteins were found to be differentially expressed in all 

three breast cancer cell lines relative to the non-tumorigenic breast cell line (Table 2.4). The 

majority of these proteins are regulated in the same directions in all breast cancer subtypes with 

the exception of clusterin (CLU, secreted), heterogeneous nuclear ribonucleoproteins A2/B1 

(HNRNPA2B1, membrane), pyruvate dehydrogenase E1 component subunit beta, mitochondrial 

(PDHB, membrane) and HLA class I histocompatibility antigen, B-41 alpha chain (HLA-B, 

membrane). In addition, another nine secreted and eight membrane proteins that were mutually 

expressed in two of the three cell lines were also differently regulated between the different 

cancer subtypes (Table 2.5). Notable examples include vimentin (VIM), extracellular matrix 
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protein 1 (ECM1), neuronal cell adhesion molecule (NRCAM) and annexin A1/A2 (ANXA1/2). 

The top ten exclusive proteins as measured by NSAF in both subcellular fractions of each breast 

cancer lines are listed in Table 2.6. 

Table 2.4 List of 49 secreted and 29 membrane proteins that were differentially expressed in all 
three breast cancer cell lines relative to HMEC. 

Secreted proteins differentially expressed in all three breast cancer cell lines 

Gene Protein Name Average FC 
BC-

specific 

ACTR2 Actin-related protein 2 2.65 No
ALDOA Fructose-bisphosphate aldolase A  2.59 No 
BSG Isoform 2 of Basigin  2.41 No 
C3 Complement C3  -5.32 No 
CAND1 Cullin-associated NEDD8-dissociated protein 1  2.89 No 
CAPZB Isoform 2 of F-actin-capping protein subunit beta  1.90 No 
CCT8 T-complex protein 1 subunit theta  2.61 No 
CLTC Clathrin heavy chain 1*  3.71 Yes 
CLU Clusterin  See Table 2.5 Yes 
COL12A1 Collagen alpha-1(XII) chain  -2.11 No 
COPB1 Coatomer subunit beta  2.43 No 
EEF1D Elongation factor 1-delta  3.22 Yes 
EFEMP1 EGF-containing fibulin-like extracellular matrix protein 1  -4.14 No 
ERP29 Endoplasmic reticulum resident protein 29  1.66 No 
FASN Fatty acid synthase* 4.33 Yes 
FLNA Filamin-A  2.30 Yes 
FN1 Fibronectin  -4.25 No 
GM2A Ganglioside GM2 activator  -3.94 Yes 
GNB1 Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit 1.85 No 
GPI Glucose-6-phosphate isomerase  3.01 Yes 
HIST1H4A Histone H4  2.32 No 
HNRNPA1 Heterogeneous nuclear ribonucleoprotein A1  2.12 No 

HRNR Hornerin  1.97 No 

HSP90AA5P Cluster of Putative heat shock protein HSP 90-alpha A5  2.52 No 
HSPA1A Cluster of Heat shock 70 kDa protein 1A/1B  2.37 Yes 
HSPG2 Basement membrane-specific heparan sulfate proteoglycan -3.01 Yes 
HYOU1 Hypoxia up-regulated protein 1  2.56 Yes 
IQGAP1 Ras GTPase-activating-like protein IQGAP1  3.67 No 
LMNA Prelamin-A/C  2.75 Yes 
LTBP1 Cluster of Latent-transforming growth factor beta-binding -3.43 No 
NCL Nucleolin  2.40 Yes 
NUCB1 Nucleobindin-1  -2.37 No 
PA2G4 Proliferation-associated protein 2G4  2.33 No 
PDCD6IP Programmed cell death 6-interacting protein  1.93 No 
PGK1 Phosphoglycerate kinase 1  3.05 Yes 
PLEC Cluster of Plectin  2.25 No 
PPA1 Inorganic pyrophosphatase  2.58 No 
PSMB5 Proteasome subunit beta type-5  2.03 Yes 
RAB14 Ras-related protein Rab-14  2.72 No 
RPS27A Ubiquitin-40S ribosomal protein S27a  2.73 No 
SDF4 45 kDa calcium-binding protein  -2.16 No 
SFN 14-3-3 protein sigma  -2.37 Yes 
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SPTAN1 Fodrin alpha chain* 3.93 No 
TFRC Transferrin receptor protein 1  3.89 Yes 
TGFBI Transforming growth factor-beta-induced protein ig-h3  -2.61 No 
TLN1 Talin-1  3.62 No 
TXNDC17 Thioredoxin domain-containing protein 17  3.17 No 
VASN Vasorin  2.87 No 
WDR1 WD repeat-containing protein 1  2.04 No 

Membrane proteins differentially expressed in all three breast cancer cell lines 

Gene Protein Name Avg FC 
BC-

specific 

AHNAK Neuroblast differentiation-associated protein AHNAK 3.71 No 
ATL3 Atlastin-3  3.01 No 
BCAP31 B-cell receptor-associated protein 31  3.65 No 
CDIPT CDP-diacylglycerol--inositol 3-phosphatidyltransferase  2.21 No 
CLTC Clathrin heavy chain 1*  2.83 Yes 
DSP Desmoplakin  -2.95 No 
FASN Fatty acid synthase*  2.61 Yes 
FLII Isoform 2 of Protein flightless-1 homolog  -2.14 Yes 
H2BFS Histone H2B type F-S  2.30 No 
HLA-B HLA class I histocompatibility antigen, B-41 alpha chain  See Table 2.5 No 
HNRNPA2B1 Heterogeneous nuclear ribonucleoproteins A2/B1  See Table 2.5 No 
IMMT Mitochondrial inner membrane protein  1.96 No 
KRT14 Keratin, type I cytoskeletal 14  -2.90 Yes 
KRT18 Keratin, type I cytoskeletal 18  3.42 Yes 
KRT9 Keratin, type I cytoskeletal 9  -2.19 No 
LMAN2 Vesicular integral-membrane protein VIP36  2.00 No 
LMNB1 Lamin-B1  2.13 No 
LPCAT1 Lysophosphatidylcholine acyltransferase 1  2.47 No 
MYO1B Unconventional myosin-Ib  -3.00 No 
NUMA1 Nuclear mitotic apparatus protein 1  3.31 Yes 
PDHB Pyruvate dehydrogenase E1 component subunit beta, See table 2.5 No 
RAB2A Ras-related protein Rab-2A  1.79 No 
RHOA Transforming protein RhoA  2.55 Yes 
RRBP1 Ribosome-binding protein 1  2.17 Yes 
SLC25A11 Mitochondrial 2-oxoglutarate/malate carrier protein  1.79 No 
SPTAN1 Fodrin alpha chain* 2.62 No 
SRPR Signal recognition particle receptor subunit alpha  2.36 Yes 
TOMM40 Mitochondrial import receptor subunit TOM40 homolog  2.57 No 
VAT1 Synaptic vesicle membrane protein VAT-1 homolog  -2.02 No 
* Changes were observed in both the secreted and membrane proteins; FC= Log fold change; BC = breast cancer 

Table 2.5 Proteins that were differently regulated (>three-fold, P < 0.05) in the three breast 
cancer cell lines relative to the normal non-tumorigenic breast cell line.  

Gene Secreted Protein  
Change in expression 

MCF 7/ 
HMEC 

SKBR3/ 
HMEC 

MDA231/
HMEC 

ANXA1 Annexin A1  ↓ AB ↑ 
CPA4 Carboxypeptidase E  ↑ NC ↓ 
CLU Clusterin  ↑ ↑ ↓ 
ECM1 Extracellular matrix protein 1  ↓ AB ↑ 

LGALS3BP Galectin-3-binding protein  ↓ ↑ NC 
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PTPRF Receptor-type tyrosine-protein phosphatase kappa  ↑ AB ↓ 
NRCAM Neuronal cell adhesion molecule ↑ AB ↓
LCN2 Neutrophil gelatinase-associated lipocalin  ↓ ↑ AB 
FAT1 Protocadherin Fat 1  AB ↑ ↓ 
STC1 Stanniocalcin-1  ↑ ↓ NC 

Gene Membrane protein  
MCF 7/ 
HMEC 

SKBR3/ 
HMEC 

MDA231/
HMEC 

RPS19 40S ribosomal protein S19 ↓ ↑ AB
ANXA2 Annexin A2  NC ↓ ↑ 
ATP5B ATP synthase subunit beta, mitochondrial  ↑ NC ↓ 
ATP5I ATP synthase subunit e, mitochondrial  ↑ AB ↓ 
ADAR Double-stranded RNA-specific adenosine deaminase  ↓ ↑ AB 
GSTK1 Glutathione S-transferase kappa 1  NC ↑ ↓ 
HNRNPA2B1 Heterogeneous nuclear ribonucleoproteins A2/B1  ↑ ↑ ↓ 
HLA-B HLA class I histocompatibility antigen, B-41 alpha chain  ↓ ↓ ↑ 
PDHB Pyruvate dehydrogenase E1 component subunit beta, ↓ ↑ ↓ 
TACSTD2 Tumor-associated calcium signal transducer 2  NC ↑ ↓ 
VIM Vimentin  AB ↓ ↑ 
NC = no change; AB = absent; ↑ up-regulated; ↓ down-regulated  

Table 2.6 Top 10 secreted and membrane proteins exclusively present in each subtype.  
Gene Protein Name Cell line (Fraction)

SERPINA3 Alpha-1-antichymotrypsin MCF7 (secreted)
GFRA1 GDNF family receptor alpha-1  MCF7 (secreted) 
SERPINA5 Plasma serine protease inhibitor  MCF7 (secreted) 
TFF1 Trefoil factor 1  MCF7 (secreted) 
SDK1 Protein sidekick-1  MCF7 (secreted) 
CLSTN2 Calsyntenin-2  MCF7 (secreted) 
PCDH7 Protocadherin-7  MCF7 (secreted) 
NCAM2 Neural cell adhesion molecule 2  MCF7 (secreted) 
NPNT Nephronectin  MCF7 (secreted) 
BMP7 Bone morphogenetic protein 7  MCF7 (secreted) 
MAOB Amine oxidase [flavin-containing] B  MCF7 (membrane) 
SLC7A2 Low affinity cationic amino acid transporter 2  MCF7 (membrane) 
ABCB6 ATP-binding cassette sub-family B member 6, mitochondrial  MCF7 (membrane) 
HEATR6 HEAT repeat-containing protein 6  MCF7 (membrane) 
HSD17B4 Peroxisomal multifunctional enzyme type 2  MCF7 (membrane) 
MAOA Amine oxidase [flavin-containing] A  MCF7 (membrane) 
RAB17 Ras-related protein Rab-17  MCF7 (membrane) 
RFT1 Protein RFT1 homolog  MCF7 (membrane) 
CERS2 Ceramide synthase 2  MCF7 (membrane) 
HERC2 E3 ubiquitin-protein ligase HERC2  MCF7 (membrane) 
ERBB2 Receptor tyrosine-protein kinase erbB-2*  SKBR3 (secreted) 
SUSD2 Sushi domain-containing protein 2  SKBR3 (secreted) 
FBLN2 Fibulin-2  SKBR3 (secreted) 
IVL Involucrin  SKBR3 (secreted) 
EGFR Epidermal growth factor receptor  SKBR3 (secreted) 
RNF213 E3 ubiquitin-protein ligase RNF213  SKBR3 (secreted) 
MUC16 Mucin-16  SKBR3 (secreted) 
NAPRT1 Nicotinate phosphoribosyltransferase  SKBR3 (secreted) 
CNP 2',3'-cyclic-nucleotide 3'-phosphodiesterase  SKBR3 (secreted) 

CP Ceruloplasmin  SKBR3 (secreted) 
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DHRS2 Dehydrogenase/reductase SDR family member 2, SKBR3 (membrane) 
KRT4 Keratin, type II cytoskeletal 4  SKBR3 (membrane) 
ERBB2 Receptor tyrosine-protein kinase erbB-2*  SKBR3 (membrane) 
ANXA7 Annexin A7  SKBR3 (membrane) 
AHSG Alpha-2-HS-glycoprotein  SKBR3 (membrane) 
SLC35F6 Solute carrier family 35 member F6  SKBR3 (membrane) 
AGRN Isoform 6 of Agrin  SKBR3 (membrane) 
EFHD1 EF-hand domain-containing protein D1  SKBR3 (membrane) 
HMGN1 Non-histone chromosomal protein HMG-14  SKBR3 (membrane) 
SRP14 Signal recognition particle 14 kDa protein  SKBR3 (membrane) 
FLNC Filamin-C*  MDA231 (secreted) 
PTX3 Pentraxin-related protein PTX3  MDA231 (secreted) 
TGFB2 Transforming growth factor beta-2  MDA231 (secreted) 
CSPG4 Chondroitin sulfate proteoglycan 4  MDA231 (secreted) 
LRP1 Prolow-density lipoprotein receptor-related protein 1  MDA231 (secreted) 
SRGN Serglycin  MDA231 (secreted) 
MYOF Myoferlin  MDA231 (secreted) 
CFH Complement factor H  MDA231 (secreted) 
CSF1 Macrophage colony-stimulating factor 1  MDA231 (secreted) 
EDIL3 EGF-like repeat and discoidin I-like domain-containing MDA231 (secreted) 
FLNC Filamin-C*  MDA231 
GNAO1 Guanine nucleotide-binding protein G(o) subunit alpha  MDA231 
LBR Lamin-B receptor  MDA231 
MICAL2 Protein-methionine sulfoxide oxidase MICAL2  MDA231 
SSR1 Translocon-associated protein subunit alpha  MDA231 
NRP1 Neuropilin-1  MDA231 
NES Nestin  MDA231 
LDHB L-lactate dehydrogenase B chain  MDA231 
RAB32 Ras-related protein Rab-32  MDA231 

FMNL3 Formin-like protein 3  MDA231 
(membrane) 

* Changes were observed in both the secreted and membrane fractions of the same cell line. 

For the functional proteome analysis, proteins that were exclusively present in all three cancer cell 

lines were combined with the proteins that were significantly up-regulated in the breast cancer 

cells relative to HMEC. This created a list of 589 breast cancer-related proteins. Similarly, 

proteins that were only expressed in HMEC were combined with proteins which were 

significantly down-regulated in the breast cancer cells relative to the HMEC, generating a list of 

173 non-breast cancer-related proteins. Accessing the two groups of breast cancer- and non-

breast cancer-related proteins for an enrichment of GO biological processes above the 

“background” distribution revealed that these abundant proteins have biological functions 

grouped into five major clusters (Figure 2.10). The four major biological processes associated 

with abundant breast cancer-related proteins were nucleobase-containing small metabolic 
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process, regulation of protein metabolic process, negative regulation of cell death, cell junction 

assembly and cellular component disassembly. On the other hand, proteins associated with 

hemidesmosome assembly and extracellular matrix (ECM) organization were predominantly 

under-represented amongst the breast cancer-related proteins. Interestingly, ECM organization is 

found within the cluster represented by cellular component disassembly comprising of proteins 

over-expressed in breast cancer. 

 

Figure 2.10 Over- (red) and under- (green) represented proteins in the investigated breast cancer cell lines 
relative to proteins derived from the normal non-tumorigenic breast cell line were mapped to five major 
clusters of biological processes. Each cluster is a network of closely related biological processes in which 
the one with the most number of mapped proteins is highlighted in bold. Biological processes significantly 
different from the normal cell line are indicated as * P < 0.05; ** P < 0.005; *** P < 0.0005.  
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The web-based tool known as STRING (http://string-db.org/) [311] was used to further analyze 

protein-protein interactions that occurred in a few of the altered biological processes. In the 

largest cluster of regulated biological function (“The regulation of protein metabolic process”), 

protein interactions were observed to center around three groups of proteins (Figure 2.11). One 

group consisted of a dense intricate web of protein subunits of the proteasomes and proteasome 

activators suggesting a deregulation in the protein degradation in the breast cancer cells. Another 

group comprised a closely related network of translational initiator factors including eukaryotic 

translation initiation factor 4 gamma 1 (EIF4G1) and eukaryotic translation initiation factor 3 

subunit K (EIF3K). The third group showed interactions between several breast cancer-

associated proteins such as the vascular endothelial growth factor A (VEGFA), mitogen-activated 

protein kinase 1 (MAPK1), ras-related C3 botulinum toxin substrate 1 (RAC), 14-3-3 protein 

gamma (YWHAG), exportin-1 (XPO1) and GTPase NRas (NRAS). 

 

Similarly, protein-protein interaction networks for the proteins which were found to be down-

regulated in breast cancer in the clusters of “hemidesmosome assembly” and “extracellular matrix 

(ECM) organization”, including the co-cluster of up-regulated proteins in “cellular component 

disassembly” (see Figure 2.10), were visualized using STRING (Figure 2.12). Protein interaction 

networks consisting of the highly expressed ribosomal proteins, mainly derived from the 

membrane fraction, and the poorly expressed secreted laminins and collagen proteins, were 

evident. The investigated over- and under-represented proteins mostly congregated within the 

same network. A few over-expressed proteins were found closely associated with the under-

expressed proteins, including laminin subunit alpha-5 (LAMA5), collagen alpha-1(V) chain 

(COL5A1), alpha-2-macroglobulin-like protein 1 (A2M) and disintegrin and metalloproteinase 

domain-containing protein 9 (ADAM9).  
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Figure 2.11 Protein-protein interaction map of proteins in the major cluster of biological processes 
represented by “The regulation of protein metabolic process” (see Figure 2.10 for more) shows three 
groups of closely associated protein groups (red circles). 

 

Figure 2.12 Protein-protein interaction map of proteins under-represented in breast cancer cell lines 
relative to normal breast cells (green box) found in the clusters of “Hemidesmosome assembly” and 
“Extracellular matrix organization” and over-represented proteins (red box) in the associated cluster 
“Cellular component disassembly”. Proteins not within color boxes were either not differentially 
expressed or not present in the datasets. 
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Figure 2.13 The major clusters of biological processes associated with the identified up- and down-
regulated proteins in the individual breast cancer subtypes. Only data subsets yielding specific clusters of 
biological processes are included here. No clusters were obtained for MCF7 and MDA231 down-regulated 
proteins 
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Proteins found at the border between the networks of proteins over- and under-represented in 

breast cancer were of particular interest such as plectin (PLEC), matrix metalloproteinases-

2/9/10 (MMP2, MMP9, MMP10), transcription activator BRG1 (SMRCA4) and basigin (BSG). 

In particular, plectin was observed to be a key mediator between the network of over-represented 

ribosomal proteins and under-presented extracellular matrix components including the laminins 

and collagens. 

 

2.3.5 Differential expression of subtype-specific proteins in breast cancer 

The three breast cancer cell lines studied are representative of three breast cancer subtypes, 

namely, MCF7 for the luminal subtype, SKBR3 for the HER2-enriched subtype and MDA231 

for the triple negative subtype. Comparative proteome analysis between the “normal” reference 

cell line (HMEC) and each of the breast cancer cell lines indicated subtype-specific changes. 

Next, the subtype-specific changes at the functional level were determined by mapping the 

regulated protein to biological processes and pathways for better understanding of the underlying 

molecular mechanisms associated with each subtype. The subtype-specific analysis included 

proteins that were uniquely expressed and differentiated in each subtype. To improve the 

specificity of the analysis, redundant proteins between the cell lines were removed. In total, 1,074, 

882 and 838 proteins for MCF7, SKBR3 and MDA231, respectively, were used to assess 

potential enrichment of GO biological process terms and perform pathway analysis. The 

biological processes GO terms significantly enriched (P < 0.05) for each subtype are shown in 

Figure 2.13. No enrichments were observed for under-represented proteins in MCF7 and 

MDA231. Over-represented proteins in each subtype were found to be involved in a wide 

spectrum of biological functions including various cellular metabolic processes for MCF7; 

nuclear transport and sphingolipid metabolic process for SKBR3; and cell migration, locomotion,  

regulation of cell adhesion and wound healing for MDA231. The key biological processes 

observed in MDA231 supports the highly invasive and metastatic nature of this breast cancer cell 
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line. The metabolic processes observed in MCF7 and SKBR3 may be restricted to less metastatic 

cells or early stages of tumorigenesis. Similarly, pathway analysis revealed increased perturbations 

in the extracellular matrix organization and L1CAM interactions in MDA231, both of which are 

known to promote cell migration and invasion (Figure 2.14). An interesting observation was that 

all three breast cancer subtypes shared a common up-regulated pathway, associated with G 

protein-coupled receptor (GPCR) signaling. Given that redundant proteins between the three 

subtypes were removed to increase the specificity of the analysis, the GPCR signaling in each 

breast cancer subtype apparently involved three different clusters of proteins, which may affect 

cellular transformation via different intracellular signaling mechanisms. Analysis of protein-

protein interaction networks, using STRING revealed small subsets of proteins that were key 

integrators of the entire protein network (Figure 2.15). In MCF7, the majority of the proteins 

including calmodulin (CALM1), guanine nucleotide exchange factor (VAV2) and ras GTPase-

activating-like protein (IQGAP1) were shown to cluster around cell division control protein 42 

homolog (CDC42), a GTPase protein involved in regulating diverse signalling pathways that 

control cell morphology, cell migration and cell growth. In SKBR3, epidermal growth factor 

receptor (EGFR) is observed as the core protein in the network, associating with rho-related 

GTP-binding protein (RHOB) and growth factor receptor-bound protein 2 (GRB2), both of 

which have important regulatory roles in signal transduction. Two large and one smaller cluster 

of protein interaction networks were observed for MDA231. The two larger networks were 

focused around cyclin-dependent kinase 1 (CDK1) and lysophosphatidic acid receptor 1 

(LPAR1) while the smaller cluster contained two proteins, namely, rho-associated protein kinase 

2 (ROCK2) and rho-related GTP-binding protein (RHOG). Most of the proteins found in the 

GPCR signalling pathway of MDA231 were associated with LPAR1, including guanine 

nucleotide-binding protein G(o) subunit alpha (GNAO1), heme-binding protein 1 (HEBP1), 

annexin A1 (ANXA1) and metastasis-suppressor KiSS-1 (KISS1). 
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Figure 2.14 Pathway analyses of up- (left) and down- (right) regulated proteins associated with the 
individual breast cancer subtypes. 
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syndecan-4 (SDC4) (Figure 2.16). Two proteins, VEGFA and MAPK1, with altered protein 

expression, involved in the regulation of cellular metabolic process, were also observed in this 

network.  

 

Figure 2.15 Protein-protein interaction network analysis using STRING of proteins observed in the 
GPCR signalling pathway specific to (a) MCF7, (b) SKBR3 and (c) MDA231. Proteins marked in red 
boxes are present in the specific datasets.  
 

(a) 

(b) 

(c) 
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Figure 2.16 Protein-protein interaction map of over-represented proteins in MDA231 in the categories of 
L1CAM interaction (marked in *) and ECM organization (marked in red boxes). Proteins in yellow ovals 
were present in all breast cancer cell lines, but absent in HMEC. 
 

2.3.6 Proteomics-based clustering of tumorigenic and breast cancer subtypes 

Hierarchical cluster analysis and principal component analysis (PCA) were performed to evaluate 

the relationship of the secreted and membrane protein expression profiles with the known 

differences in genotype and phenotype of the four investigated breast epithelial cell lines. To 

achieve this, hierarchical clustering with Pearson correlation were applied to the log-transformed 

NSAF values of the identified proteins that were differentially regulated between the breast 

tumorigenic cell lines and HMEC. Two major clusters were observed in the dendrogram, with 

HMEC evidently well separated from the other three breast cancer cell lines albeit a better 

segregation (greater distance) between the two clusters were achieved for the secreted protein 

profiles (Figure 2.17a-b). Similar trends were observed in PCA analysis, which showed a clear 

division between cancer and non-cancer samples and a segregation of secreted proteins between 

the three breast cancer subtypes (Figure 2.17c-d). 
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Figure 2.17 Dendrogram cluster analysis using hierarchical clustering and 3D plot of PCA of membrane 
protein (a, c) and secreted protein (b, d) profiles of the four epithelial breast cells investigated. PC1, 
principal component 1; PC2, principal component 2; PC3, principal component. 

 

2.4 Discussion 

Although considerable time and efforts have been invested in the molecular research of breast 

cancer, there remains a lack of definitive early-stage biomarkers for the onset and recurrence of 

the disease and limited drug targets for aggressive forms of breast cancer are available. Early 
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detection in breast cancer is crucial as it can enhance the disease prognosis and increase the 

survival rate of affected patients due to the availability of more effective treatment options. 

Breast cancer is a highly heterogeneous disease defined by multiple cellular and molecular 

subtypes characterized by varied clinical outcomes. It is hope that a better understanding of the 

underlying molecular mechanisms in breast cancer pathogenesis eventually will facilitate the 

development of efficient therapeutics and prognostic/diagnostic markers. In this study, a label-

free quantitative LC-MS/MS based shotgun proteomics approach was applied to investigate the 

proteome changes in the secretory and membrane subcellular fractions of several tumorigenic 

(three subtypes) and non-tumorigenic breast cell lines and performed in-depth functional 

comparisons of the protein expression levels to identify deregulated proteins and protein 

networks and pathways within the individual breast cancer subtypes.  

  

A key concern associated with investigating the secretome (secreted fraction) of cell lines is the 

potential contribution of intracellular proteins as a result of cell death induced by the serum-free 

conditions. Intuitively, longer duration of serum starvation leads to increased cellular apoptosis. 

Serum deprivation beyond the 48 hour incubation has been shown to result in a dramatic 

increase in cell lysis resulting in the release of the abundant intracellular proteins into the 

condition media [312]. In the same study, higher secretome contents were obtained following 48 

hour incubation compared to 24 hour incubation with virtually unchanged cellular viabilities and 

protein profiles in excellent agreement with our observations presented here. Very often, cells 

stress can lead to ER stress, disturbing protein folding and leading to the activation of unfolded 

protein response (UPR), which could potentially modulate cellular characteristics [302]. The lack 

of many ER stress marker proteins suggest that there is minimal cellular stress, hence the 48 hour 

incubation in serum-free conditions accurately captures the “true” secretome of the cultured 

breast cells.   
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On the other hand, it became clear that the membrane fraction did not accurately reflect the cell 

surface proteins but enriched for most membrane bound proteins from multiple intracellular 

organelles or microsomes. In support of this observation, the majority of the identified 

membrane proteins were biologically associated with cellular metabolic processes and 

macromolecule localization or transportation. Additionally, this may result in the secreted protein 

profiles generating a clearer division between the breast cancer subtypes compared to that 

achieved by the membrane protein profiles.   

 

The phase separation of integral membrane proteins using non-ionic detergent Triton X-114 was 

first investigated by Bordier [313] and has been shown in several studies to be effective in 

enriching this class of proteins [314]. However, beside cell surface proteins, the integral 

membrane proteome also included those derived from all other membrane e.g. ER, Golgi, 

nucleus and mitochondria. Moreover, many non-integral membrane proteins were identified. The 

sonication step during extraction may have momentarily disrupted the membranes which are 

quickly re-assembled thereby possibly trapping some non-integral membrane proteins within the 

lipid bilayer. The use of Triton X-114 is therefore not an efficient approach to isolate cell surface 

proteins for proteomics and glycomics studies. Cell surface specific extraction i.e. selective 

biotinylation of the cell surface proteins was also successfully employed to enrich and purify the 

cell surface proteome as has been published before [292]. This method was adopted in Chapter 4 

for the isolation of cell surface proteins of selected breast cancer cell lines. Further work is 

needed to isolate the cell surface proteomes from the remaining cell lines for cell surface specific 

proteomics and glycomics analyses.  

 

Analysis of the secretome suggests that the non-classical pathways are the major mechanisms by 

which the secreted proteins in breast cancer cells reach the extracellular space. Several MS-based 

proteomics studies of the secretome have reported the presence of many intracellular proteins, 
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such as cytoskeletal, ribosomal, nuclear and chaperone proteins, in the conditioned media of 

cultured cancer cells, in addition to the common extracellular secreted proteins [53, 101, 312, 

315]. Amongst the various non-classical secretory pathways, protein secretion via exosomes has 

been intensely researched in recent years. Exosomal protein secretion has been associated with 

numerous cancers including melanoma, ovarian cancer, colorectal cancer, liver cancer and breast 

cancer [141, 316-319]. It is increasingly evident that proteins residing in exosomes may modulate 

cell-cell communication, thereby promoting cancer invasion and metastasis via various signaling 

mechanisms [305]. In this study, no specific isolation of exosomes was performed, yet a 

significant proportion of the secreted proteins were associated with exosomes. As one of the 

main aims of this study was to characterize the secretome in a global manner, no further analysis 

was performed for the exosomes. However, these findings suggest that a separate investigation of 

exosome secretion is warranted in breast cancer cell lines. 

 

Both the secreted and membrane fractions are rich sources of potential protein biomarkers and 

drug targets. In particular, breast cancer cells were shown to secrete almost twice as many 

proteins known to be implicated in breast cancer, compared to non-cancer cells. To reduce false 

positive identification, each protein identified must be present in all three replicates of each 

sample and with a minimum of two unique peptides and a total minimum of five spectral counts 

in all replicates. The combined proteomics datasets from the secreted and membrane fractions 

and the multiple breast cancer subtypes identified over 3,000 non-redundant proteins, which 

included the protein homologs of the same family that were grouped together. Many were known 

to be involved in key biological roles including regulation of cell growth, cell-cell communication, 

cell adhesion and immune responses. Using the label-free quantification approach with strict 

identification criteria and a strong fold change with p-value less than 0.05, these proteins were 

found to be significantly regulated and by different mechanisms in the investigated breast cancer 

subtypes. A few themes central to breast cancer biology emerged from the comparative protein 



 

122 
 

profiling analysis; perturbations in the cellular metabolic processes, cytoskeletal organization and 

extracellular matrix were general alterations observed in breast cancer cell lines. Specifically, 

cellular hyper-activities were associated with the proteasomes, translational initiation factors and a 

number of proteins with diverse functions as signaling molecules (MAPK1, YWHAG, RAC1), 

growth factors (VEGFA), chaperones (ANP21B) and transporters (XPO1). These networks of 

regulated proteins were observed to be intricately connected, indicating that a combination of 

events including protein degradation, DNA repair, cell death and regulation of gene expression 

were orchestrated in breast tumorigenesis.  

 

In the absence of subsequent verification using clinical samples, these proteins were validated in 

silico using The Human Protein Atlas (http://www.proteinatlas.org), which is a publicly available 

database portal where an antibody-based approach has been extensively used to explore the 

human proteome. Many proteasomes such as PSMC3, PSMA3, PSMB7, PSMB3, PSMD13, 

PSME3, USP14; initiation factors such as EIF3B and EIF4G1; XPO1 and YWHAG showed 

moderately to strong immunochemical staining in malignant breast tissues. Many of these 

proteins have well established roles in breast cancer [320, 321] and have been actively targeted in 

therapeutic studies [322-324]. Interestingly, inhibition of the catalytic activity of proteasomes was 

shown to increase anti-apoptotic processes by down-regulating the MAPK signaling pathway, 

which is crucial in pathological cell proliferation [325]. Over-expression of XPO1, a nuclear 

export protein, has been demonstrated to drive the development of breast cancer and its 

inhibition was shown to be a promising anti-tumor strategy to suppress the progression of 

invasive breast cancer [326]. However, these potential biomarker proteins have not been 

sufficiently validated e.g. using targeted proteome strategies such as selective reactive monitoring 

(SRM)/multiple reactive monitoring (MRM), which is needed for clinical utility. 
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The ECM and cytoskeletal organization were deregulated in the investigated breast cancer 

subtypes supporting the notion that alterations in these processes promote oncogenic 

transformation in breast cells [327-330]. The cytoskeleton and ECM proteins dynamically interact 

with one another to maintain the structural integrity of cells. In the tumor microenvironment, 

remodeling of the cytoskeleton architecture and the aberrant expression of specific ECM 

components underlie a process known as epithelial-mesenchymal-transition (EMT), where cells 

lose their epithelial polarity to acquire the migratory mesenchymal cell phenotype [182]. EMT is 

mediated by the re-organization of cytoskeleton components, an increase in integrin-based 

adhesion and a loss of expression of hemidesmosome proteins or degradation of underlying 

basement membrane (BM); all events will contribute to the enhanced migration and invasion of 

tumor cells [178, 331]. A higher expression of several cytoskeletal proteins was observed in breast 

cancer including various keratins, desmoplakin (DSP), filamins, spectrins and the cytoskeletal-

associated PLEC. Increased integrin expression was mainly restricted to MDA231. 

Simultaneously, expression of hemodesmosomes as well as basement membrane proteins such as 

laminins and collagens, which are involved in cell-matrix adhesion were reduced. Interestingly, 

the intermediate filament VIM, which is an established EMT marker, was up-regulated in 

MDA231, down-regulated in SKBR3 and absent in MCF7. Amongst the three investigated breast 

cancer cell lines, MDA231 is considered to be the most invasive and metastatic cell line [332]. In 

effect, the majority of these proteins such as the cytoskeletal proteins, basement membrane 

proteins and intermediate filament proteins are part of a complex protein network described as 

the “integrin adhesome”, i.e. large adhesion complexes at the cell interface that allow cells to 

detect and respond to multiple extracellular signals and consequently affecting the cell adhesion, 

migration and cytoskeletal organization [333]. Of this subset of proteins, PLEC and VIM may 

have great promise as cancer biomarkers and drug targets since their ablation indicated a 

modulation of the cancer cell invasion and metastasis potential by disrupting the formation of 

filamentous network in the ECM [334]. 
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Another aim of this study was to identify breast cancer subtype-specific proteome changes. The 

analysis revealed that the GPCR signaling pathway, which occurred as a major signal transduction 

pathway, was mediated by different subsets of proteins in the individual breast cancer subtypes. 

The GPCRs constitute the largest and most diverse group of integral membrane receptors that 

bind to an array of external ligands including chemokines, hormones and neurotransmitters. 

Upon ligand binding, signals are transduced via the G proteins which are closely associated to the 

GPCRs and a cascade of events are then triggered leading ultimately to a specific cellular 

response such as gene expression [335]. Aberrant expression of components related to the GPCR 

signaling pathway can therefore have adverse effects on the cell growth and proliferation leading 

directly or indirectly to tumorigenesis. At present, 60% of current cancer drugs target the 

GPCRs.[336] Although our datasets did not identify any major GPCRs, several G proteins and 

downstream effectors, such as GTPases were well represented in the identified proteomes. 

Similarly, such G protein-related gene products were previously observed in the enriched plasma 

membrane fractions derived from several breast cancer cell lines including MCF7, SKBR3 and 

MDA231. [45] In this study, subtype-specific G proteins were observed including GNAS for 

MCF7, GNA11 for SKBR3 and GNAO1 for MDA231. These proteins have previously been 

linked to several other cancer types e.g. GNAS in pancreatic cancer [337], GNAO in gastric 

cancer [338] and GNA11 in melanoma [339]. However, their roles in breast cancer have not yet 

been reported. Recently, siRNA screening identified that amplification of GNAS gene locus may 

contribute positively to the pathogenesis of ER-positive breast cancer [340]. The analysis here 

showed that signaling of GPCR in MCF7 may be mediated through the activation of cdc42, a 

member of the Rho family of GTPases. Activation of EGFR in SKBR3 and LPAR1 in MDA231 

suggested that cross-talks exists between the GPCR signaling pathway and the pathways of 

EGFR and LPA, respectively.  
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2.5 Conclusion 

The high degree of interconnectivity between networks of altered proteins in breast cancer as a 

general pathology and within the individual breast cancer subtypes indicates that reliable breast 

cancer biomarkers and therapeutic targets may be discovered from improving our understanding 

of their functional roles and their interaction within the tumor environment. Utilizing an in vitro 

model system such as cultured breast epithelial cell lines allowed the mapping of breast cancer- 

and subtype-specific proteome alterations without the molecular and cellular complexity 

observed in tissues albeit with the potential caveat that the cell cultures may not reflect the 

natural in vivo system. Bioinformatics-assisted pathway analysis of the function and connectivity 

of the large proteome maps provided molecular insights into the underlying pathological 

mechanisms of the highly complex breast cancer biology. Crucially these semi-automated 

approaches were built on high quality proteome data, followed by label-free quantitative LC-

MS/MS based proteomics to identify differential protein expression in the secreted and 

membrane protein fractions derived from the four investigated breast epithelial cell lines. Protein 

profile features associated with individual breast cancer subtypes were discerned. Breast cancer- 

and subtype-specific proteins may serve as potential cancer biomarkers and therapeutic drug 

targets due to their involvement in the aberrant biological processes or pathways central to breast 

cancer progression, invasion and metastasis. 
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CHAPTER 3  
 
STRUCTURAL ANALYSIS OF N-
GLYCOME CHANGES IN BREAST 
CANCER 
 
Over half of the mammalian proteome is estimated to be glycosylated. Many important 
biological processes are mediated through the glycans attached to the glycoproteins. The 
membrane proteome and the secreted media of cultured cancer cells are a rich reservoir of 
glycoproteins. Analysis of N-glycans released from these proteins offers a unique opportunity 
to study subcellular-specific N-glycosylation changes in cancer. This chapter is made up of 
two parts. Part 1 is presented as a publication as the first study to investigate N-glycan 
changes on secreted glycoproteins from a panel of breast cancer cell lines. To our knowledge, 
N-glycan profiling and characterization in the secretome of breast cancer cell lines have not 
been systematically investigated. Part 2 focuses on N-glycome analysis of membrane proteins 
extracted from the same panel of cultured breast epithelial cells.  



 

128 
 

 
 
 
 
 
 
  



 

129 
 

 
 
Part 1  
 
Publication II - Comprehensive N-glycome 
profiling of cultured human epithelial breast 
cells identifies unique secretome N-
glycosylation signatures enabling 
tumorigenic sub-type classification  
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ABSTRACT: T he secreted cellular sub-proteome (secre- (a) 

tome) is a rich source of biologically active glycoproteins. N
Glycan profiling of secretomes of cultured cancer cells 
provides an opportunity to investigate the link between 
protein N-glycosylation and tumotigenesis. Utilizing carbon
LC - ESI-CID-MS/ MS of protein released native N-glycans, 
we accurately profiled the secretome N-glycosylation of six 
human epithelial breast cells including normal mammary 
epithelial cells (HMEC) and breast cancer cells belonging to 
luminal A subtype (MCF7), HER2-overexpressing subtype 
(SKBR3), and basal B subtype (MDA-MB157, MDA-MB231, 
HS578T). On the basis of intact molecular mass, LC retention 
time, and MS/ MS fragmentation, a total of 74 N-glycans were 

(b) Prin,;ip,al Component Analysi• 

confidently identified and quantified. The secretomes comprised significant levels of highly sialylated and fucosylated complex 
type N-glycans, which were elevated in all cancer cells relative to HMEC (57.7- 87.2% vs 24.9%, p < 0.0001 and 57.1- 78.0% vs 
38.4%, p < 0.0001-0.00 1, respectively). Similarly, other glycan features were found to be altered in breast cancer secretomes 
including paucimannose and complex type N-glycans containing bisecting Pl,4-GkNAc and LacdiNAc determinants. Subtype
specific glycosylation were observed, including the preferential expression of a213-sialylation in tl1e basal B breast cancer cells. 
Pathway analysis indicated that the regulated N-glycans were biosynthetically related. Tight clustering of the breast cancer 
subtypes based on N-glycome signatures supported the involvement of N-glycosylation in cancer. In conclusion, we are the first 
to report on the secretome N-glycosylation of a panel of breast epithelial cell lines representing different subtypes. 
Complementing proteome and lipid profiling, N-glycome mapping yields important pieces of structural infonnation to help 
understand the biomolecular deregulation in breast cancer development and progression, knowledge that may facilitate the 
discove,y of candidate cancer markers and potential drug targets. 

KEYWORDS: subtype classijication, luminal breast cancer, tliple-negative breast cancer, N-linked glycans, secretome, sialylation, 
fucosylation, bisecting GlcNAc, LacdiN,4..c, Lewis antigen 

■ INTRODUCTION 

Breast cancer is the most frequently diagnosed cancer in 
women worldwide. According to World Health Organization 
(WHO), the disease accounted for around 14% of all female 
cancer-related mortalities in 20081 and this figure is estimated 
to double by 2030. 1 The five-year survival rate for localized 
breast cancer is almost 99% but falls drastically to 24% 
following tumor metastasis.2 This implies that breast cancer is 
highly curable if diagnosed early, which may be facilitated by 
identification of specific and sensitive biomarkers for early and 
accurate detection. 

A significant challenge with the identification of suitable 
biomarkers for early detection lies in the heterogeneous nature 
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of breast cancer pathogenesis. Breast cancer diagnostics are 
heavily based on histological examination and molecular testing 
of tumor tissues for staging, grading, and subtyping of the 
disease. In particular, knowledge of molecular marker status 
such as estrogen receptor (ER), progesterone receptor (PR), 
and epidermal growth factor receptor 2 (HER2) has 
contributed to successful targeted therapy.3 Gene expression 
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profiling has revealed the capability of tJ,ese receptors in 
segregating the disease broadly into five major subtypes, 
namely, lwninal A (ER positive and/ or PR positive, HER2 
negative), luminal B (ER positive and/ or PR positive, HER2 
positive), HER2-emiched (HER2 positive), basal-like (ER 
negative, PR negative, and HER2 negative), and normal-like.4 

The basal-like subtype is also known as triple-negative breast 
cancer due to the absence of the three markers. In breast cancer 
cell lines, gene expres.1<ion profiling further identified two 
distinct subgroups in the basal-like subtype: basal A and B.5 

Each subtype is strongly associated with different prognoses of 
the disease, with better survival outcomes observed in lwninal 
A and HER2-enriched subtypes and significantly poorer 
prognosis in basal-like subtype. Moreover breast cancer patients 
with lurninal A and HER2-enriched subtypes respond positively 
to targeted treatment using hormone therapy and monoclonal 
antibody (Trastuzwnab ), respectively. In contrast, patients with 
basal-like twnors lack targetable treatment and have limited 
therapy options, which include surgery and chemotherapy.6 

Current clinically approved semm biomarkers, such as CA15-3 
and carcinoembryonic antigen, lack specificity and sensitivity 
and are not suitable for screening and early dete<.tion of the 
disease. 7 To improve prognosis outcome for these patients, a 
better understanding of the underlying molecular mechanisms 
involved in the highly aggressive and metastatic nature of basal
like subtype is clearly needed in order to identify suitable 
biomarkers for early diagnosis and as potential therapeutic 
targets. 

Proteomic analyses have identified many secreted and 
membrane proteins that are involved in twnorigenesis. More 
than half of these are g lycosylated1 carry;ng either N- or 0-
linked glycans. The N-glycans are known to facilitate essential 
biological functions of glycoproteins such as cell growth, 
proliferation, and differentiation; cell-cell or cell-matrix 
interactions; and immw,e responses.8 It is now evident that 
altered N-glycans play kq roles in disrupting these functions 
and contribute to the development and rogrcssion of different 
cancers includin~ those of the colon, pancreas, 10 breast," 
ovary,'2 prostate, 3 and liver.14 Sensitive and accurate profiling 
of protein glycans is now ~ossible due to gradual ad,•ances in 
LC-MS/ MS technologies. 5 Comprehensive stmctural eluci
dation and quantitative analysis of N-glycans have been 
performed on variou.s types of breast cancer samples including 
breast twnor tissues, serwn of breast cancer r atienls, an<l 
membrane proteins of breast cancer cell lines.1 

,JG-ts 11,ese 
analyses revealed conunon aberrant features of N-glycosylation 
such as the relative increase of fucosylation, sialylaton, {JI ,6-
GlcNAc branching, lug!, maunose, and Lewis type determi
nants, whid, correlate with poor disease prognosis. Such 
transformations may be :accompanied by concomitant changes 
in expression levels of the processing glycosidases and 
glycosy!transferases.19 '11-rerefore, understanding the .molecular 
changes at the glycome level may provide dues on irregularities 
of protein glycosylation that drive the invasive and .metastatic 
behaviors of breast twnor cells. Since many biomarkers are 
glycoproteins, this in turn can aid in identifying suitable early 
diagnostic and prognostic biomarke.rs and effective drug targets. 

To our knowledge, few studies have performed detailed 
profiling and cl,araderization of N-glycosylation on proteins 
secreted from breast cancer cell lines. Secretions from cancer 
cell lines represent an excellent source of glycoproteins. Unlike 
serum, which is highly complex and carries secreted 
glycoproteins from various cellular tissues sud, as stroma or 

B 

liver, the homogeneity of cancer cell secretions predude 
cont.aminations from other cell types and hence aJlow for 
detection of cancer-spedic N-glycan cl,anges. 

11,e aim of tl1is study is to map and compare the secretome 
N-glycomes of a panel of breast cancer cell lines. On the basis 
of existing l iterature, we hypothesi1,e that unique N
glycosylation signatures exist in non-cancer and breast cancer 
cell lines as well as witlun tl1e subtypes of breast cancer. Such 
mole<,-ular signatures may serve as potential tumor markers and 
advance our w,derstanding of the involvement of protein N
glycosylation in cancer- and subtype-specific malignant trans
formation. In this study, we used a non-llllllOrigenic breast 
epithelial cell line derived from primary hwnan mammary 
epithelia cells (HM.EC) as a normal reference and five breast 
cancer cell [in es representing different breast cancer subtypes, 
namely, luminal A (MCF7), HER2-enrichcd (SKBR.3), and 
basal B (MDA-MB-157, MDA-MB-231, HS578T). Using 
porous graph.itized carbon (PGC)-negative ion-LC-ClD-MS/ 
MS of reduced but otherwise native N-glycans released from 
their proteins, we profiled the N-glycomes of secreted proteins 
of these cell l.ines and identified key glycosylation pathways 
deregulated ill b reast cancer. Our results revealed significant 
llllnorigenic and brea~t cancer subtype-specific N-glycosylation 
signatw·es, induding alterations in glycoprotein sialylation, 
fucosylation, GlcNAc branching, terminal Lewis determinants, 
bise,ting GlcNAc, and N,N'-diacetylladosamine (LacdiNAc). 

■ MATERIALS AND METHODS 

Breast Cell Origin and Collection of Secretomes 

Hwnan mamma1y epithelial cells (HMEC) were pw·cl,ased 
from Lonza (CC-2551, Walkersville, MD). Hwnan breast 
cancer cell lines MCF7, SKBR.3, MDA-MB-157 (MDA157), 
MDA-MB-231 (MDA231), and t--ISS78T were obtained from 
American Type Culture Collection (Manass:rs, VA). HMEC 
was grown in HuMEC Ready Media ( lnvitrogen, CA). 11,e five 
breast cancer cell lines were grown in RPM! (Sigma, MO) 
supplemented with S% FBS (Invitrogen, CA), 10 mM 
glutamine (h ,vitrogen, CA), and 10 µ g/mL insulin. Cells 
were .maintained at 37 °C in 5% CO2 for all experiments. Each 
cell line was grown in triplicate to around 80% confluency, 
washed at least fow· times with ice-cold PBS to remove traces of 
FBS, and incubated in serum-free media at 37 °C in 5% CO2 

for 48 h. Conditioned media containing the serwn-free secreted 
proteins were collected, followed by centrifugation at 2,000 x g. 
Supernatant was collected and concentrated, followed by buffer 
exchange with PBS ( lx) using Amicon Ultra centrifugal filter 
devices with a I 0,000 molecular weight cutoff membrane 
(Millipore, i\JlA). "l1re concentrations of secreted proteins were 
measured usi1>g Br-adford reagent (Sigma, MO) lo detennine 
the total amow,t of proteins sc.creted by each cell line. 

Cell Proliferation Assay 

Cells were seeded at 1.3 X 104 cells/ mL/ well in six-well plates 
and incubated overnight at 37 °C in 5% CO2• Cells were 
cow,ted every 24 h over a 4-day period using a cell counter 
(Bior-ad, CA). 11,e doubling tirnc for each cell line was 
detennined from their exponential growth phase. 

Release of N-Glycans from Secreted Proteins for 
LC-MS/MS Analysis 

N-Glycans were released from approximately 20 µg of secreted 
proteins as previously described.2° .Briefly, proteins were 
precipitated with acetone overnight at - 20 °C. following 
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solubilization in 8 M urea, proteins were immobili7<!d on 
methanol-activated PVDP membrane (Millipore, .MA) and 
allowed to dry overnight. Membrane-bound proteins were 
incubated with 2.5 U of PNGase F (Flavo/Jacterium 
me11ingo.<pcticwa) for 16 h at 37 °C to ensure complete release 
of N-glycans. Released N-glycans were incubated witl, 100 mM 
ammonium acetate {pH 5) for l h at RT and subsequently 
dried by vacuwn centrifugation. Reduction of N-glycans was 
pt:rformeJ witl, 20 pL of l M so<l.iwn borohydride (Sigma, 
MO) in 50 mM potassiwn hydroxide {Sigma, MO) for 3 hat 
50 °C. Reduced samp les were quenched with 2 f' '- of glacial 
acetic acid and desalted a.s described below. 

Desalting of Reduced Native N-Glycans 

Strong cation exchange colwnns were packed on top of Zip Tip 
C l 8 colwnns (Millipore, MA), using 30 flL of AG SOW XS 
cation ex.change resin {Biorad, CA). Columns were washed 
three times sequentially with SO ,,L of each of the following, 1 
M HO, methanol, and water. N-Glycan m.ixtw·es were added to 
the prepared columns, and the flow-through fractions were 
1·etained. Columns were washed twice with 50 ,il, of water, and 
the flow-tl,rough fractions were pooled with the initial frad..ions 
and dried by vacuum centrifugation. Residual borate was 
removed by adding 100 µL of methanol, and samples were 
allowed lo evaporate in lht: va~uwn ct:nlrifuge. This slep was 
repeated 4-5 times w1til the white borate residue disappeared. 
The de.~a lted samples were kept at -80 °C if not desa lted 
inuned.ialel y with carbon. 

Carbon resin obtained from carbon $PE cartridges ( Grace, 
II ,) was suspended in 50% methanol. Small carbo,1 columns 
were prepared by adding .5 pL of carbon slurry onto an empty 
TopTip (Glygen, MD). Carbon colwnns were washed 
sequent ially with 30 µI , of 90% acet:onitrile contain ing 0.1 % 
{v/v) "HA, '10% acetonitrile containing 0.1% (v/v) TFA, and 
water. Samples wc,·c dissolved in 15 pl , of water, applied to the 
col1unr1s, and washed twia with water. All tlow-througl1 
fractions were discarded. Desalted glycans were elut.ed with 20 
pL of 40% acetonitrile containing 0.1% (v/v) TFAand dried by 
vaa1rn1, antrifugation. Samples were stored at -80 °C if not 
analyzed immediately. 

Analysis of N--Glycans by Mass Spectrometry 

N-Glycan alditols were separated using porous grap hitized 
carbon (PGC) LC colum ns (5 pm Hypercarb KAPPA, 100 mm 
X 0.2 mm, ThermoFisher, MA) using a Dionex H PLC system 
(Ultimate 3000) connected directly to an ESI-MS/ MS Bruker 
HCT Ultra ion trap mass spectrometer. Separation was 
performed using a binary gradient solvent system made up of 
solvent A (10 mM NH4HCO3) and solvent B (90% ACN/ 10 
mM NH4H CO3) . The flow rate was 2 pL/ min, and a total 
gradient of 100 min was programmed as follows: 0-2.5% 
solvent B for 0-13 min; 2.5-17.5% solvent B for 14-48 min; 
17.5-50% solvent B for 48-65 min; 50-100% solvent B for 
65-75 min; 100% solvent B for 75-80 min; back to 0% solvent 
B for 80-85 min and 100% solvent A equilibration for 15 min. 
Settings for the MS/ MS were as follow: drying gas flow, 6 L/ 
min; drying gas temperature, 300 °C; nebulizer gas, 12 psi; 
skimmer, -40.0 V; trap drive, -99.1 V; and capillary exit, -166 
V. Smart fragmentation was used with start and end amplitude 
of 30% and 200%, respectively. Ions were detected in ion 
charge control set at 100,000 ions/ scan and with maximwn 
accumulation time of 200 ms. MS spectra were obtained in 
negative ion mode with two scan events: a full scan (m/z 400-
2,200) at scan speed of 8,100 m/z per second and data-

C 

.,,. 
dependent MS/ MS scans after CID fragmentation of the top 
two most intense precursor ions with thre.shold 30,000 and 
relative threshold of 5% relative lo !lie base peak. Dynamic 
exclusion was inactivated to ensure MS/ MS generation of 
closely eluting N-glycan isomers. Precursors were observed 
ma.inly in durge states -1 and/or - 2 and rarely in charge state 
- 3. Mass accuracy calibration of the instrument was performed 
using tuning mix (Agilent, CA) prior to acquisition, and N
gly~ans re!t:ast:d from bovine fetuin served as positive controls 
for the sample preparation and the LC- MS/MS performance 
before each data acquisition. Differences between observed and 
tht:oretical prt:cursor and fragment masst:s were generally less 
than 0.2 Da. Three LC- MS/ MS technical replicates were 
performed for each cell I.inc. 

Assessing Transcriptome Differences of Selected 
Glycosyltranferases of Breast Cancer Cells 

The ArrayExpress database (http;/ / www.ebi.ac.uk/ 
arrayexpress/ ) was queried for data sets with transcriptomes 
of hwnan breast cancer cell lines. The data set (E-GEOD-
48213) selected for further analysis contained transc,iptional 
profiling of .56 ~ullurt:d breast ~ell lines prepared from tl,e 
TruSe<j RNA lllwni.na platform ,uid amilyzed on an Agilenl 
Bioanaly,.cr High Sensiti\~ty chip? ' T l1c pa,1cl it1dudcd three 
breast can~er cell lines (MCr7, SK.BR.3, and MDA231) tl,aL 
were used for subtype comparisons, l'rocessed data were 
downloaded, and transcriptomc.s associated with glycosylation 
enzymes {glyco-transcriptome.s) were selected for further 
analysis. 

Data and Statistical Analysis 

'11,e resulting raw data we.re. viewed an ti an,ilyzed using ESI
Compass v l .4 {Rrukcr Oaltonics). Monoisotopic masses were 
manually obla.ine.d aml seard,ed aga.inol Glycomod {http:// 
web.expasy.org/glycomod/) lo oblain possible glyc,m mono
saccharide compositfon.s. These were suhsequentfy verified 

manually by de nova sequencing of their corresponding MS/ MS 
spectra and their matches to recently published N-glyca.n data. 
sets.9' 22 The relative abundance of each glycan in a sample was 

determined using the ratio of the extracted ion chromatogram 
(EiC) peak area of each N-glycan over the swn of EIC peak 
areas of all N-glycans in the sample. Glycans were quantified in 
all of their observed charged states. Three t echnical replicates 
were performed for each cell line. 

All relative abnndances of N-glycans were presented as a 
percentage out of 100%, as mean ± SD. Statistical analyses 
were conducted using GraphPad Prism ( v6) and SPSS for 
Windows (v21.0). One-way ANOVA, followed by post-hoc 
analysis (Dunnett or Tukey test s), which was used for 
comparison between each of the different cancer cell lines to 
the reference HMEC cell line and for comparison between the 
three selected cancer cell lines (MCF7, SKBR3, MDA231). All 
1' values were adjusted taking into acconnt the multiple 
comparisons made and reported as multiplicity adjusted 1' 
values. Values that were less than 0.05 were regarded as 
statistically significant. Due to large orders of magnitude, glycan 
profiling data were log transfo rmed to remove skewness befo re 
performing hierarchical clustering analysis using an in-house 
program written in R 
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Table l. Characteristics of Investigated Cultured Human Breast Epithelial Cells 

e<!ll llne HMEC MCF7 SKBR3 MDAl57 MDA231 HSS78T 

gene clusterP NA lurninal HER2-enrlched basal B basal B basal B 

human mammary adenocardnoma; adenocardnoma; medullary carcinoma; metastatic adenoca.rdnoma; carcinoma sarcoma; 

origin° and tumorigenicityo,c: epithelial cells, pleural effuslon; pleural effusion; pleural effusion; pleural effusion; primary tumor; 
primMy tissue, tumorigenic; tumorigenic; tumorigenk; tumorigenic; non-tumorigenic 

non-tumo.rlgenic differentiated poorly di:fferentiated poorly dnfenntiated differentiated 

ER ( NA); ER (+); ER (- ); ER(- ); ER (- ); ER (- ); 
gene express.ion a PR (NA); PR (+); PR(-); PR (- ); PR (- ); PR(-); 

HER2 (NA) HER2 (- ) HER2 (+) HER2 (- ) HER2 (- ) HER2 (- ) 

protein expressiond,e 
E-cad (+) ll-cad (+),NC E-cad (-) E-cad (- ) E-cad (- ) E-cad ( - ) 

Vim(+) Vun (- ) Vun ( - ) Vun (t) Vun (t ) Vun (t) 

doubling time• (h) 34 28 38 58 21 4() 

protein secretion rate•/ (,ig/30 mL serum-free media/48 h) 166 180 194 165 174 100 

cell viability• 95% 93% '17% 92% 98% 98% 

• Assignment of subtype and gene expression are from Neve et al; NA, not applicable; +, detectable; - , undetectable. bOrigin of cell lines based on information from America Type Culture Collection 
(ATCC). cTwnorigenicity in nude mice. dProtein expression in serum-free atlture media was determined (data not shown); NC, no change in expression relative to HM£C; j, increased expression ~3-

0 fold relative to HMEC. 'Experimental data obtained in this study. fobtained after 48 h of serum-free ina1bation. 
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Figure I. PGC-LC-ESI-IT-MS/ MS-based mass profiles (MS!) of secreted N-glycans from serum-free conditioned media of cultured breast cells 
(a-1). N-Glycans with higher m/z values (highlighted in boxes, e.g., m/z 1294.01

- (i), 1367.02
- (ii), 1439.62

- ( iii), 1512.62
- ( iv), and 1585.61

- (v)) 
corresponding to larger, highly sialylated and fucosylated structures were evidently missing in the non-tumorigenic HMEC cells. (* symbolizes 
contaminating peak of unknown origin). 

■ RESULTS 

Molecular and Cellular Characteristics of Investigated 
Human Breast Cells 

In this study we map the N-glycosylation of secreted proteins 
(hereafter called the secretome) from a panel of human 
epithelial breast cell lines representing the luminal subtype 
(MCF7), HER2-e111iched subtype (SKBR3), and the basal B 
subtype (MDA157, MDA231, HS578T) and compare these to 
a n on-tumorigenic human mammary epithelial celJ line 

(HMEC). HS578T was the only can cer cell line derived from 
primary breast tumors as opposed to the other five cancer cell 
lines that were derived from metastatic cells obtained by pleural 
effusion (see Table l for molecular and cellular characteristics 
of the investigated cell lines). The cellular doubling t imes varied 
dramatically, with MDA231 having the highest (21 h) while 
MDA157 displayed the lowest (58 h) proliferation rates. Large 
variations were also observed in the protein secretion rates 
ranging from 100 µg/30 mL serum-free media/ 48 h incubation 
time for the lowest secretor (MDA157) to 194 µg/30 mL/ 48 h 
for SKBR3. The protein secretion rate did not correlate with 
the cellular doubling times (R2 = 0.048, data not shown). Loss 
of E-cadherin and increased vimentin expression levels have 

been linked to enhanced migratory and aggressive behavior in 
tumor cells.23 In a separate LC -MS/ MS-based proteomics 
analysis, E-cadherin and vimentin were both detected in 
HMEC, whereas only E-cadherin was detected in MCF7 with 
both proteins absent in SKBR3. h1terestingly, the basal B cell 
lines were devoid of E-cadherin but exhibited more than 3-fold 
increased expression of vimentin compared to HMEC (Table 
l ), indicative of the aggressive behavior associated with the 
basal-like breast cancer subtype. The mo rphologies of 
investigated cells are shown in Supplemental FiguJ'C S2. 

For N-glycan analysis, cells were cultured to grow in media 
supplemen ted with less than 5% serum for a few passages, 
followed by incubation in serum-free condition at subcon
fluency ( ~ 80%) for an additional 48 h. This was to minimize 
the contribution from exogenous fetal calf serum proteins in the 
N-glycome profiles, which was later confirmed by the absence 
o f NeuGc terminating N-glycans in the N-glycome. No 
significan t changes in the secretom e N-glycosylation were 
observed 24 and 48 h after addition of serum-free media 
(Supplemen tary Figure S3). The 48 h incubation time was 
therefore chosen for further analysis due to the higher protein 
concentration in the culture media. Cell viability assays 
indicated minimal cell death during the s tated growth 
conditions (92-98% cell viability, Table 1). Thus, we anticipate 
n egligible or n o contributions from intracellular N-glycosylated 
proteins released by processes such as apoptosis or cell lysis in 
the reported N-glycomes. 

PGC-LC-MS/MS Based Characterization of Secretome 
N-Glycans of Human Breast Cells 

N-Glycans released from the secreted glycoproteins were 
profiled using PGC-LC-negative ion-ESI-IT-MS/ MS. The 
unique stereoselectivity of PGC allows excellent separation of 
isomeric and isobaric native N-glycans.20 Structural character
ization of N-glycans was performed partly based on intact 
molecular mass and partly based on diagnostic and fragment 
ions arising from glycosidic (B/ Y- an d C/ Z-ions, nomenclature 
ion by Dornon and Costello24

) and A/X-ion cross-ring 
cleavages in CID MS/ MS. m addition, the characterization 
relied heavily on the well-described relationshr between N 
glycans and their PGC-LC retention times.25

-
2 For instance, 

fragmentation of core fucosylated N-glycan gen erated diag
n ostic ions correspond ing to the composition of the a l ,6-
linked fucose (Fuc) attached to the reducing-terminal N-
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Figure 2 . Comparative analyses of secreted N-glycans from secretomes of investigated breast cell lines. Statistical analysis, where perfonned, was 
between breast cancer cell lines and HMEC. •••• p < 0.0001, ••• p < 0.001, •• p < 0.01, • p < O.OS. The relative amounts based on their relative 
MS intensities (EiC peak area) arc presented as mean± SD (n = 3). (a) Bars represent the four N-glycan types: high mannose, hybrid, complex, and 
paucimannose. For panels b-f, the relative intensities were normalized to include only hybrid and complex type N-glycans. (b) Degree of sialylation 
of secreted N-glycans as determined by the number of sialic acid residues present on each N-glycan. (c) Degree of fucosylation of secreted N-glycans 
as detennined by the number of fucose residues present on each N-glycan. (d) Distribution of branched N-glycans categorized into those with 
mono-antennary, bi-antennary, tri/tetra-antennary, and fil,4-bisecting GkNAc-containing N-glycans. ( e) Distribution of fucosylated N-glycans 
represented by those carrying core fucose or terminal Lewis type antigens. (f) Distribution of LacdiNAc, sialyl LacdiNAc, and fucosyl LacdiNAc 
motifs in HMEC, MCF7, and MDAJS7. 

acetylglucosamine (GlcNAc) residue (Zi/Y1 ion, 111/z 350.11
-/ 

368.1 ,_ [Fuca I,6GlcNAc] and/or Zi/ Y2 ion, m/z 553_31
-; 

571.21- [ GlcNAc/Jl,4(Fuca l,6GlcNAc))). These fragments 
were absent in MS/ MS spectra from N-glycans lacking core 
fucosylation (Supplemental Figure SI, glycans 14a and 14b). 
Another prominent diagnostic ion denoted by Harvey28 as D
and/ or [D-18 Da] ion was used to define the antenna topology 
of the N-glycan by yielding the monosaccharide composition of 
the N-glycan 6 ' -arm. For example, the isomers of bi-an tennaiy 
structure carrying a sialic acid residue (NeuAc) with the 
composition Man3GlcNAc2 (Core) + HexNAc2Hex2NeuAc1 

(m/z 965.92
- ) were differen tiated on the basis of the D-ion 

(m/z 979.41
- ) corresponding to the fragment [NeuAca2,3/ 

6Gal/Jl,3/ 4GlcNAc/Jl,2Manal,6Man], indicating that the sialic 
acid residue is attached to the 6' -arm. In contrast, sialic acid 
missing on the same a.rm was represented by a D-ion of m/z 
688.41

- [ Gal/Jl ,3/ 4GlcNAc/Jl ,2Manal ,6Man] (Supplementaiy 
Figure S I, glycans 21a and 21b). Terminal galactose (Gal) or 
fucose residues located on the 3'- or 6 ' -ann were distinguished 
using the same approach. 

Several N-glycans contained key terminal structures such as 
Lewisxl•, LacN Ac, and LacdiNAc. It is not possible with this 
technique to d ifferentiate between Lewisx [Gal/Jl,4(Fucal,3)
GlcNAc) and Lewis' determinants [Gal/Jl,3(Fucal,4)GlcNAc) 
since their structural differences lie in the tenn inal fucose/ 
galactose linkages to the an tenna GlcNAc residue. Both 
LacNAc [Gal/Jl,3/ 4GlcNAc) and LacdiNAc [GalNAc/Jl,3/ 
4GlcNAc] are disaccharide determinants; the former has a Gal 
residue and latter a N-acetylgalactosamines (GalNAc) residue 

attached to the antenna GlcNAc residue. The Lewisxl•, LacNAc 
and LacdiNAc determinants were discriminated by the 
presence of d istinctive fragment ions m/z 510.31

- [Gal/Jl ,3/ 
4(Fucal,3/ 4GlcNAc)], m/z 364.1 ,_ [Gal/Jl,3/ 4GlcNAc], and 
m/z 405.21

- [GalNAc/Jl,4GlcNAc], respectively. A number of 
N-glycans with /Jl,4-bisecting GlcNAc were detected based on 
the observation of D-221 fragment ions (Supplemental Figure 
S I, glycans 16a, 24, 35a, 35b, 39). For b isecting GlcNAc 
contain ing N-glycans, the D-ion typically loses the mass 
corresponding to the bisecting /Jl ,4-linked GlcNAc (221.0 
Da), attached to the chitobiose core. For sialylated N-glycans, 
sialic acid residues are attached to the penultimate galactose 
residues via a2,3- or a2,6-linkages. These linkages were 
identified based on differential PGC-LC retention tim es, i.e., 
a2,6-linked sialylated structures elute significantly earlier than 
a2,3-l inked sialoglycans29 (Supplemental Figure S4). Using this 
set of fragmentation and retention time rules/ knowledge, the 
MS/ MS spectra con esponding to all reported N-glycans were 
manually annotated (Supplemental F igure SI). 

N-Glycome Profiling of Breast Cell Secretomes 

Mass profiles show the global N-glycan d istribution of secreted 
proteins derived from HMEC and the five breast cancer cells 
(Figure 1). Evidently, the secreted N-glycomes in normal and 
breast cancer cell lines are differen t, including the unique 
presence of highly branched tri/ tetra-antennary N-glycans rich 
in terminal sialic acid and fucose residues (glycan 40a/ b, 41, 
42a/ b, 43a/ b, and 44a/ b) in all the cancer cell lines. The 
characterized N-glycans and their relative abundances are 
summarized in Supplemental Table SI. 
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Figure 3. Differentially expressed secreted N-glycans in normal breast epithelial cell line (HMEC) and breast cancer cell lines. Statistical analysis was 
between breast cancer cell line., and HMEC. **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.0S. Data are presented as mean± SD (n = 3). (a) 
Seventeen secreted N-glycans were observed in both normal and breast cancer cell lines. ANO VA analysis identified nine of these to be significantly 
up- or dm,,i-regulated in the cancer cells as compared to the normal breast epithelial cells. (b) Of the nine regulated N-glycans, five were core 
fucosylated (*) and are mapped to their N-glycosylation biosynthetic pathway. Other N-glycans (unmarked), either not signi6cantly regulated or 
found exclusively in nonnal (blue box) or cancer samples ( red box), were also depicted to complete the pathways. The basal B breast cancer cell lines 
preferentially expressed cr2,3-linked sialylated N-glycans indicated by reduced expression of cr2,6-sialylation (glycans 2 I b, 28b, 32a) and increased 
expression of a2,3-sialylation (glycans 28d, 36c). Notably, the tri- and tetra-antennary structures were found only in the cancer cells, but their sialic 
acid linkages, however, were left undetermined. The relationship between the other four non-core fucosylated N-glycans are shown in Supplemental 
Figure S6. 

In total, 45 N-glycan monosaccharide compositions were 
identified in the secretomes from all cell lines. O f these, 22 
monosaccharide composit ions contained two or more isomeric 
structures, resulting in a total of 74 N-glycan isomers. T hese 
structures were classified into the four N-glycan types according 
to their monosaccharide composition, i.e., high mannose, 
hybrid, complex, and paucimannose. The secreted N-glycome 
comprised predominantly complex-type N-glycans (70-90%) 
regar dless of cell line origin, although more heterogeneous 
complex structures were found in the breast can cer cells (Figure 
2a and Supplemental T able S2). High-mann ose-type N-glycans 
were less abundant (5-26%) in the secretomes, mainly 
distributed over the 6ve known high-mann ose-type N-glycans 
(Man5_ 9GlcNAc,) (glycan 4, 5, 6a, 6b, 12, and J 8). In the N
glycan biosynthetic pathway, mannose residues are sequentially 
t r immed f r om the o li goma nn ose p r ecu r so r 
(Gk 3Man9GlcNAc2) to Man5GlcNAc2J where a GlcNAc 
residue can be added to the chitoboise core structure at the 
3' -arm to form the intermediate, GlcNAcMan5GlcNAc,. If the 
1nannose residues at the 6' -arm antenna are not removed, 

G 

hybrid structures are generated. However, if they are removed 
and replaced by a GlcNAc residue, further processing in tl1e 
trans-Golgi lead to formation of complex N-glycans.30 The 
r elative u nprocessed high mannose structur es ( e.g., 
M an6_9GlcNAc,) can be secreted if the glycosylation sites are 
inaccessible on the protein surface.31

'
32 U nexpectedly N-glycan 

precursor with the mon osaccharide composition GlcNAc2Hex10 

(glycan 27) corresponding to tl1e immature Glc1Man9GlcNAc2 

were detected in the MCF7 secretome. The glucose residue is 
normally removed during the protein folding quality control as 
the initial N-glycan processing step in the endoplasmic 
reticulum. Although only little cell death was observed during 
incubation, immature N-glycans could arise from intracellular 
sources or from glycoprotein bypassing the quality control and 
the down stream glycan processing. The re latively low 
abundance ( 0.3%) of this precursor argues against its biological 
significance. Another observation was the p resen ce of 
paucimannose (0.9- 9.1%) in four of the breast cancer cell 
lines, with the highest abundance in MDA23 l (Figure 2a) . This 
class o f N-glycans is not commonly observed in vertebrates as it 
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Table 2. Overview of Alterdtions in Secretume N-Glycumes uf Investigated .Breast Cancer Cells Relative tu Nun-tumurigenk 
Breast Cells 

Lglycan type 
high mannose 

hybrid 
paudmannose 

branching 
bi-autennary 

L:ri/lclrn-anlcnnary 

bisecting GlcNAc 

fu co~yfo.tiun 

degree of fuco,ylation 

co.re fuco~yla.Liun 

~i:l lyl:i , ion 

degree of sialylaliun 

a2/i~lin.ked mcinm;.i;ilybtionl• 

a213~linked monosialylationb 

al/:t/ a.216-,l in'kr,d d i:-; i;~lyb t ionb 

terminal deter min ants 

Lcwis.s,f"' d,;t·t~rmin:1n t :i; 

(±fuoo,yl)(±,ialyl)(LacdiNAc) 

llllllinaJa 

cell line M CF7 

t 
t 
t 

! 
t 

ND 

t 
t 

t 
1 

.no change 

no t~h;mg.e 

t 
(+)(ND)(+) 

s1Jbt·ypc 

HER2..-eruiched"'" basal .Ba 

cell line SKBR., ccll lincs MDA157, MDA231, HS57ST 

no cha.n.ge no d1ange 

t t 
t t 

l l 
t t 

ND + 

t t 
i t 

t t 
1 1 
t l t 
t t 

t t 
all ND (+)(t )(+) 

"N-Glycan changes relative to HMEC in this study; i, increased expression (p < 0.05); ,J. , decreased expression (p < 0.05); +, present; ND, not 
ddocled. 1'wil11 r"ferenet: to the niue sit,1nil1c mtly r"guhled N-glycans (see l exl). <changes observed oDly ill IDJ\157. 

is thought that human cells lack the enzymatic capability for 
ll,e.ir synll,esis.33 

Comparative Analyses of N-glycan Substructures in 
Secretomes of Tumorigenic and Non-tumorigenic Breast 
Cells 

High Degree of Sialylation and Fucosylation in Breast 
Cancer Cells. Numerous studies have suggested that the 
relative increase of glo bal sial;-fation and fucosylation are salient 
protein glycusylaliun featllres associated with twnorigenesis.8 

To investigate the sec.re.tome N-glycans fur sialylatiun and 
fucosylation, the glycan data were nonnaliw d to include only 
the hybrid and complex N-glycans, which are the two classes 
ll,at receive these twu terminal mu<lilicatiuns. We observed that 
complex N-glycans were more frequently sialylatcd (85.2 ± 
14.6%) than fucosylated (53.6 ± 25.2%) for cancer and normal 
cell secretomes (Figure 2b,c). Among the cancer cells, secreted 
N-glycans from MCF7 exhibited the highest levels of 
fucosylation (78.0 ± 1.2%), while SKBR3 had the most 
sialylated N-glycans (98.4 ± 0.3% ). Interestingly, secreted N
glycans of MCF7 showed the least sialylation and those of 
SKBR3 the least fucosylation, indicating that the two 
modifications complement rather than stimulate each other. 
In-depth analysis on sialylation and fucosylation showed 
striking differences between normal and breast cancer cells. 
N-Glycans carrying three or more terminal sialic acid residues 
were prevalent in all five breast cancer cell lines ( 10.3-44.4%) 
but absent in HMEC cells (Figure 2b). Similarly, N-glycans 
with two fucose residues were over-represented in the breast 
cancer cell lines compared to HMEC cells (Figure 2c). 

Highly Branched N-Glycans Were Preferentially Ex
pressed in Breast Cancer Cells. Significantly higher levels of 
tri/tetra-antennary N-glycans were found in all the cancer cell 
lines compared to HMEC (Figure 2d). In the cancer cell lines, 
this increase was generally accompanied by a decrease in the bi-

H 

antennary strnctmes. Of the 1.5 identified tri/ tetra-antenna1y N
glyca.ns, three bdonged lo HMEC, al a total rdative abundance 
of less ll,an 1.0%. The expression of the remaining 12 highly 
branched and ma.inly sialybted and fucosylaLed slrudl!res, 
wlique to tl1c breast cancer cells, ranged between 20.4% 
(MCF7) to 47.3% (SKBR3). 

Bisecting GlcNAc-Contalning N-Glycans Were Exclu
sively Expressed In MDA 157. A tot, I of five bisecting 
GkN.Ac containing complex type N-glycans (glycans 16a, 241 

3.Sa, 3.Sb, 39) were deleded exdwively in the MDAl.57 
secrelome. In the N-glycan biosynll1etic path"'"Y, bisecting 
GlcNA..--ylation is produced by the addition of GlcNAc residues 
in a fil,4-linked configuration to the .8-mannose of tl1e 
chitobiose core of hybrid and complex N-glycans. Two of the 
five structures were isomers (glycans 35a and 35b) discrimi
nated by their terminal sialic acid linkages localized on the same 
arm. Expression of the a2,3-linked sialylated glycans was 2-fold 
higher compared to a2,6-linked sialylation. Bisecting GlcNAc 
containing N-glycans contributed to around 8% of the total N
glycome (Figure 3d). Interestingly, all of the bisecting 
GlcNAcylated structures were core fucosylated and structurally 
and biosynthetically related (Supplemental Figure S5). 

Increased Core and Terminal Fucosylation in Cancer 
Relative to Normal Breast Cells. The majority of the 
monofucosylated N-glycans were al,6-fucosylated at the 
chitobiose core. These were significantly increased in four out 
of the five breast cancer cell lines relative to HMEC (Figure 
2e). Only SKBR3 carried significantly less core fucosylation. 
The multifucosylated N-glycans additionally have fucose linked 
to tbe antenna GlcNAc, generating tbe biologically important 
Lewis4 ' and Lewisy/b determinants. The former was found in 
both non-twnorigenic and twnorigenic cells in this study, albeit 
at different amounts; only trace levels of Lewis'1' antigens (2-
3%) were expressed in HMEC, while tbese were significantly 
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Figure 4. Breast cancer subtype-specific comparative analyses between MCF7 (lu minal A), SKBR3 (HER2-enriched), and MDA231 (basal B) cell 
lines. (a) Venn diagram showing the common and uniquely expressed secreted N-glycans between the three cell lines. (b) Differentially expressed 
a2,3- and a2,6-linked sialylated structures in MDA231 and SKBR3. Glycans 28d and 36c, both with a2,3-linked sialylation, were increased 4- to 13-
fold in MDA231 relative to SKBR3, whereas glycans 13a and 19a, both with a2,6-linked sialylation, were increased 3- to-7 fold in SK.BR3 relative to 
MDA231. 

increased (4-6-fold) in MCF7, SKBR3, and MDA23l, relative 
to HMEC. 

LacdiNAc Determinants and Derivatives Were De
tected in a Subset of Breast Epithelial Cells. Several N
glycans displayed tenn inal HexNAc residues attached to the 
antenna GlcNAc residue. The HexNAc residues were likely to 
be a /Jl ,4-linked GalNAc creating the LacdiNAc disaccharide 
determinant. Similar to the more common LacNAc, LacdiNAc 
can be further modified by either fucosylation or sialylation.34 

LacdiNAc, fucosylated LacdiNAc, and sialylated LacdiNAc 
determinants were detected only in a subset of the cell lines. 
Sialyl LacdiNAc was expressed in HMEC and MDA1S7, albeit 
at a 2-fold higher level in the latter, while the LacdiNAc and 
fucosylated LacdiNAc structures were observed only in MCF7 
and MDA157 (Figure 21). 

Comparative Analyses of Secretome N-Glycome 
Sub-structures and Determinants in Normal and 
Tumorigenic Breast Cells 

In order to understand how N-glycosylation is altered during 
breast cancer development, an in-depth mining of the glycomes 
was performed in the con text of their known biosynthetic 
pathway.35 Since the initial analysis indicated N-glycosylation 
alterations of the hybrid and complex N-glycans, we further 
examined these more processed N-glycan classes. In total, the 
processed N-glycans comprised 17 structures (14 complex and 
3 hybrid types) in HMEC and at least one breast cancer cell. 
The complex N-glycans were predominantly bi-antennary 
structures. One-way ANOVA identified nine N-glycans of 
these 17 "common" N-glycans to be significantly regulated 
when comparing the normal and cancerous cells. These 
consisted of five core and four non-core fucosylated complex 
bi-antennary N-glycans (Figure 3a). The differentially expressed 
N-glycans were mapped according to their respective N-glycan 
biosynthesis (Figure 3b and Supplementary Figure S6). The 
breast cancer cells preferentially secreted glycoproteins 
containing bi-antennary N-glycans displaying a2,3-sialylation 
relative to a2,6-sialylation. The most dramatic a.Iterations 
involved core fucosylated and a2,3-linked sialylated structures 
(i.e., glycan 28d and glycan 36c), where the expression levels 

increased 3-44-fold in breast cancer cells compared to HMEC. 
Notably, all three basal B breast cancer cells, MDA157, 
MDA231, and HS578T, showed significant up-regulation of 
both of these a2,3-sialylated N-glycans (p < 0.0001) with the 
overexpression of a2,3-linked sialylation most pronounced in 
HS578T (Figure 3a). Further evidence to support the preferred 
a2,3-linked sialylation in breast cancer was the simultaneous 3-
33-fold reduction of a2,6-sialylated glycans (glycans 21 b, 286, 
and 32a) across the breast cancer cell secretomes (Figure 3b 
and Supplemental Figure S6). These data clearly demonstrate 
alteration of the N-glycan sialylation process in breast 
malignancy and in particular the observation that the basal B 
breast cancer cell lines heavily favor a2,3-linked sialylation over 
a2,6-linked sialylation. The overall changes obse1·ved between 
HMEC and breast cancer cell lines are summarized in Table 2. 

Subtype-Specific Comparison of Secretome N-Glycan 
Substructures in MCF7, SKBR3, and MDA231 Breast Cancer 
Cell.s 

Molecular subtypes of breast cancer are known to generate 
distinct molecular expression patterns. We conducted further 
analyses by comparing the secreted N-glycomes of MCF7, 
SKBR3, and MDA231, representative of Iuminal, HER2-
enriched, and basal-like breast cancer subtypes, respectively. 
In total, 58 N-glycans were present in all three cell lines, Figure 
4a. MCF7 contained the highest number of unique N-glycans 
(17). Thirty-seven N-glycans were shared in at least two cell 
lines. Statistical analyses revealed 14 structures, predominantly 
sialylated, were more than 3-fold regulated ( Supplemental 
Table 3). There were three notable observations. First, 
sialylated structures were significantly up-regulated in SKBR3 
and MDA231 compared to MCF7. However, when compar
isons were made between SKBR3 and MDA231, the increased 
expression of sialylated glycans in SKBR3 involved the a2,6-
linked sialylation (glycans 13a, 9.9-fold and 19a, 8.6-fold). In 
contrast, a2,3-sialylated glycans (glycan 28d, 12.0-fold and 36c, 
3.9-fold) were increased in MDA231 (Figure 46). These data 
supported earlier observation that the basal B cells preferen
tially express a2,3-linked sialylated structures. Second, SKBR3 
was characterized by an increase in tri-antennary structures 
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(glycan 42a, -12b and -14b; 5.7- to 7.1-fold) relative to MCP7, 
while MDA231 exhibited more than a 4 fold increase in 
paucimannose (glycan l and 3) relative to SKHR3 and MCl'7. 
Third, a core fucosylayted stmcture (glycan I Sb) was elevated 
3.3- to 32.2-fold in MCP 7 relative to SKBR.3 and MDA.231. Of 
the 17 uniquely expressed N-glycans in MCP7 not found in 
SKHR3 and MDi\231, 16 were core fucosylated with half of 
these also carrying a terminal fucose (Supplemental Table 3b). 

Taken together, these data suggest subtype-specific glyco
sylation for tl,e secrelomes: MCl'7 (lwninal subtype) displayed 
a high degree of fucosylation; SKHR3 (HF.R2-enriched 
subtype) was characterized by a2,6-linke.<l sialylated and tri
antennary stmctures; and MDA231 (bas.1.l-like suhtype) was 
characteri:ud by a2,3-linked sialylated ,md paucimannose 
structw·es. 
Correlation of Transcriptional levels of Selected 
Glycosyltransferases and the Differential Expression of 
Secretome N-Glycosylation in MCF7, SKBR3, and MDA231 

We sought lo investigate the relationship between the altered 
N-glycosylation and changes in the associated glycosylation 
enzyme levds using an in silica approach to mine available 
transc1iptome data for the three breast cancer cell lines. The 
latter was pe,formed on the subset of glycosy! transfcrases 
associated with the a2,3-/a2,6-linked sialylation and core 
fucosylation. Roth SK13R3 and MDA231 showed increased 
sialyltransferase expression relative to MCF7 involving eitl,er 
the a2,3- or a2,6-linked sialylation, but not both togetl1er, 
Table 3. In SKBR3, an increase in both ST6Gall and ST3Gal2/ 

Table 3. Comparative Analyses of Transcriptional Levels 
(mRNA)21 of Selected Glycosyltransferases in MCF7, 
SKRR3, and MDA23 1a 

SKBR3 V$ MC F7 MDA231 vs MDA231 "" SKBR3 
(HER2-e111jchcd vs MCF7 (basal B "" (bosal B "" HERZ-

gene name lumiJlal A) luntinal A) enriched) 

ST3Gal2 to t33.4 t7.6 

ST.lGal3 N/A tS.l N/A 
ST3Gal1 t2.8 no change l 5.l 
ST:lGal6 N/A N/A no change 

ST6Gall f 30.0 no change ,J.54.S 

fut8 l7.1 l3.'1 t2.2 

~l'ranscription fold change indicated. 

-1 was observed; however, ST6Gall showed a much higher (30-
fold) expression compared lo the 3- lo 4-fold increase in 
ST3Gal2/4. In contrast, ST3Gal2/3 expression was increased 
8- to 33-fold but displayed no change in ST6Gal 1 expression in 
MDA231 relative to MCF7. When compared to SKBR3, 
MDA23 l had a 54-fold reduction in ST6Gal I expression. 
These data validated the observation that the secreted N
glycome of SKBR3 was characterized by enhanced expression 
of a2,6-linked sialylation, whereas MDA231 typically com
prised higher levels of a2,3-linked sia.lylation. In addition, the 
high tlegree of fucosylation observed on secrelome N-glycans of 
MCF7 correlated well with the 3- to 7-fold increase in 
fucosyltransfcrase 8 (Fut8) e,q,rcssion when compared to those 
of SKBR3 and MD&"\1. 
Secretome N-Glycome-Based Clustering of Tumorigenic 
and Cancer Subtypes 

Breast tumors are normally classified into various subtypes 
according to their gene expression profiles. To assess whether 
the known difTerences in genotype, phenotype, and growth 

Mid■ 
characteristics of the investigated breast epithelial cells 
correlated with their N-glycosylation, a duster analysis was 
perfonned using log-transformed relative ab,rndances of tl,e 
observed N-glycans for each secretome and by applying 
hierarchical clustering with Pearson correlation (Pigure Sa). 
Two major clusters were observed, one representing the non
lwnorigenic breast cell (H1'AEC) and anotl,er representing tl,e 
five tumorigenic breast cells. Within the tumorigenic samples, 
the ,hvision between lwninal and basal subtypes w.is easily 
,hscerned will, tl,e basal B breast cancer cell lines (MDi\1.57, 
MDA231, and HS578T) clustering separately from the lwninal 
A breast cells (MCl'7) and SKBR3 (HER2-enriched). 

The sample inter-relationship was also examined using 
principal component analysis (PCA). In l'G\ new se.ls of 
variables are created as linear combinations of the original sets 
of variables (N-glycans) lo reduce data dimensionality while 
capturing the directions of most variability. "!he coefficients of 
tl1cse linear combinations arc the principal component loadir1g.5, 
and the values of these new combinations are the component 
scores. The scores of the first two or three principal components 
can be visualized on 2D or 3D plots. 

PC.A in a 3D plot revealed unique molecular features in the 
N-glycomes that nol only discri..rninate<l c,mcerous from non
cancerous cells but also separated lwninal A and H£R2-
enriched subtypes from those of hasal R subtypes {Figw·e Sh). 
Within the three basal B cell lines, HS578T <lifrered from the 
two more similar MOA157 and MDA231 cell lines. A possible 
explcmalion for tlus division may be tl,at HS578T was 
established from a prin1.ary breast tumor, while MDA157 and 
MDJ\231 were <le.rived from pleural efrus.ions of breast cancer 
patients, therefore representing tl,e melasiatic state of tl,e 
disease. 

To investigate which secreted N-glycans contributed with the 
largest variance in the first principal component, data with the 
lughesl loadings (>0.1 and <0.1) were exlraded. Twelve 
secreted N-glycans were identified to be the dominant features, 
creating tlistind.ive patterns between the six breast cell 
secretomes (Supplemental l'igure S7). '11,ese included tl,e 
nine differentially expressed N-glycans between tl1e non
twnorigenic and ltunorigenic cell lines (.i;igure 4a) ~tnd tlie 

eight glycans that were differentially expressed between SKRR3, 
MDA23 1, and MCF7 (Supplemental Table S3). 

These distinctive features suggest that the secretome N
glycosylation may serve as a potential diagnostic feature in 
cli1i.ical settings lo di.fTerentiale bet ween healtl,y and breast 
cancer tissues; between lumina] A, HER2-enriched, and hasal
like subtypes; and possibly al tl,e early s tages of disease 
progression. 

■ DISCUSSION 

Although altered N-glycans have been implicated in breast 
malignancy, lo our knowledge, tl,e secrelome N-glycosylation 
of breast cancer cel l lines has not been extensively investigated. 
.Breast cancer cell lines remain a valuable ir1 vitro model for 
exploring the biology of cancer through their ability to 
recapitulate both tl,e disiinctive normal/cancer and tl,e 
luminal/basal subtype division observed in breast twnor 
tissues.3r. We demonstrate that the secretome N-glycosylation 
is capable of distinguishing normal and tumorigenic cells as well 
as the tumorigenic subtypes hclonging to hu11inal1 HF.R2-
enriched, and basal types. Nevertheless, there are limitations 
associated with cell lines, for example, the risk of contamination 
from exogenous sources or intracellular proteins arising from 

dx.t1()1,0Jq/10.10;>1/pr500331m l I. P,oll'()mP. RP~. XXXX, XXX, XXX-XXX 



 

140 
 

Journal of Proteome Research 

(a) Cluster Oendrogram (b) Principa'I Component Analysis 
o Hmec 

HS578T 
MCF7 
MOA157 

o MOA231 
o SKBR3 

u 
0.. 

Figure S. Dendrogram cluster analysis using hierarchical clustering (a) and 3D plot of PCA (b) of secretome N-glycosylation profiles of the six 
epithelial breast cells invest igated in this study. PC!, p rincipal component l; PC2, principal component 2; PC3, principal component 3. 

cell death. However, such challenges can be overcome with 
proper experimental design and careful interpretation of results. 
Taking these into account, our data provide val idity for using 
secretions of established breast epithelial cell lines to investigate 
the underlying molecular mechanisms associated with subtype
speci_fic glycosylation changes. 

On the basis of the hypothesis that breast tumor cells secrete 
proteins carrying altered N-glycosylation into the circulation, 
secretions from breast cancer cell lines can provide an attractive 
source for detecti011 of potential glycan-based biomarkers, in 
addition to using more complex serum samples. Although the 
use of serum is clinically feasible as it can be obtained 
noninvasively, it is a highly complex biological fluid with 
protein concentration that spans at least 10 orders of 
magnitude. Proteomic analysis has shown that high abundance 
glycoproteins, many of which are acute phase proteins 
produced from the liver in response to inflammation, are 
manifested in the serum profile of cancer patients.37 Addition
ally, the presence of low abundance glycoproteins secreted from 
tumor cells may be masked by high abundance proteins, thus 
precluding the detection of N-glycans released from these 
proteins. Our data showed significant breast cancer-specific 
alterations of protein N-glycosylation, such as a high degree of 
sialylation, fucosylation, and branching, which correlate well 
with chan§es observed in the serum of breast cancer 
patients.16

•
3 

•
39 However, we also identified some uncommon 

( sub )structures in the secretome N-glycomes of the inves
tigated breast cancer cell lines, strnctures that only rarely have 
been described in clinical samples and/or in vit,-o studies, 
including LacdiNAc and related fucosylated and sialylated 
derivatives. Recent studies have suggested the involvement of 
LacdiNAc determinants in ovarian cancers.40 However, the 
biological roles and signiiicance of these structures in cancerous 
breast cells remain unclear and require further investigation. 

The unique glycan structures observed in our breast cancer 
cell line models, which have not been reported in previous 
serum studies, provide further suggestion for the apparent 
usefulness of cell lines as in vitro models for biomarker 
discovery studies. Additionally, proteomics analysis of the 
secretome generated from the in vitro system has mapped a 

K 

significant proportion of these proteins to those found in the in 
vivo environment.41

•
42 In a separate analysis of the secreted 

proteome of the breast epithelial cells, we found over 80% 
overlap with those in the Plasma Proteome Database (http:// 
www.plasmaproteome database.org/) ( data not shown), 
supporting the biological relevance of secreted glycoproteins 
from cultured cells. However, we were restricted to a panel of 
just six breast cell lines in this study; thus, it may be necessary 
to validate these observations with a larger panel of breast cell 
types and to further assess their potential clinical utility. 
Nevertheless, our data provide a detailed map of the cancer
specific N-glycan alterations in the secretome across the 
different breast cancer subtypes, which may help substantiate 
the findings from serum-based discovery studies. 

It has been suggested that identifying suitable biomarkers for 
breast cancer may be subtype-dependent as the individual 
subtypes generate distinct molecular profiles.43 Our findings on 
the expression of specific N-glycan substructures within a subset 
of cell lines and the characteristic N-glycan changes between 
the three subtypes underscore the importance of subtype
specific studies. LacdiNAc and its fucosylated form were 
exclusively expressed in MCF7 and MDAJ 57, whereas bisecting 
/Jl,4-GlcNAc structures were detected only in MDA157. 
Notably, the following subtype-specific expression patterns 
were evident: increased a2,6-linked sialylation associated with 
HER2-enriched cells; increased a2,3-linked sialylation asso
ciated with basal B cells; and increased al,6-fucosylation 
associated with luminal A cells. These results were corroborated 
by strong correlation to the transcription of the relevant 
glycosylation enzymes. Similar to our observation, high 
expression of a2,3-linked sialylation in MDA231 relative to 
MCF7 has been previously reported.17 Interestingly, elevated 
a2,6-linked sialylation was observed in the glycome of sialylated 
glycoproteins derived from serum of breast cancer patients.44 

However, this study, as with many other serum-based breast 
cancer glycome investigations, was based on stages of breast 
cancer progression and not subtype-specificity. Given that 
sialylated structures are involved in tumor invasion and 
metastasis, the differential expression of serum N-glycan 
structures bearing these two linkages in the different subtypes 
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of hrcast cancer warrant further itwcstigation. As expression of 
these structures may be driven by higher activity of associated 
sia.lyltransferases, as indic.1ted by our dat.11 it is also useful to 
explore the potential of these enzymes as biomarkei:s or drug 
targets. 

■ CONCLUSION 
This is the first study lo profile and compare the N
glycosylation of secretomes from a panel of normal and 
cancerous human breast epithelial cells. Significant al teraUons 
and unique N-glycosylation signatures, as a consequence of 
breast malignancy, were obsc,vcd. Overall, an increase in 
sialylation, fucosylation, and highly brandied slrudures were 
observed in the cultured breast c.1ncer cells. Expression of 
bisecting GlcNAc and LacdiNAc and its derivative stmcturcs 
was restricted to MDA157 and MCP7. In addition, we observed 
unique subtype-specific N-glycosylation. TI,ese global an<l 
subtype-specific N-glycan change.s could help delineate differ
ences between non-tim,ot'igcnic and turnorigcnic cellular 
med1anisms and distinguish brea~1. cancer cells of luminal, 
JJER2-cnrichcd, and basal l', subtypes. Tn tum, this knowledge 
may lead to better understanding of the molecular mechanisms 
involved in breast cancer and further strengthen the validity of 
potential biomarkcrs mined from scrum-based glycome studies. 
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3.1 Introduction 

Membrane proteins are frequently N-glycosylated as they traffic through the ER-Golgi secretory 

pathway to their final destination on the cell surface or intracellular organelles. They perform 

diverse biological functions essential to cellular growth and development; many of these 

processes are mediated or modulated by the conjugated N-glycans. It is thus not too surprising 

that aberrant N-glycosylation of membrane proteins have been linked to various pathological 

conditions including the promotion of tumor invasion and metastatic behaviours in many human 

cancers [341]. Delineating the aberrant N-glycosylation may therefore shed light on the 

underlying mechanisms in tumorigenesis. Additionally, it may unravel N-glycan expression 

patterns predictive of breast cancer specific stage of the disease or identify certain N-glycan 

changes amenable to drug treatments.   

 

Part 1 of this chapter investigated the N-glycosylation expression patterns on secreted N-

glycorproteins from a panel of cultured breast epithelial cells, including the non-tumorigenic 

breast epithelial cell line (HMEC) and five tumorigenic cell lines representing three common 

breast cancer subtypes, namely MCF7 for luminal A subtype, SKBR3 for HER2-enriched 

subtype and MDA231, MDA157 and HS578T for basal B subtype. The results strongly 

underpinned the role of altered N-glycosylation in breast tumorigenesis and identified breast 

cancer subtype-specific N-glycan patterns. In Part 2 of this chapter, the N-glycosylation of 

membrane glycoproteins from the same set of cell lines was investigated for tumor-defining 

features. In addition, the N-glycan expression patterns between the two subcellular fractions are 

compared. 

 

3.2 Materials and Methods  

Following the collection of conditioned media from the breast epithelial cells cultured under 

serum-free conditions, membrane proteins were extracted from the cells using 
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ultracentrifugation, followed by Triton X-114 phase partitioning (described in the Chapter 2, 

Page 90). 

 

Approximately 50 µg of membrane proteins were used for each N-glycome preparation. The 

methodologies used for the membrane N-glycan analysis including the enzymatic release from 

enriched membrane proteins, reduction and desalting of released N-glycans, their separation and 

analysis on PGC-LC-MS/MS and finally the data and statistical analysis were identical to those 

applied to the secreted N-glycans (Part 1, Chapter 3). 

 

3.3 Results 

3.3.1 Comparative analyses of N-glycan sub-structures on membrane proteins from 

tumorigenic and non-tumorigenic breast cells 

 

Figure 3.1 PCG-LC-MS/MS-based MS1 mass profiles of N-glycans released from membrane proteins 
derived from cultured breast cells (a-f). Although no apparent qualitative differences between HMEC (a) 
and the breast cancer cell lines (b-f) were observed, in-depth quantitative analysis revealed notable tumor 
phenotypic specific alterations (see text). 
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Figure 3.2 Comparative analyses of membrane N-glycan of investigated breast cell lines. Statistical 
analysis was between breast cancer cell lines and HMEC. **** P < 0.0001, *** P < 0.001, ** P < 0.01, * P 
< 0.05. The relative amounts based on their relative MS intensities (EIC peak area) are presented as mean 
± SD (n = 3). (a) Bars represent the four N-glycan types: high mannose, hybrid, complex, and 
paucimannose. For the panels b−e, the relative intensities were normalized to include only hybrid and 
complex type N-glycans. (b) The degree of sialylation of membrane N-glycans as determined by the 
number of sialic acid residues present on each N-glycan. (c) The degree of fucosylation of membrane N-
glycans as determined by the number of fucose residues present on each N-glycan. (d) The distribution of 
branched N-glycans categorized into those with mono-antennary, bi-antennary, tri/tetra-antennary, and 
β1,4-bisecting GlcNAc-containing N-glycans. (e) Distribution of fucosylated N-glycans represented by 
those carrying core fucose or terminal Lewis type antigens.  
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Unlike the N-glycomes derived from the secreted proteins of epithelial breast cells, no major 

discriminatory features were directly visible in the MS1 mass profiles of membrane N-glycans 

between the non-tumorigenic breast epithelial cell line (HMEC) and the five breast cancer cell 

lines (Figure 3.1). A total of 34 N-glycan monosaccharide compositions released from the 

membrane glycoprotein samples. These N-glycans were categorized into the commonly-observed 

mammalian N-glycan types, i.e. high mannose, complex, hybrid, and paucimannose (Figure 3.2a). 

Using the same approach as for the secreted N-glycans (See publication II), the relative 

abundances of the membrane N-glycan structures were determined and the MS/MS spectra for 

each structure was manually assigned, yielded a total of 53 N-glycan structures, including 15 

observed isomers (Appendix 4 and 4b). The abundant N-glycans observed in all cell lines were of 

the high mannose types constituting 44.4-78.5% (mol/mol) of the entire N-glycome followed by 

the less abundant complex types (14.1-49.4%). Amongst the six cell lines, MCF7 membrane 

proteins exhibited the highest expression of high mannose type N-glycan. When compared to 

HMEC normal reference, membrane proteins of MCF7, SKBR3, and MDA157 displayed 

significantly reduced levels of complex type N-glycans. In comparison to high mannose and 

complex types, the hybrid and paucimannose type membrane N-glycans were less abundant in all 

cell lines (hybrid, 0.5-20.3%; paucimannose, 1.0-11.2%). However, both SKBR3 and MDA157 

had significantly higher expression of these two N-glycan types relative to HMEC.   

 

N-glycans that have do not undergo complete processing during the N-glycan biosynthesis to 

form hybrid and complex structures will remain as the high mannose type containing five to nine 

mannose residues. By normalizing the membrane N-glycan data to total abundance of high 

mannose type structures, the internal distribution of the high mannose N-glycan species were 

mapped to four groups, i.e. N-glycans with five and six mannose residues (Man5/Man6); seven 

mannose residues (Man7); eight mannose residues (Man8); and nine mannose residues with or 

without the terminal glucose residue (Man9±Glc1) (Figure 3.3). The latter is considered as an 
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immature N-glycan form thereby yielding an indication of the amount of intracellular N-

glycosylation. At least two thirds of high mannose N-glycans was distributed into Man8 and 

Man9±Glc1 categories indicating little N-glycan processing of the N-glycosylation presented on 

the membrane proteome. The doubling time and the secretion rate for each cell line were 

investigated (Part 1, Chapter 3, page 133). No correlation was found between high mannose N-

glycan expression and rate of cell growth whereas a weak correlation was observed between the 

secretion rate of the secretome and the N-glycosylation processing. 

  

Figure 3.3 The distribution of high mannose N-glycans in the membrane protein fractions of the six 
investigated breast epithelial cells grouped into Man5 and Man6, Man7, Man8 and Man9±Glc1, with the 
latter representing immature N-glycans normally only associated with intracellular ER N-glycosylation. 

Despite the absence of visible differences in the MS1 mass profiles of the membrane N-glycomes 

of the cancer and non-cancer cell lines, in-depth quantitative analysis revealed notable tumor 
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phenotype-specific alterations. Similar to the secreted N-glycan analysis, the membrane glycan 

data were normalized to include only highly-processed N-glycan structures, i.e. hybrid and 

complex N-glycans for subsequent analyses. The membrane N-glycans in most of the breast 

cancer cell lines exhibited a higher degree of sialylation, fucosylation and branching as well as 

enhanced expression of Lewis types epitopes compared to those in HMEC. Notably, the 

expression of bisecting GlcNAc structures was restricted to MDA157 (Figure 3.2b-e).  

 

Of the 43 hybrid and complex type membrane N-glycan structures, 23 structures were detected 

in both HMEC and at least one of the breast cancer cell lines. Comparative analysis of the sub-

structures and determinants of this “common pool” of N-glycans in the normal and tumorigenic 

breast cells was performed. In total, 9 membrane N-glycans, five core fucosylated and four non-

core fucosylated complex types N-glycans, were found to be significantly altered between cancer 

and non-cancer samples (Figure 3.4). The membrane proteins of the breast cancer cells displayed 

a significantly higher expression of 2,3-linked sialylated N-glycans (glycans 24c, 27c and 30c) 

while the 2,6-linked sialylated N-glycans (glycans 19a, 24b and 3a) were significantly under-

represented. The nine regulated and biosynthetically related N-glycans were mapped to the N-

glycosylation biosynthetic pathways to obtain a better overview of the N-glycan regulation 

(Figure 3.5).  

 

Cluster analysis performed using the log transformed relative abundance data of the membrane 

N-glycomes did not result in a clear division between the non-tumorigenic and tumorigenic cell 

lines (Figure 3.6a). Similarly, no statistical distinction between HMEC and the breast cancer cell 

lines was observed by principal component analysis (Figure 3.6b). The non-tumorigenic cell line, 

HMEC was not visibly distinguished from the other tumorigenic cell lines but rather exhibited a 

relative close relationship to the three breast cancer cell lines of basal B subtype (MDA157, 

MDA231 and HS578T), which were observed to aggregate in the PCA analysis. Since no clear 
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tumor-specific clustering were observed between HMEC and the breast cancer cell lines, no 

further subtype-specific analysis was performed for membrane N-glycome profiles. 

 

 

 

Figure 3.4 Nine differentially expressed N-glycans of membrane proteins derived from the normal breast 
epithelial cell line (HMEC) and the breast cancer cell lines. Statistical analyses were performed between 
breast cancer cell lines and HMEC. **** P < 0.0001, *** P < 0.001, ** P < 0.01, * P < 0.05. Data are 
presented as mean ± SD (n = 3).  
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Figure 3.5 The nine regulated membrane N-glycans (five core fucosylated and four non-core fucosylayed, 
marked as *) are mapped according to their N-glycosylation biosynthetic pathways. Other N-glycans 
(unmarked) that were not significantly regulated in breast cancer were also depicted to complete this part 
of the pathway. Breast cancer cell lines, notably of the basal B subtype, preferentially expressed α2,3-
linked sialylated N-glycans which was indicated by reduced expression of α2,6-sialylation (green box, 
glycans 19a, 24b, 30a) and increased expression of α2,3-sialylation (pink box, glycans 24c, 27c and 30c). 
 

 

Figure 3.6 Dendrogram cluster analysis using hierarchical clustering (a) and 3D plot of PCA (b) of 
membrane N-glycosylation profiles of the six epithelial breast cells investigated in this study. PC1, 
principal component 1; PC2, principal component 2; PC3, principal component 3. 
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3.3.2 Global comparison between secreted and membrane N-glycans in the panel of 

breast epithelial cell lines 

The N-glycan expression patterns of proteomes derived from the two subcellular fractions, i.e. 

secreted and membrane-bound proteins were remarkably distinct when evaluated on the 

individual N-glycan structural level yet shared some similar features. By categorizing the more 

processed N-glycans into the hybrid, complex and paucimannose types and the less processed N-

glycans into the high mannose types, a striking difference in the distribution of N-glycan types 

were identified between the secreted and membrane N-glycome (Figure 3.7). N-glycans on the 

secreted glycoproteins were significantly more processed (76.2-95 % of total N-glycome) 

compared to those on the membrane-bound glycoproteins, which displayed significant amounts 

of high mannose type N-glycans. The differential expressions of N-glycosylation between the 

two subcellular fractions were further explored and the results are presented in the Chapter 5. 

 

 

Figure 3.7 Secreted N-glycomes displayed more processed N-glycans compared to membrane N-
glycomes. The relative abundances (mean ± SD) of the more processed N-glycans comprising the 
complex, hybid and paucimannose types are presented in light red and the less processed N-glcyans  (i.e 
high mannose) are in green. The immature high mannose N-glycan is progressively trimmed and 
subsequently processed to produce hybrid, complex and paucimannose types N-glycans (inset). 
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Several N-glycans displayed LacdiNAc determinants were observed in the secretome of a subset 

of breast cell lines (HMEC, MCF7, MDA157) but were absent in the membrane fractions. One 

of these structures was identified as a hybrid-type carrying high mannose residues on arm-6 and 

LacdiNAc epitopes on arm-3 (Glycan no. 9, page 254). Although unusual, this structure was 

characterized based on existence of diagnostic fragments in the MS/MS spectra and need to be 

further validated.     

 

The N-glycan type distribution of the N-glycan structures identified in the subcellular proteome 

of the individual cell lines are presented in Table 3.1. Structural characterization of the combined 

secreted and membrane N-glycan data yielded a total of 80 non-redundant N-glycans across all 

six cell lines, with a higher number of N-glycans detected uniquely in the secreted fractions (27 

structures) (Figure 3.8). However, the largest fraction accounting for around 60% of the N-

glycans (47 structures) were detected in both fractions.   

 

Table 3.1 The N-glycan type distribution of N-glycan structures identified from the secreted and 
membrane proteome fractions from the six investigated breast cell lines. 

Cell line 
Number of secreted N-Glycan structures according to glycan types 

High 
mannose 

Hybrid Complex Paucimannose Total 

HMEC 6 4 18 0 28 
MCF7 7 9 36 1 53 
SKBR3 6 5 15 2 28 

MDA157 6 11 26 3 46 
MDA231 6 7 23 3 39 
HS578T 5 2 16 0 23 

Cell line 
Number of membrane N-Glycan structures according to glycan types

High 
mannose 

Hybrid Complex Paucimannose Total 

HMEC 7 7 17 2 33 
MCF7 7 8 20 2 37 
SKBR3 7 11 15 3 36 

MDA157 7 11 23 3 44 
MDA231 7 7 18 3 35 
HS578T 7 1 12 2 22 
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Figure 3.8 The common and unique N-glycans observed in the secreted and membrane proteomes of the 
six investigated breast cell lines 
 

Despite the expression of subcellular-specific N-glycan type profiles, both of the subcellular 

fractions displayed similar tumor-associated trends, i.e. a high degree of sialylated, fucosylated 

and branched structures. In addition, common expression patterns in the subcellular N-glycomes 

within each cell line were identified. Amongst the tumorigenic cell lines, the secreted and 

membrane N-glycomes of MCF7 contained the highest levels of fucosylation (including core and 

Lewis type), and the lowest level of sialylation. Both subcellular N-glycomes of SKBR3 displayed 

the highest level of N-glycan sialylation while the bisecting GlcNAc structures were detected 

exclusively on the secreted and membrane N-glycans of MDA157.  

 

3.4 Discussion 

Aberrant expression of cell surface N-glycans on breast cancer cells is well-documented [201]. 

Several studies have demonstrated that certain tumor-associated N-glycans are associated with 

metastasis and poor prognosis of breast cancer patients [241, 246, 258]. In this study, N-glycome 

profiling and characterization were performed from isolated membrane proteins extracted from a 

panel of cultured breast epithelial cells including five from tumorigenic and one from non-

tumorigenic origins. The results presented here are in general agreement with the N-glycome 

changes frequently reported to be associated with breast cancer including an increase in the 

sialylation and fucosylation as well as the β1,6-branching of N-glycans [240, 254, 257]. These 

molecular trends were observed in both the secreted and membrane N-glycomes across all 
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investigated cancer cell lines. Specifically, bisecting N-glycan structures were found uniquely in 

both secreted and membrane fractions of MDA157. In both cases, their occurrence was 

consistent with reduced expression of tri- and tetra-antennary structures as increased GnT3 

activity (bisecting GlcNAcylation) has been reported to inhibit GnT5 extension (tri- and tetra-

antenna) [342]. Lectin cytochemistry of this panel of breast cells would represent a 

complementary technique to validate the MDA157-specific bisecting GlcNAcylation using lectins 

recognizing such glyco-determinants i.e. PHA-E. In breast cancer, bisecting structures were 

demonstrated to inhibit growth factor signalling, slow tumor progression, reduce cell adhesion 

and migration [342, 343]. It is interesting to note that although MDA157 belongs to the triple 

negative breast cancer subtype, it is derived from a rare subtype known as medullary carcinoma 

with low-grade aggressiveness. Patients diagnosed with this subtype have better prognosis 

compared with other invasive ductal tumors [344]. More research is thus needed to understand 

the role of bisecting N-glycans in breast cancer metastasis. 

 

Another notable observation was the presence of a significant amount of high mannose N-

glycans in the membrane proteome. The under processed N-glycan structures carrying eight or 

nine mannose residues were dominant features of the membrane N-glycomes across all breast 

epithelial cell types suggesting that this phenomenon may not be associated with breast 

tumorigenesis. Nevertheless, a previous N-glycome study investigating the cell membrane 

component of a number of cancer cell lines reported a significantly higher expression of high 

mannose type N-glycans although they did not report on their internal distribution [291]. 

Elevated levels of Man9 structures have been observed in both human and mouse breast cancer 

sera and correlated well with the cancer progression [293]. The significance of high mannose in 

breast cancer remains unclear and needs to be further explored. 
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In Chapter 2, proteomic analysis of the membrane fraction revealed that in addition to the 

plasma membrane proteins, a considerable proportion of the membrane proteins were 

endoplasmic reticulum- and Golgi-residing membrane proteins suggesting that majority of the 

membrane N-glycoproteins may be derived from an intracellular organelle origin. In contrast, the 

N-glycan profiling of the secreted proteome captured a relatively accurate extracellular N-

glycome landscape. One of the most interesting observations in these datasets were the unique 

differential expression patterns of the membrane and secreted N-glycomes, which was 

consistently observed in the investigated cell line. This observation is intriguing given the fact 

that both subcellular proteome fractions share a common N-glycosylation biosynthetic pathway. 

In Chapter 5, this observation was further explored to understand the mechanisms involved in 

the generation of subcellular-specific N-glycosylation.  

  

3.5 Conclusion 

This chapter has profiled the membrane N-glycosylation of a panel of breast cancer cell lines 

representing various breast cancer subtypes. Together, with the secreted N-glycome (Part 1), this 

data provide an in-depth investigation of the altered protein N-glycosylation associated with 

breast malignancy. Significant tumor- and subtype-specific changes were identified in the 

membrane N-glycomes corroborating similar trends observed in the secreted N-glycomes. Thus, 

this consolidated knowledge brings a more complete picture of the molecular alterations relating 

to the disease, but may also facilitate the discovery of promising glycan biomarkers and potential 

drug targets to improve the therapeutic treatment breast cancer. 
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CHAPTER 4  
 

Publication III - Differential site 
accessibility mechanistically explains 
subcellular-specific N-glycosylation 
determinants 
 
In Chapter 3, N-glycome profiling of the secreted and membrane protein fractions extracted 
from a panel of cultured breast cancer cells revealed consistent differential distribution of the 
N-glycan types between the two fractions. This chapter performs a systematic investigation to 
understand the mechanism involved in the generation of this subcellular-specific N-
glycosylation feature, using a combination of structural knowledge, computational and 
analytical tools. 
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INTRODUCTION 

Glycoproteins perform extra- and intracellular functions in innate and adaptive immu
nity by lectin-based interactions to exposed glyco-determinants. Herein. we document 
and mechanistically explain the formation of subcellular-specific N-glycosylation determ ~ 
nants on glycoproteins trafficking through the shared biosynthetic machinery of human 
cells. LC-MS/MS-based quantitative glycomics showed that the secreted glycoproteins 
of eight human breast epithelial cells displaying diverse geno- and phenotypes con
sistently displayed more processed, primarily complex type, N-glycans than the high
mannose-rich microsomal glycoproteins. Detailed subcellular glycome profiling of pro
teins derived from three breast cell lines (MCF7/MDA468/MCF10A) demonstrated that 
secreted glycoproteins displayed significantly more C(-sialylation and <X 1.6-f ucosylation, but 
less <X-mannosylation, than both the intermediately glycan-processed cell-surface glycopro
teomes and the under-processed microsomal glycoproteomes. Subcellular proteomics and 
gene ontology revealed substantial presence of endoplasmic reticulum resident glycopro
teins in the m icrosomes and confirmed significant enrichment of secreted and cell-surface 
glycoproteins in the respective subcellular fractions.The solvent accessibility of theglycosy
lation sites on maturely folded proteins of the 100 most abundant putative N-glycoprotein s 
observed uniquely in the three subcellular glycoproteomes correlated w ith the glycan 
type processing thereby mechanistically explaining the formation of subcellu lar-specifi c N
glycosylation. In conclusion, human cells have developed mechanisms to simultaneously 
and reproducibly generate subcellula1°specif ic N-glycosylation using a shared biosynthetic 
machinery. This aspect of protein-specific glycosylation is important for structural and f unc
t ional glycobiology and discussed here in the context of the spatio-temp:iral interaction of 
glyco-determinants w ith lectins centra l to infection and immunity. 

Keywords: /11-glycosylation, solvent accessibility, /11-glycome, subcellular location, glycoproteome, glyco sylatio n 
site, N.gtycan, glycoprotein 

Significant parts of the human genome and cellular energy are ded
icated to produce and regulate protein glycosylation (I ). Hence, it 
is no su ,p rise that this abundant post-translational modification is 
important in a wide spectrum of biological processes to maintain 
cellular homeostasis (2). Dysrcgulation of protein glycosylation 
is a cause audlor effect of numerous pathological conditions 
including, but not limited to, congenital disorder of glycosylation 
(3), cystic fibrosis (4), inflammation (5), auto -immunity (6), and 
cancer (7). Die extracellular location of secreted and cell-surface. 
tethered proteins carrying N-linked glycosylation is ideal for facil
itating molecular interactions with the surrounding environment 
(8) . Intracellular functions of N -glycoproteins are also known 
(9, 10). TI1e terminal determinants of host N -glycans (so-called 
"self" and "altered self" in disease) are recognized by endogenous 
and exogenous glycan-binding proteins commonly called kctins. 
Interactions bet ween lectins and N-glycans are cemral in innate 
and adaptive immunity (11). Important examples include the C
type lectins, which may be crndely divided inro lectins having 
affinity for <X-mannose/<X-fucose-terminated N -glycans including 
dcndritic cell-specific intercellular adhesion mokculc-3-grabbing 

non-integrin (DC-SIGN), macrophage mannose receptors and 
Langeri.n (12), and lecti.ns having affinity for galactose/GalNAc 
terminating glycans such as macrophage galactose lectin and DC
asialoglycoprotein receptor ( 13, 11). In addit ion, siglecs (I-type 
lectins) andgalecti.ns (S-type lectins) are important for facilitating 
a functional immune response (IS). 

The human N -glycosylation biosynthetic machinery is rela
tively well understood (16, 17). In brief, the synthesis is ini
tiated by the transfer of common immature glycan precursors 
i.e., Glc, Man9GlcNAq 10 conserved sequons (NxT/S, x ;,,, P) on 
translocating polypeptide chains. The glycan precursor is then 
remodeled through sequential trimming and elongation by spe
cific glycosidases and glycos}itransfcrases located in the endoplas
mic reticulum (ER) and the cis-, medial, and rrm,s-Golgi, respec
tively. This series of enzymatic processes first results in the traffick
ing N -glycoproteins being comprised of attached high-mannose
type N -glycans, which p rogresses to the hybrid- and complex-type 
stage if sufficient interactions with the processing enzymes occur 
( 17). TI1e Golgi-based N -glycan processing, including 1he forma
tion of glycan types and the addition of terminal determinants 
such as C!-fucosylation and C!-sialylation, occurs on maturely folded 
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glycoproteins( IS, 19). An extensive and reproducible repe1toirc of 

N -glycansis usually present onagivenglycosylation site (20). This 
N -glycan microhetcrogencity on proteins results from incom
p lete processing by the multiple compet ing enzymatic reactions 

that can be influenced by cellular factors including the avail
ability of nucleotide sugars, glycosylation enzyme activity, and 
glycoprotcin trafficking time through the biosynthetic machin
ery. Such cellular factors c.ont ribute to cell- and tissue-specific 
N -glycos}'lation (2 1) . Importantly, the structures of the individ
ual glycoproteins trafficking through the glycosylation machine1y 

dramatically influence the degree of N-glycan processing creat
ing protein- and site-specific N -glycosylation (22) . By thorough 
literature-based curation of published site-specific. glycoprofiling 
data of mammalian N -glycoproteins, we recently confirmed t hat 
several structural features including glycan type formation, cd,6-
(core) fucosylation, and ~1.'1/6-GlcNAc branching of N -glycans 
are strongly correlated with the solvent accessibility o f the gly
cosylatioo sites of maturely folded glycoproteins (19). As such, 
extensive N -glycan processing was observed for proteins display
ing solvent accessible glycosylation sites relative to spatially hidden 

sites. T11us,differential site accessibility can e.~plain how glycopro
teins produced simultaneously in the same cell, and even scquons 
o n the same glycoproteins, can present widely different N -glycan 

structural repertoires. 
Considering the importance of protein- and site-specific N. 

glycosylation in many aspects of glycobiology including glyco
immunology, we here seek to furtl1er explore this feature in the 
context of the multiple subcellular glycoproteomes that traffic 
through the shared glycosylat ion machinery in the secreto1y path
way of human cells, yet end up at different cellular locations. 
Due to the functional implications of both intra- and extra
cellular N -glycoprotcins, we focus on the secreted, cell-surface, 
and intracellular glycoproteomes, the lauer fraction largely rep
resented by microsomal proteins (23). Understanding, how the 
subccl lular glycoproteomes are generated and regulated under 
normal and altered physiological conditions of the cell is valuable 
to the understanding of their involvement in immune biology. 
Recent analytical developments in glycomics (24- 27) and glyco
proteomics (W-.ll ) have, together with more conventional pro
teomics, enabled seusit ive, and detailed system-wide investigations 
of the reg.1tlation of protein N -glycosylation in immunity (.~2 ). 

Using LC-MS/MS-based glycomics and proteomics on mttl 
tiple subccllular fractions from a panel of human cell lines dis
playing diverse cellular characteristics, we here document that 
human cel ls have developed a general mechan ism to rep roducibly 
generate vastly different N-glycan determinants on their d iffer
ently located subcellular glycoprotcomes that trafficked simul
taneously 1hro11gh a shared biosynthetic mad1ine ry. We pro
vide evidence that thesubcellular-specific protein N-glycosylation 
arises from differential solvent accessibilities of the glycosylation 
sites of maturely folded g lycoproteins that locali7.e to different 
subcellular compartments following the glycan processing. TI1is 
aspect of protein-specific. glycosylation is discussed here in the 
context of immunity and infection due to the crucial role of 
endogenous and exogeneous lectins recognizing exposed self, and 
altered self, glyco-determinants to facilitate the functional immune 
response. 
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MATERIALS AND METHODS 
CELLULAR ORIGIN, CULTURE CONDITIONS. AND DOUBLING TIME 
Multiple human cells showing diverse geno- and phenotypical 
char;,cterist ics were used to demonst1;,te the genera l nature of 

the cellular mechanisms observed in this study. H uman mam
mary epithelial cells (HJ\llEC) were purchased (product # CC-
2551, Lonza). Human breast epithelial cell lines MCF IOA, MCF7, 
SKBR3, MDA-MB-157 (MDA l57), MDA-MB-231 (MDA23 I), 
and HS578T as well as a human colon cancer epithelial cell 
line SW480 were obtained from American Type Cultu re Collec

tion (Manassas, VA, USA). HMEC was grown in HuMEC Ready 
Media (lnvitrogen). MCFI0A was cultured in Di\11EM/Fl2 with 
the addition of 5% horse serum (lnvitrogen), 20 ng/mL epider
mal growth fuctor (EGF) (lnvitrogen), 0.5 µg/mL hyd rocortisone 
(Sigma), 100 ng/mL cholera toxin (Sigma), and 81.tg/mL insulin 
(lnvitrogen). Other cell lines were grown in RPMI (Sigma) sup
plemented in 5% fetal bovine serum (FBS) (lnvitrogen), IO mM 
glutamine (lnvitrogcn), and IO p.g/mL insulin. Cells were main
tained at 37"C in 5% CO2 for all experiments. The breast cell 
lines were grown in triplicates to ~80% confluence and washed at 

least four times with ice-cold phosphate buffered saline (PBS) to 
remove traces of FBS and incubated in scrum-free media at 37"C 
in 5% CO2 for 48 h p rior to subcellular fractionation. 

T-0 measure the cellular doubling times of the breast cell lines, 
cells were seeded at 1.3 x 10'1 c.ells/mL/well in six-well plates and 
incubated overnight at 37°C in 5% CO2. Cells were counted eve1y 
24 h over a four-day period using a cell counter (Bio-Rad). The 
doubling time for each cell line was determined from their expo
nent ial growth phase. For overview of the invest igated cells and 
associated data, see Table SI in Supplementary Material. 

COLLECTION AND PREPARATION OF SUBCELLULAR GLYCOPROTEOMES 
FROM BREAST CELL LINES 
1ne secreted subccllular glycoproteomcs were collected by sam
pling 30 mL of scrum-free culture media followed by centrifuga
tion at 2,000 x g to pellet any floating cells. T11e supernatants were 
concentrated and buffer exchanged into PBS (I x ) using 10,000 
MWCO Amicon Ultra membranes (Millipore). Proteins were then 
precip iUted w ith nine volumes of acetone ove rnight ;Jt - 2CJ'C. The 
pellets were stored at - 80°C wllil further analysis. 

The cel/,swface subcellular glycoproteomes were isolated from 
MCF7, MDA46S, and MCFI0A breast epithelial cell lines using a 
commercial biotinylation kit (product# 89881, Pierce) to specifi
cally biotinylate the cell-surface glycoproteins. The protocol sup
plied by t he manufacturer was followed . Briefly, monolayers of 
cultured cells grown in 75 c.ni2 culture flasks were washed three
tin1es with PBS ( I x) before incubation in EZ-Link sulfo-N HS
SS-biotin in ice-cold PBS ( I x ) for 30 min at 4°C on a rocking 
platform. The labeling reactions were terminated and the biotiny
lated cells were washed and collected by scraping in Tris-buffered 
saline (TilS) ( I x ), followed bycentrifi.igation at 500 x g for 3 min. 
T11e supernatants were d iscarded and the cell pellets were disrupted 
in manufacturer-provided lysis buffer by ultra-sonic.ation using 
five 1-s bursts with a Sonifier 450 (Branson Sonifier, Wilming
ton, NC, USA). TI1e cell lysates were centrifuged a t 10,000 x g for 
2 min at 4°C. Solubilizcd biotinylated cell-surface proteins in the 
clarified supernatants were isolated using NeutrAvidin Agarose. 
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Cell-surface-bound proteins were eluted using 50 mM DTI and 
precipitated with acetone overnight at -20°C. The pellets were 
stored at -SO"C until analysis. 

TI1e microsome (total membrane) subcellular glycoproteomes 
were obtained by first removing serum-free media, thoroughly 
washing cells with PBS (I x ), and harvesting cells in 25 mM 
1ris-HC1 pH 7.4, 150mM NaCl, I mM EDTA containing a pro
tease inhibitor cocktail (Roche Diagnostics). The cells were ultra
sonicated on ice for three rounds of 10-s bursts using a Sonifier 
450 and centrifuged at 2,000 x g for 20 min at 4°C to remove 
intact cells and nudei. The supernatants were ultra-cent rifuged 
at 120,000 x g for 80 min after which the supernatants were dis
carded. l11e microsomal membrane pellets were washed twice with 
ice-cold 0.1 M sodium carbonate and resuspended in 25 mM Tris
HCl pH 7.4, IS0mM NaCl, and 1% (v/v} Triton X- 114. Samples 
were ph;ise pani1ioned by incubation at 3:r'C for20 min, followed 
by 1,000 x g centrifugation for 10 min. The upper aqueous layer 
was carefully removed and nine volumes of ice-cold acetone were 
added to the lower detergent phase and incubated overnight at 
-20°C to precipitate the proteins. The pellets were stored at -S0°C 
until further analysis. 

The protein concentrations of the subcellular fract ions 
were measured using Bradford reagents (Signia). Equal p rotein 
amounts were precipitated in the three subcellular fractions and 
the resulting pellets were solubilized in 8 M urea for spotting o n 
PVDF membranes for N-glycome profiling or in NuPAGE LDS 
sampk buffer for gel electrophoresis prior to proteome profiling. 

SUBCELLULAR FRACTIONATION OF HUMAN COLON CANCER CELL 
LINES 
SW480 cells (5 x 107) were washed twice with homogenization 
buffer (20 mM HEPES, pH 7.5, and 0.25 M sucrose). Cell pellets 
were resuspended to a final volume of 2 ml in homogenization 
buffer and 1 ysed using an Ultra-T um,x di,-perser (lka). After a low 
speed centrifugation at 1,000 x g for !Omin, the supernatant was 
collected as the post-nudear fraction (PNF). The PNF was sub
jected to ultracentrifugat ion at 30,000 rpm for 1 h in a SW4 l Ti 
rotor (Beck.man Coulter) to pellet the microsome. ER and Golgi
enriched membranes were prepared as described (33). Briefly, 
I mL of PNF (usually 2.5-3 mg protein) was adjusted to 1.4 M 
sucrose by adding 2 ml of 2 M sucrose. A discontinuous sucrose 
gradient was made by sequentially loading 1.5 m l of 1.6M sucrose, 
3 ml PNF in 1.4 M sucrose, 3 ml of 1.2 M sucrose, and 3 ml of 
0.8 M sucrose. All sucrose solutions contained 20 mM HEP ES pH 
7.5. Ultracent rifugation was conducted at 28,500 rpm for 2 h in a 
SW4 I Ti rotor. Enriched-Golgi membranes were harvested at the 
0.8 Ml 1.2 M interface. Enriched ER membranes were harvested 
from the 1!I M layer. The collected ER and Golgi membranes 
were diluted by homogenization buffer to reduce concentration 
of sucrose and subsequently pelleted by ulnacentrifugation at 
30,000 rpm for 1 h in a SW4 !Ti rotor. Pelleted ER- and Golgi
enriched membranes were resuspended in 8 M urea and protein 
concentrations we re determined by BCA assiys (Pierce). 

RELEASE AND PREPARATION OF N-GLYCANS FROM SUBCELLULAR 
GLYCOPROTEOMES 
N-glycans were released from -20 µg secreted proteins, 50 µg 
cell-surface proteins, and 50 µg microsome membrane proteins 
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as previously described (.l7). Briefly, protein mixtures were 
immobilized on methanol-activated PVDF membranes (Milli
pore) and allowed to dry overn ight. Membrane-bound pro
teins were incubated with 2.5 U PNGase F (Plavobacterium 
me11i11gospeticu11~ Roche) for l6h at 37"C to ensure complete 
release of N -glycans. Released N -glycans were incubated w ith 
100 mM ammonium acetate (pH 5) for 1 hat RT and subsequently 
d ried by vacuum centrifugation. Reduction of N-glycans was per
formed with 20 1.1.L I M sodium borohydride (Sigma) in 50 mM 
potassium hydroxide (Sigma) for 3 h at SO"C. Reactions were 
quenched with 2 µL glacia] acetic acid. Dual desalting was per
formed in micro-SPE formats using strong cation exchange/C1s 
and carbon colu mns (17). Desalted N-glyca ns were eluted from 
the carbon columns with 20 µ L 40o/o acetonitrile (ACN) contain
ing 0.1% (v/v} trifluoroacetic acid and dried by vacuum cen
trifug:.Hion (34 ). Samples were stored at - 80"C if not ,rnalyzed 
immediately. 

DIGESTION AND PREPARATION OF PEPTIDE MIXTURES FROM 
SUBCELLULAR GLYCOPROTEOMES 
TI1e subcelh1far glycoproteomes of the bre;ist cells ( ~50 µg pro
tei1l/fraction) i.e., secreted, cell surface, and microsomes and of 
colon cells (-10 µg protein/fraction) i.e., microsome and ER- and 
Golgi-enriched membrane fractions were reduced and alkylated 
and subsequently in-gel (b reast cells) or in-solution (colon cells) 
digested. Prior to in-gel digestion, samples were loaded in 10 µ L 
Nu PAGE LDS buffer and separated on 4- 12% Bis-Tris PAGE gels 
(lnvitrogen). Bectrophoresis was performed at 200V for 50 min. 
After separation of proteins, gels were f~xed in 40% (v/v) ethanol 
and 10% (v/v) acetic acid for a1 leas1 2 h, sr:ained overnigh1 with 
Coomassie Blue G250 (Bio-Rad) and destained in ultra-pure water 
(Millipore). In-gel trypsin digestion of all samples was performed 
from eight equal sized gel fractions. Each fraction was sliced into 
I mm pieces and placed in a 96-well plate. TI1e gel pieces were 
destained with 50% (v/v) ACN in 50 mM ammonium bicarbonate 
until clear, dehydrated in 100% (v/v) ACN, and dried. Sequence
grade porcine trypsin (Promega) ( I :30 enzyme/substrate, w/w) 
was used to d igest the p roteins overnight at 3:r'C. Trypt ic peptide 
mixtures were then collected and two rounds of gel extractions 
of peptides were performed with 2% (v/v) formic acid in 50% 
(v/v) ACN and 50 mM ammonium bicarbonate. TI·,e extnicts 
were combined, peptide m ixtures dried by vacuum centrifug;i
lion, redissolved in 10 ~~L 0.1% (v/v) formic acid, and desalted as 
described below. For in-solution digestion, samples were diluted 
to < IM urea (final concentration) and trypsiniied (sequence
grade porcine trypsin, 1:40 enzyme/substrate, w/w) overnigl1t al 
37"C. Following proteolysis, the peptide mixtures were acidified by 
adding formic acid to a final concentration of0.1% (v/v). Desalted 
of peptide mixtures were performed using self-packed C1s SPE 
tips. Brie0y, C1s tips were washed three-rime with 20 µL 100% 
AC N, three-times with 201,1,L 50% ( v/v) ACN in 0.1 % formic acid, 
and equilibrated with 50µL 0.1% (v/v) formic acid. After sam
ple loading, tips we1·e washed three-t imes w ith 20 1,1,L 0. 1% formic 
acid. Peptides were eluted with 201.1.L 60% (v/v) ACN in 0.1 % 
formic acid and 20 1.1.L 90% (v/v) ACN in 0.1% formic acid and 
dried. The desalted fractions were dried and stored at - 80"C until 
LC-MS/MS 
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LC-MS/MS-BASED N-GLYCOMICS 
N-glycans alditols were separated using a porous graphi1ized car
bon (PGC) LC column [5 ,~m (particle size) Hypercarb KAPPA, 
100 mm (length) x 200 ,~m (ID), 250 A (pore size), ·rnermo Sc.i
entific] using an Uhimate 3000 HPLC system (Dionex) connected 
di reedy to an ESI-MS/MS HCT Ultra ion trap (Bruker Dalton
ics). Separation was performed using a binary gradient solvent 
system made up of solvent A (aqueous JO mM NH4HCOJ) and 
solvent B (90% ACN/10 mM ammonium bicarbonate). The flow 
rate was 2 ,~L/min and a total gradient of lOOmin was programed 
as follows: 0-2.5% solvent B for 0-13 mLn; 2-5- 17.5% solvent B 
for 14- 48 min; 17.5- 50% solvent B for 48-65 min; 50-100% sol
vent B for 65- 75 min; 100% solvent B for 75- 80 min; back to 0% 
solvent B for 80-85 min, and JOO% solvent A equilibration for 
15 min. Settings for the MS/MS were as follows: drying gas flow: 
6 L/min; drying gas temperature: 300"C; nebulizer gas: 12 p.s.i.; 
skimmer: - 40.0V; trap drive: - 99. 1 V; and CJpillary exit: - 166V. 
Smar! fragmentalion was used with start- and end-amplitude of 
30and200%, respectively. Ions were detected in ion charge co111rol 
set at 100,000 ions/scan and with maximum accumulation time 
of 200 ms. MS spectra were obtained in negative ion mode with 
three scan events: a full scan (m!z 400- 2,200) at a scan speed of 
S, I 00 m/z/s and data-dependent MS/l'vlSscansafterCID fragmen
tation of the top two most inlense precursor ions with an absolute 
in tensity threshold of 30,000 and a relative intensity threshold 
of 5% relative to the base peak. Dynamic inclusion was inacti
vated to ensure MS/MS generation of closely eluting N-glycan 
isomers. Precursors were observed mainly in charge states Z = - I 
and/or - 2. Mass accuracy calibr~tion of the mass spectrome
ter was performed using a well-defined tune mix (Agilent) prior 
to acquisition. N -glycans released from bovine fetuin served as 
positive controls for the sample prep0ration and the LC-MS/MS 
performance. Differenc.es between observed and theoretical pre
cursor and fragment masses were generally < 0.2 Da. TI1ree LC
MS/MS technical replicates were performed for the subcellular 
fractions. 

LC-MS/MS-BASED PROTEOMICS 
Three LC-MS/MS techn ical replicates of the subcellular proteomes 
of the breast cells were analyzed using a Q-Exactive (Thermo Sci
entific) . Peptide 111Lx1ures in 0.1% (v/v) formic acid were loaded 
onto a C18 reversed phase cohnnn packed in-house (2. 7 µ.m (parti
cle size) HaloLink Resins, Promega, column dimensions: 100 mm 
(length) x 75 µ.m (ID)] . Separation of peptides was performed 
over a 60 min gradient with the first SO min of the linear gradi
ent increasing from 0 to 50% in solvent B [0.1% (v/v) aqueous 
formic acid/ JOO% (vlv) ACN] and then to 85% solvent B for the 
next 2 min and maintained at 85% for 8 min. The flow rate was 
constant at 300 nL/min. The Easy-nLC (Thermo Scientific) was 
connected directly to the nano-ES! source of the Q-Exactive. MS 
full scans were acquired with resolution of 35,000 in the positive 
ion mode over mlz 350- 2,000 range and an automatic gain control 
(AGC) target value of I x 106. The top 10 most intense precursor 
ions were then isolated for MS/MS using higher energy collisional 
dissociation fragmentation al 17,500 resolution with the follow
ing settings: collision energy: 30%; AGC target: 2 x l (P; isolation 
window: 111/2 3.0;and dynamic exclusion enabled. Precursors with 
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unassigned or Z = + I charge states were ignored fot· MS/MS 
selection. 

Tbe subcellular proteomes of the colon cells were LC-MS/MS 
analyzed using a Triple TOF 5600 (ABSciex). Peptides were sep
arated by a nanoLC system (Eksigent) on a C1s reversed phase 
column [ProteCol 100 mm ()engih) x 150 µ.rn, (ID): 3 µ.m (part i
cle size), 300 A (pore size); SGE Analytical Science] with a 90 min 
gradient from 5 to 40% solvent B (90% (v/v) ACN with 0.1% 
formic acid] at a constant flow rate of 600 nL/min. The top JO most 
intense precursor ions with Z = +2, +3, and + 4 were selected for 
MS/MS u~ing CID fo:igmentation. 

ANALYSIS OF N-GLYCOME LC-MS/MS DATA 
N-glycome raw data for all subcellular glycoproteomes were 
viewed and manually analyzed using DataAnalysis v4.0 (Bruker 
Daltonics). Monoisotopic masses were obtained and searched 
against GlycoMod1 to obtain possible monosaccharide compo
sitions, which were subsequently verified manually by de r,ovo 
sequencing of corresponding MS/MS spectra and by taking 
account of PGC chromatographic retention tin1e. "Ihe glycan 
type and the terminating monosaccharide determinants could 
unambiguously be identified using this method (27). The relative 
abundances of the obset-ved N-glycans were detem1ined using the 
ratio of the extracted ion chroma1ogram (EiC) peak area of each 
N -glycan species over the sum of El C peak areas of all observed 
N -glycans in the sample. This has been shown to be a reason
ably accurate method for relative N-glycan quantitation (35). 
The extent of N -glycan processing was measured by evaluating 
lhe relative molar proportion of 1he relative unprocessed species 
(i.e., immature mono-glucosylated glycans and high-mannose 
type N -glycans) and the processed species (i.e., hybrid, complex, 
and paucimannose type N -glycans) of the total N -glycome. In 
addition, the degree of monosaccharide determinants including 
<X 1,2/3/6-mannosc, ~ 1,3/4-galactose, <X 1,3/4/6-fucose, and <X2,3l6-
sialic acid terminat ing N -glycans were calculated as a relative 
molar abundance of bolh the entire N -glycome and of the poten
tially modified N-glycan substrates (e.g., complex/hybrid-types). 
Since multiple determinants may be displayed by a given N -glycan, 
the total summed to more than 100%. 

ANALYSIS OF LC-MS/MS-BASED PROTEOMIC DATA AND GENE 
ONTOLOGY 
For b reast cell proteomes, raw spectra were converted to .mgf 
files using Proteome Discoverer Daemon v 1.3 (Thermo Scientific) 
and searched against SwissProt protein database (Homo sapiens, 
20,279 reviewed entries, November 2013 release) using the Global 
Proteome Machine (Cyclone). The following search criteria were 
used: carbamidomethylation was a fixed modification and oxida
tion and deamidation were variable modifications for methionine 
and asparaginelglutamine residues, respectively. Mass tolerances 
of 10 ppm and 0.02 Da were selected for precursor and product 
ions. respectively, with a maximum of two missedtrypticcleavages. 

For colon cell proteomes, MS/MS spectra were extracted by 
ProteinPilot v4 .2 (ABSciex) and searched using Mascot v2A.0 
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(Matrbc Sdence) against SwissProt protein database (Homo sapi
ens; 20,253 entries, April 2013 release) using trypsin as the diges
tion enzyme. Precursor and product ion 1olerances were 20pprn 
and 0.50 Da, respectively. Oxidation of methionine residues and 
carbamidomethylation of cysteine residues were used as variable 
modifications. 

&affold v4.2.l (Proteome Software) was used to validate 
MS/MS-based peptide and protein identifications. Peptides were 
accepted if they were confidently identified at ,:95.0o/o probability 
as evaluated by the local false discovery rate (FDR) algorithm. Pro
teins were included if they were ,onfidently identified at ~ 99.0% 
probability as assigned by the Protein Prophet algorithm incor
porated in the software. Proteins containing shared or similar 
peptides, and which couJd not be differentiated based on MS/MS 
analysis alone, were grouped to satisfy the principles of parsi
mony. Proteins, which confidently shared identified peptides were 
grouped into clusters. Proteins were annotated using gene ontol
ogy (GO) terms from NCBI. The protein identificat ions were 
stringently filtered based on the presence of a minimum of two 
peptides in all replicates. The relative abundances of proteins were 
determined by conventional spectral counting and adjusted by tak
ing the polypeptide length into account. Putative N-glycoproteins 
in the proteome of the subcelluJar fractions were predicted in sil,. 
ico based on the p(esence of one or more sequons (NxT/S, x-# P) 
and a signal peptides (for secreted proteins) and/or transmem
brane regions (for cell-surface and microsome proteins) using 
prediction tools including Signa!IP (v4. l) (36), lhnsmembrane 
Hidden Markov Model (TMHMM v2.0) (37), PrcdiSi (38), and 
Phobius (39). Mitochondrial and nuclear membrane proteins were 
excluded as these are unlikely to enter the ER-Golgi glycosylation 
pathway. Ambiguous assignments were manually checked (val
idated or discarded) with information from Uniprot. Potential 
sequons were obtained using NetNGlyc ( 40). These in silicopredic
tion tools generated lists of experimentally validated and putative 
glycoproteins. The I 00 most abundant glycoproteins in each sub
celluJar fraction were used to assess g]ycosylation site accessibil ity. 
The contribution of these glycoproteins to the total glycoproteome 
in each sample was estimated by multiplying the normalized spec
tral count of the individual glycoproteins with their potential g]y
cosylation sites, a measure termed "sequon-weighted normalized 
spectral coun t." 

SELECTION OF PDB 3D STRUCTURE FOR GLYCOSYLATION SITE 
ACCESSIBILITY DETERMINATION 
1liree-dimensional protein structures were obwined from the 
protein data ba11k (PDB) database2 . If multiple structures were 
available fora g]ycoprotein, the best matcl1 to the naturally occur
ring variant was chosen by considering the following parameters 
in a prioritized order: (I) high protein sequence coverage and res
olution of the 3D structure, (2) source of protein (purified from 
organism/tissue over artificial expression system), (3) known site
specific mutations, (4) presence of artificial/natural ligands, and 
(5) oligomerization of the solved 3D structure. The experimen
tally obtained PDB structures used in this study were all based 

2http://WWW.mb.o1ypdb 
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on X-ray crystallography, Tabk S2 in Supplementary Material. 
\•lhere no experimentally determined structures were ava ilable 
(43%), structure homologs were obtained irom ProteinModel
PortaJ3, Swiss-model repository", or ModBase5. High sequence 
homology was used as a selection criterion when choosing homol
ogy model. The average sequence homology for all strnctu res was 
67%, which is considered very reliable for homology modeling 
(<II), 'fable SI in Supplementary Material. 3D protein st ructures 
were viewed with RasMol v2. 7.5 (RasWiu Molecular Graphics) for 
visual inspection. 

GLYCOSYLATION SITE ACCESSIBILITY DETERMINATION FROM 
MATURELY FOLDED GLYCOPROTEINS 
Tbe glycosylation site solvent accessibility was determined by 
measuring the accessibility to the individual asparagine residues 
forming the glycosylaition sites using NACCESS6 (<12), an accurate 
and frequently used solvenl accessibility determination program 
( 19,43-'15). NACCF-'>Scalculatesthe atomicacces.~ible area hy pre
dicting van der Waal's interactions when a probe is rolled around 
on the protein surface (46, 47). 'The maximum probe size offered 
by the program (5 A rndius) was used as a default in this study to 
simulate as closely as possible the accessibility of the glycosylation 
enzymes to the glycosylalion siles. NACCESS produces unit-less 
and absolute accessibilit)' values as the output format (denoted 
"arb. w1ils''), which are comparable belween glycosylalion sites 
of different glycoprotcins (19). Prior to the measurements of 
site accessibility, any water molecules, sugru-s, ligands, and other 
hetero-atoms/molecules, not part of the core polypeptide d1a in, 
were removed from the protein surface. Negligible accessibility dif
ferences were observed forthe"native"and the monomeric form of 
glycoproteins with quaternary structures (data not shown). Hence, 
in the case of multimers, glycosylation site solvent accessibilities 
derived from the monomeric structures were not considered in 
the analysis. 

STATISTICAL ANALYSIS 
All relative abundances of N-glycans were presented as a percent
age out of IOOo/o as mean ± SD. Glycosylation site accessibilities 
were presented as mean ± SEM to illustrate the potential spread 
of mean instead of the individual data points, which can be hugely 
inlluenced by the (local) accuracy and quality of the PDB struc
tures. 'fo overcome this polential issue of PDB "noise;' relative large 
numbers of data points ( ,1) were needed. Data were analyzed using 
Prism v6 (GraphPad) . One-way AN OVA analysis was performed 
for statistical comparison between the three subcelluJar fractions 
followed by post lioc Tukey's tests. All p values were adjusted tak
ing into account the multiple comparisons made and reported as 
multiplicity adjusted p values. p < 0.0Swasregarded as statistically 
significant and indicated with"•." Stronger statistical significance 
was indicated as follows: ••·p < 0.0l;***p < 0.001; **'*p < 0.0001. 
Simple linear regression and corresponding correlation coeffi
cients (R2 ) were obtained to evaluate the relat ionship between 

3hup://www.proteinmodeiportaJ.org 
• htlp://swissmodel.expa,y.<>rg 
5http://modbas,.compbio.ucsf.oou/modbas,-r.gi/ index.cgi 
6http://wolf.bms.umist.:K-uk/naaess/ 
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the degree of N-glycan processing in terms of glycan type and 
expression of terminal glycan determinants and the glycosylation 
site solvent accessibility. 

RESULTS 
SUBCELLULAR-SPECIFIC N-GLYCOSYLATION OF HUMAN BREAST 
EPITHELIAL CELLS 
Label-free quantitative N-glycome mapping of the secreted and 
microsome (total membrane) subcellular glycoproteomcs of a 
panel of eight cultured human breast cells (i.e., MCF7, SKBR3, 
MDA\57, MDA231, MDA468, HS576T, HMEC, an-d MCFIOA) 
displaying diverse cellular features showed difforential N-glycan 
processing of the two fractions, Figure IA. The glycoproteins 
secreted into the cultured media consistently displayed a sig
nificantly higher proportion of processed N-glycan types (i.e., 
hybrid, complex, and paucimannose) (74.2-95.0o/o mol/mol of 
total N-glycome) than the high-mannosc-rich microsomal sub
cellular glycoproteomes (22.1- 55.6%, p < 0.(lOOl- 0.05). l.i11le, if 
any, correlation between the N-glycan processing stage and the 
cellular doubling time (R2 = 0.13) or the protein secretion rate 
(R2 = 0.35), respectively, was detected of the secreted glycopro
teomes across the cell line panel, Figure SI in Supplementary 
Material. No correlation was detected between the N-g)ycan 
processing stage of the microsomal glycoprotcins and the cel
lular doubling time (R2 = 0.0<1) or the protein secretion rate 
(R2 = 0.01). 

In-depth, N -glycan profiling of the secreted, microsomal, and 
cell-surface enriched glycoproteomes was carried out for MCF7, 
MDA468, and MCFI0A cells as representative cells for the breast 
cell line panel. Differential N-glycan processing was evident as 
exampled by the dear differences seen in the N -glycome mlz pro
files of the three subcellular fractions of MCF7 c.ells, Figure 1B. 
TI1e cell -surface glycoproteins derived from MCF7 a11d MDA46S 
(but not MCFI0A) cells were subjected to more N -glycan process
ing than microsomal proteins (p < 0.01-0.05) and all the three 
cell lines showed significantly increased abundance of the more 
processed N -glycans on the secre1ed pro1eins (p < 0 .0001- 0.01 ), 
Figure JC. 

SUBCELLULAA-SPECIFIC DISTRIBUTION OF N-GLYCAN 
DETERMINANTS 
To further evaluate the subcellular-specific dis1ribu1 ion of com
mon N -glycosylation determinants, which may be recogn ized 
by di fferent immuno-lectins, terminal o:-mannose, o: -fucose, and 
o:-sialic. acid residues were mapped based on the obtained N -
glycome profiles, Figure ID. As expected from the glycan type 
distribution, terminating o:-mannosylation was found to be sig
nificantly reduced on the secreted and cell-surface proteins rel 
ative to the microsomal proteins. The o:-focosylation, primarily 
of the o:1,6-(core) type, and o:2,3/6-sialylation were concomi
tantly significantly higher in the secreted fractions tl1an in the 
cell-surface-enriched fraction (with the exception of fue-0syla
tion of MCF7) and in the microsomal fraction of all three 
cell lines. 'faking the incomplete subcellufar fract ionatio n into 
account (see "Proteomics- and GO-Based Assessment of Sub
cellular Pr11ctio nation"), we estimate that very litrle terminal o:
mannosylation is present on protein N -glycans in contact with 
the extracellular environment in the investigated cells and that 
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little o:-sialylation and o: -fucosylation arc carried by intracellular 
(microsomal) N -glycoproteins. 

PROTEOMICS-AND GO-BASED ASSESSMENT OF SUB CELLULAR 
FAACTIO NATI ON 
In total, 2,297, 2,636, and 2,042 human proteins were identi 
fied across the three subccllular fractions in MCF7, MDA468, 
and MCFI0A, respectively. Putative N -glycoproteins fulfilling our 
strict prediction criteria i.e., presence of the following: one or more 
sequons (NxT/S, x ;!, P); and signal peptides (for secreted pro
teins); and/or transmembrane regions (for membrane-tethered 
proteins) comprisedsignificant proportionsofthesubcellularpro
teomes (IS.7-31.0o/o), Table S3A in Supplementary Material. The 
GO terms"ER''. "Golgi/endosome/plasma membrane", and "extra
cellufar" were used to evaluate the localization/origin of the glyco
proteins identified in the subcellular fractions. In agreement with 
a previousstudy (23 ), the GO annotation of the identified proteins 
showed that the microsomes in general contained a high propor
tion of ER-residing proteins, Figures 2A- C. Although the proteins 
are only broadly, and possibly somewhat inaccurately, classified 
on the basis of GO terms, the trends clc-arly indicated signifi
cant enrichment, although not complete iS<)lation, of the desired 
proteins in the respective subcellular fractions. The ER-based 
contribution to the microsome was supported by the fact that a sig
nificant proportion of the high-mannose N -glycans identified in 
this fraction were of the immature type i.e., Man9 ± Gk 1 (MCF7: 
35.3 ± 0.9%, MDA468: 40.2 ± 2.0%, and MCFI0A: 31.8 ± 0.4%, 
mol/molofthe totalhigh-mannosc N -glyca.ns),Figure 2D (MCF7 
data) and Figure S2 in Supplementary Material (MDA468 and 
MCFJ0Adata). 

To further investigate the intracellular N -glycosylation and 
confirm the presence of ER-rich microsomes, the N-glycome and 
proteome of ER- and Golgi-enriched fractions of human colon 
epithel i,tl cancer cells (SW4S0) as prep-ared by the method of 
sucrose density gradient centrifugation, were mapped and com
pared to the microsome profiles derived from the same cells, 
Figure S3A in Supplementary Material. Quantitative analysis of 
four reliable a nd represent;itive m,.1rkers of rhe ER (i.e., 7SkDa 
glucose-regulated protein, protein disulfide bond isomerase, cal
rctic.ulin, and protein transport protein Scc61 alpha isofo1m I) 
and Golgi (i.e., polypeptide N-acetylgalactosaminyltransferase 2, 
~- 1,4-galactosylt ra nsferase I, Golgi apparatus protein I, and Golgi 
membr;rne protein I) compartments revealed a h igh abundance 
of ER-specific proteins in the ER-enriched fraction, Figure S3B 
in Supplementary Material. However, there was still a significant 
prcsenccofER proteins in theGolgi-enriched and microsome frac
tions. In contrast, the ER-enriched and microsome fractions were 
essentially free of Golgi proteins, Figure S3C in Supplementary 
M.aterial. In line with our breast epithelial cell data, the proteins in 
the ER-enriched frJction contained a significantly higher degree 
of high-mannose (Gleo.1Man~9GkNAc2) (92%) N-glycans than 
the proteins in the microsome (75%) and the Golgi-enriched frac
tion (51 %). Taken together, the data confirm that the microsomes 
of human bre;rst and colon epitheli;tl cells predornin,.,ntly cont;1in 
ER proteins and that such intracellular proteins mostlycan-yhigh 
m;rnnose type N -glycosylat ion. Since the Golgi fraction con tains 
few, if any, ER proteins, it becomes dear that the majority of 
post-ER N-glycans arc of the complex type. 
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FIGURE 1 I Secreted glycoproteins display more N-glycan type 
processing than microsomal glycoproteins. (A) The N-glycomes of the 
microsomal (top) and secreted (bottom) proteins o f a panel of eight gene

and phenotypically different cultured human breast epithelial cells (i.e., 

MCF7. SKBR3, M DA157. MD0.231, MDA468, H$578T, HMEC, and MCFl0A) 
were profiled, see Table S1 in Supplementary Material for information of 

investigated cells. The relative molar abundances (mean ± SD) o f more 

processed N-glycans comprising the complex, hybrid, and paucimannose 
type are presented in light red and the less processed N-glycans of the 

immature and high-mannose type in green (inset). Subcellular-specific 

N-glycosylation of boxed cell lines was investigated further in greater detail 

(B) Summed m/z profi les of the N-glycomes derived from microsomal ltopl, 
cell-surface (middle), and secreted (bottom) proteins of MCF7 cells. Signals 

corresponding to N-glycans have been assigned as less ptocessed (green) 
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or more processed !light red) N-glycan types following the same 
classification as in (A). (C) Relative molar dist ribution (mean ± SD) of more 

(right, hybrid/complex/paucimannose, light red bars) and less (left, high 

mannose. green bars) processed N-glycan types of the microsomal (dotted 

bars). cell-surface (brick), and secreted (banded) proteins of MCF7. 

MDA468, and MCFlOA. (D) Subcellular-specific distribution of the N-glycan 

determinants. The proportion of terminal a-mannosylation, a-fucosylation, 

and a-sialylation (non-reducing end) N-glycans of the to tal N-glycome 
(mol/mol %) on the microsome, cell-surface, and secreted glycoproteomes 

across MCF7 Ii), MDA468 (iii. and MCFl 0A (iii) breast cell lines were 

determined from the N-gtycome profiles. N-glycans may terminate w ith 

multiple monosaccharide detetminants making the values sum to mcrn 

than 100%. For all panels: ns, not signif icant; * p < 0.05; * * p < 0.01; 
'"p < 0.001; .... P < 0.0001. 
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FIGURE 2 1 (A-Cl The subcellular proteomes of MCF7. MDA468, and MCF10A 
breast epithelial cell lines were mapped according to GO terms into ER, 
Golgl/endosome/plasma membrane, and extracellular region classifiers. This 
confirmed enrichment, but not isolation. of cell-surface and secreted proteins 
in the respective subcellular fract ions. In addition, the classification confirmed 
tha t the microsomes contamed a significant proportion of ER•residing 

DIFFERENTIAL Asn SITE ACCESSIBILITIES EXPLAIN 
SUBCELLULAR-SPECIFIC N-GLYCDSYLATIDN 
To investigate a possible Link between the observed subcellular
specific N -glycosylation and protein N -glycosylation site acces
sibility, in silica assessment of site accessibility was performed of 
the identified proteins predicted to be N-glycosylated. Due to the 
laborious and time-consuming approach of determining glyco
protein site accessibility (19), only the most abundant subset of 
the putative N-glycoproteins observed in the subceUular fractions 
were included in the accessibility assessment. The relative abun
dances of the individual putative glycoproteins were calculated by 
a conventional normalized spectral counting strategy; however, 
the number of sequons of the individual proteins was factored 
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D Distribution of high mannose in 
subcellular fractions of MCF7 
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• Man, • 

Man8 
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proteins. ID} The subcellular distribution of the high-mannose glycan type 
series on proteins derived from MCF7 into Man&, Man&, Man1, Man, , 
Ma"9 ± Glc1, the latter represent ing immature N-glycans normally only 
associated with intracellular EA N-glycosylation. See Figure S2 in 
Supplementary Material for the subcellular distribution of the high-mannose 
glycan type series of MDA468 and MCF10A. 

into the calculation to ensure a fair representation of heavily 
and lightly N -glycosylated proteins. We call this term "sequon
weighted normalized spectral counts." Based on sequon-weighted 
normalized spectral counts, the 100 most abundant glycopro
teins uniquely present in the three subcellular fractions, which, 
by weight, comprised 70-100% of the individual subceUuJar gly
coproteomes, were used 10 assess glycosylation site accessibility, 
Table S38 in Supplementary Material. The solvent site accessibili
ties were determined using an established approach based on van 
der Waal interactions of the asparagine residue of the glycosylation 
sites to solvent ( 19). 3D-glycoprotein structures (experimental 
or homology modeled) were available for approximately one
third of the 189, 89, and 183 putative N -glycoproteins identified 
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FIGURE 3 I (A) Glycosylation site accessibilities (unit-less, arbitrary values, 
mean ± SEM) of the microsomal (green). cell-surface (white), and secreted 

(light red) proteins derived from MC F, M OA468. and MCF10A breast 
epithelial cell lines. (B) Correlation between the site accessibilities and the 

uniquely in the m icrosome, cell-surface, and secreted fraction, 
respectively, Figure S4 in Supplementary Material. This yielded 
site-accessibility datasets covering in total 161 (microsome), 189 
(cell-surface), and 236 (secreted) N -glycosylation sites from the 
three cell types. 

Differential site accessibilities were observed for the three sub
cellular glycoproteomes for all three investigated breast cell lines, 
Figure 3A (see also Figures SSA-C in Supplementary Material 
for an alternative representation showing 95% confidence inter
vals). Glycosylation sites of secreted glycoproteins were signif
icantly more accessible [MCF7: 85.63 ± 35.47, n = 73; MD468: 
85.44 ± 36.85, n = 112; MCFIOA: 86.56 ± 33.54 (all unit-less 
arbitrary values), 11 = 95] than sites on microsomal proteins 
(MCF7: 59.44 ± 46.58, n = 32; MD468: 64.98 ± 46.99, 11 = 40; 
MCFIOA: 64.84 ± 40.97, 11 = 22, p < 0.01). In agreement with 
the N -glycomes that carried a mixture of less processed high
mannose and more processed N-glycan types, the sites of cell
surface proteins were intermediately accessible: cell-surface sites 
were either statistically similar in accessibility to the microso
mal protein sites (MCFI0A: 67.70 ± 37.66, 11 = 44) or similar to 
the secreted protein sites (MCF7: 76.20 ± 38.13, 11 = 84; MD468: 
85.95 ± 34.08, 11 = 40). For all three breast cell lines, the gly
cosylation site accessibilities were strongly correlated with the 
N-glycan processing as measured by their glycan type (MCF7: 
R2 = 0.94; MD468: R2 = 0.75; MCFI0A: R2 = 0.92), Figure 3B. 
Higher average glycosylation site accessibility of the secreted and 
partly also the cell-surface glycoproteins resulted , as such, in 
more N-glycan processing in terms of glycan type format.ion. 
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N-glycosylation processing as measured by the more processed N-glycan 
types (hybrid, complex, and paucimannose) as a molar proportion of the total 
N-glycome for the three subcellular fractions High correlation coefficients 
(R2) indicate strong correlation. 

Other subcellular-specific N -glycosylation signatures including 
core fucosylation, B-galactosylation, and a -sialylation were found 
to correlate only weakly or not at all with glycosylation site acces
sibility upon search for consistent trends across the three d ifferent 
cell lines, Table S4 in Supplementary Material. 

DISCUSSION 
SUBCELLULAR-SPECIFIC PROTEIN N-GLYCOSYLATION OF HUMAN 
CELLS 
All N-linked glycoproteins synthesized by a given cell are processed 
by a com mon glycosylation machinery. Despite this shared biosyn
thetic machinery, we observed that a panel of human breast epithe
lial cells of different geno- and phenotypes, reproducibly pro
duced subcellular glycoproteomes with distinct N-glycosylation 
signatures. The N-glycans attached to proteins enriched from the 
cell-surface, and in particular the secreted glycoproteins, were sig
nificantly more processed with respect to their glycan type (i.e., 
hybrid/complex/paucimannose) than the predominantly high
mannose type microsomal proteins for all investigated cells. As 
such, subcellular-specific N-glycosylation can be predicted to be 
a general cellular feature not restricted to the investigated breast 
epithelial cells. Deeper dissection of the intracellular organelle
specificity of colon cell N -glycosylation supported this concept. 
The capacity of human cells to generate multiple subcellular gly
coproteomes d isplaying specific N -glycosylation profiles has, 10 

the best of our knowledge, not been systematically investigated. 
The importance of cell-surface N -glycosylation for cell-cell 

and cell- protein interactions has prompted several investigations 
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of the cell -surface (alternatively termed plasma membrane) 
N-glycosylation. High-rnannose type N -glycans, in particular 
Man3-9 stn1c1ures, were previously reported to be the domi
nating featmes of the plasma membrane of human embryonic 
stem cells (48) and of cancer cells (49, 50). However, cell lysates 
and total membrane fractions similar to our microsome prepa
rations were used in these studies suggesting significant con 
tributions from intracellular high-marmose-rich ER-residi11g N 
glycoproteins (23). Hence, the actual cell-surface N -glycomes in 
the previous work may not have been accurately captured. Specific 

cell-surface enrichmelll methods such as bio1inyla1ion labeling 
strategies used in this study or adhesion-based isolation meth
ods (23) indicate that human cell-surfaces instead are generally 
decorated with more processed N -glycan types. 

Of the six c;,ncerous breast cells investigated in 1his study, 
only MCF7 and MDA4& displayed predominantly(> 70%) high
mannose N-glycans of the microsomal proteins. Approximately 
equal distribution o f h igh- man nose and the more processed N 
glycan types of microsomal proteins were detected in the remain
ing four c;,n.cerous (SKBR3, MDAIS 7, MDA23 I, and HS578T) and 
the two non-cancerous cells (HMEC and MCFIOA). In addition, 
no consistent over- representation of high -mannose N-glycans 
were detected for the secreted proteins derived from the cancer
ous cell lines relative to the non-cancerous cell lines. Together this 
indicates that high-mannose N -glycosylation is not linked directly 
to tumorigenesis. Others have associated serum-derived high
mannose N -gl ycoproteins Lo pathogenesis including cancer and 
inflammation (5, 51 ); however, whether these under-processed 
species are a result of leakage of intracellular glycoproteins as 
a consequrnce of cell death or active cellular secretion from 
intact cells remains 10 be described. Based on in-depth compar
ative analysis of the N-glycomes derived from secreted proteins 
of breast and colon epithel ial cells of non-cancerous and can
cero us na1ure, we have receni:ly identified several tumor- and 
sub-type specificN -glycosylation signatures amongst the complex 
N -glycans including alterations of sialylation, a 1,6-fucosylation, 
and bisec1irig ~ 1,4-GlcNAcylation (submi1ted) (52). 

SITE ACCESSIBILITIES MECHANISTICALLY EXPLAIN 
SUBCELLULAR-SPECIFIC N-GLYCOSYIATION 
We have previously shown that solvent accessibility of the glycosy-
1;,tion she of N-glycoproteins is an important foctor in generating 
protein- andsite-specificN-glycosylation (19). We usedliterature
based glycoprofiling of more than 100 mammalian glycopro1eins 
produced under different cellular and physiological conditions Lo 
establish that site accessibility of maturely folded glycoproteins 
correlates with N -glycan processingfeatures indudingglycan type, 
a 1,6- fucosylation and~ 1,4/6-GlcNAc-branching. We emphasized 
in that study that relatively large datasets were required to compen
sate for the poteruia l inaccurJcy o f the individual PDB structures 
and 1.he relative simplistic solvent accessibility assessment simulat
ing the accessibility of the processing glycosylation enzymes to the 
protein glyc.osylation sites. 

Herein, we used a similar approach using our own N 
glycosylation data acquired from eigl11 cell lines fractionated into 
subcellularglycoproteornes to fortherexplore the determining fea 
tures of site-specific N-glycosylation in the context of subcellular 
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localizatio11 of proteins. Homogenous cell cultures were an essen
tial tool to ensure that the isolated subcellular glycoproteomes 
were prodltced simultaneously under the same physiological con
ditions of the glycosylation machinery. Ahhougl1 the N -glycomes, 
as expected, varied considerably between the different cell lines, 
o ur experimental data not only validated the strong correlation 
of the N-glycan type and the glycosylation site accessibility of 
maturely folded glycoproteins in agreement with our previously 
report (19 ), but also mechanistically explained that subcellular
specific N -glycosylation is driven by differences in site acces

sibilities of the individual glycoproteins ending up at different 
subcellular destinations, Figure 4. Intracellular (microsome) N -
glycoproteins receive little glycan processing of the high-man nose 
intermediates as a result of limited site accessibility, whereas the 
secre1ed N -glycoproteins are modified almos1 e111irely 10 more 
processed N-glycan types due to high site accessibilities. As such, 
N -glycan processing may be a targeting signal or a requirement 
for intrJcellular (ER- Golgi-residing) glycoproteins to transloc;ite 
to the surface fo1· cell-surface integration/secret ion via vesicles. 
Keeping in mind there may be many exceptions Lo the molecular 
trends presented here, it is tempting to view the glycosylation site 
accessibility, and, thus, the N -glycan type, as a crude predictor of 
subcellular location of human gl ycoproleins. 

We have previously linked core fucosylation to glycosylation 
site accessibility (19). Interestingly, glycosylation site accessibil
ity alone could not explain the differential core fucosylation of 
the subcellular fractionated proteins in our data: the secreted 
proteins did not have a higher degree of core fucosylation of 
complex/hybrid-type N -glycans than the cell-surface proteins 
al1hougl1 the secreted proteins had significantly hlgl1er accessi
bilil ies. This surpr ising observation may be explained by a pos
sible advantage of the membrane-embedded cell-surface glyco
proteins to achieve preferential interaction with the membrane
bound fucosyltransferase S (FUTS) facilitating the addition of 
cd,6-fucose residues to the chitobiose cores of N-glycans. Sol
uble (luminal) glycoproteins may be less likely to interact with 
FUT8. This explanation is congruent with our previous observa-
1ion describing FUTS discriminalion of soluble N -glycoproteins 
over membrane N -glycoproteins (19). Similar processing pref
erence was not observed for the multiple processing enzymes 
responsible for the formation of the glycan type. As expected, the 
glycu, modification more distal from the protein surfoce i.e.,~-
1,3/4-galactosylation and a2,3/6-sialylation were not found Lo be 
correla1ed with glycosylation site accessibility since the glycosyl
transferases most likely have unhindered access Lo the substrates 
relatively far from the protein surface. By the same token, we 
cannot rule out that a more refined accessibility determination 
approach, which not 01,ly takes into account the glycosylation 
site solvent accessibility, but also the conjugated N -glycans (53-
56), may expose that other subcellular-specific N -glycan features 
correlate with site accessibility. New developments in glycopro
teomics may also support and strengthen these observations by 
giving more accurate insight into the connectivity of glycosyla
tion of the individual protein carrie1-s (31). Finally, it should be 
emphasized that althougl1 the subcellular glycoproleomes share 
a comrnot1 biosynthetic machinery, slightly different trafficking 
rates and/or routes Lo their final destinations are factors that may 
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FIGURE 4 I Subcellular-specific N-glycosylation is driven by differential 

solvent accessibility to the N-glycosylation sites on maturely folded 
glycoproteins. Consequently, the N-glycans of secreted, cell-surface, and 

contribute to yield distinct subcellular N -glycosylation. Other cel
lular factors including the glycosylation enzyme activity or the 
availability of nucleotide donors may also indirectly contribute to 
subcellular-specific N -glycosylaLion by having differential effects 

on the individual subcellular glycoproteomes. 

SUBCELLULAR-SPECIFIC GLYCO-OETERMINANTS IN IMMUNITY 
The distinct N-glycosylation signatures carried by the subcellu
lar glycoproteomes may be func tjonally important in immunity if 
we consider the key role of N -glycans as mediators for an effec
tive innate and adaptive immune response through their specific 
interaction with endogenous lectins. In addition, opportunistic 
pathogens often use exposed N -glycan determinants as recep
tors for adhesion using exogenous lectins ( 11 ). T he observed 
subcellular-specific glycosylation is here briefly discussed in the 
context of glyco-immunity and infection; it is stressed that fur
the r empirical evidence is required to validate these proposed 
relationships. 

We found that cr-sialylation was a more abundant feature of 
the secre ted N -glycoproteins than cell-surface proteins. High sia
lylation of secreted glycoproteins is essential to mask penultimate 
galactose residues from being exposed and recognized by asialogly
coprotein receptors,a C -type leclin ( 12). Thus, the high sialylation 
of secreted glycoproteins may be a requirement to ensure pro
longed circulation half-life. In addition, high sialylation of secreted 
glycoproteins can act as a strong decoy for the less sialylated cell
surface proteins, to which opportun istic pathogens are known to 
adhere through sialic acid-recognizing I-type Iectins (alternatively 
termed siglecs) (57, 58). Displaying less-than-complete sialyla
tion of the cell-surface proteins also ensures that a gradient of 

www.frontiersin.org 

•Moderate fucosylation 

Microsome 
•Low N-glycosylation site accessibility 
•Majority high mannose N-glycans 
•Less sialytation 
•less fucosylation 

microsomal proteins receive high, intermediate, and low N~lycosylation 
processing, respectively, and as a result, display distinct glyco-determinant 
signatures. 

biological activity toward endogenous siglecs for cellular signaling 
and endocytosis (59) is maintained through structural diver
sity, which may confer an immunological advantage to the host 
cells (60). 

The secre ted N-glycoproteins were over-represented in cr l ,6-
core fucosylation relative to the cell-surface proteins. In line with 
our previous observations, the higher degree of core fucosyla
tion may serve to either mask hydrophobic patches to regulate 
stability/solubility of the secreted N -glycoproteins ( 19) or to pro
tect these more exposed proteins from proteolytic degradation 
in the extracellular environment. It could be speculated that the 
membrane-embedded nature of cell-surface glycoproteins would 
make them more stable by not facing solubility issues in their local 
environment and less vulnerable to proteolytic digestion, the reby 
having less requirement for steric protection p rovided by a bulky 
fucose residue proximal to the protein surface. 

We and others have observed that cr-mannose is an unusual ter
minating structural determinant in the extracellular environmen t 
(61 ,62). This may partly be explained by the intracellular functions 
of mannose (and glucose) terminating N -glycans ( 16, 17). The 

presence of several mannose recognizing lectins in the extracellu
lar environment including mannan binding p rotein (MBP), DC
SIGN, and macrophage mannose receptors may be relevant in the 
context of apoptosis when mannose terminating N-glycoproteins 
are exposed to the extracellular environment. In par ticular, MBP is 

a key player and a first line of defense in innate immunity, enabling 
phagocytosis of apoptotic cells through its binding to exposed 
in1mature or under-processed glycans or to pathogens carrying 
mannosylated glycoproteins (63, 64). Hiding mannose inside cells 
under physiological conditions could thus be viewed as being 

August 2014 I Volume 51 Article 404 [ 11 



 

169 
 

Lee e, al 

critical to avoiding the unnecessary o nset of inflammatio n and 

a11to-immuni1y. 1l1e p resence of ex1raceUular tt-mannosyla1i o n 
wo u ld, as such, be indicative of pathophysiological conditions. 

In support of this hypothesis, high-mannose containing glyco• 

forms of intracellular adhesion molecule I and EGF receptor on 

cell -surfaces were shown 10 co n1 ribute 10 e ndothelial infla mma 
tion (6 1) and correlated with poor p rognosis o f various cancers, 

respectively (6 1, 62) . 

It has been noted that the structure an d function of th e protein 
N -glycome is different within and outside human cells and that 

thesedifforences maybe shaped by evolutionary forces (60). We are 

t he first to systematically invest igate and mechan istically explain 
some aspects o f subceUufa r-specific N -glycosylation . We conc.lude 
that human cells have developed protein structure-specific mech
anisms includ ing differential N-glycosylation site accessibilities 
to gen e rate subcellular glycoproteomes that display distinct N -
g lycosylation phenotypes using a shared biosynthetic machinery. 

Establishing th is relationship is o f gen eral significance to glycobi 
o logists and in pa1ticular to mokcular immunologists due to the 
functional relevance o f N -glycan detem,inants act ing as ligands 

for the spectrum o f endogenous lee.tins involved in facilitating au 
efficient immune respon&e. 
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CHAPTER 5 

Publication IV - An optimized approach for 
enrichment of glycoproteins using native 
multi-lectin affinity chromatography  

Proteomics has already made significant discoveries and advanced our understanding in 
cancer research. While glycomics is just maturing these years it is moving at a rapid pace 
and tangible examples in this thesis have been presented showcasing the strength of 
glycomics to explore the involvement of protein glycosylation in breast cancer. However, one 
of the remaining challenges is to link the knowledge of these two “omics” disciplines to 
enable an improved molecular understanding of the disease. As such, the ability to 
characterize intact glycopeptides provides the means to integrate the information of the 
carrier proteins, the specific modified site and the structure of the attached glycans. This last 
chapter focuses on optimizing a multi-lectin affinity chromatography platform to enrich for 
specific subsets of disease-related glycoproteins from the breast cancer cell line, MCF7, 
which can then be profiled using LC-MS/MS technologies. It is expected that this targeted 
glycoprotein enrichment strategy together with more untargeted enrichment strategies will 
provide important tools needed to mature the important field of glycoproteomics.  



Pages 172-180 (Publication 4) of this thesis have been removed as they 
contain published material under copyright. Removed contents published 
as: 

Lee, L. Y., Hincapie, M., Packer, N., Baker, M. S., Hancock, W .S. and Fanayan, S. 
(2012), An optimized approach for enrichment of glycoproteins from cell 
culture lysates using native multi‐lectin affinity chromatography. Journal of 
Separation Science, vol. 35, no.18, pp. 2445‐2452. 
https://doi.org/10.1002/jssc.201200049 

https://doi.org/10.1002/jssc.201200049
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CHAPTER 6 

GENERAL DISCUSSION 
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6.1 Thesis summary 

The primary hypothesis driving the studies in this thesis is that changes in the expression of the 

cellular proteome and N-glycome are bio-indicators of cancer development. This hypothesis was 

tested by surveying the proteomes and N-glycomes profiles of two subcellular fractions (i.e. 

secreted and membrane fractions) extracted from a panel of tumorigenic human cell lines models 

of breast cancer representing the most common clinical breast cancer subtypes, i.e. ER+/PR+, 

HER2-enriched and basal-like (basal A and B) breast cancers. The resulting profiles generated 

using well-established proteomes and glycomics technologies were related to the corresponding 

molecular “fingerprints” derived from normal reference cells representing healthy physiology. 

 

Chapter 2 described how shotgun proteomics identified over 3,000 proteins in the secreted and 

membrane fractions of the cultured breast epithelial cells. The secreted fraction demonstrated to 

be a promising source for the detection of molecular changes associated with cancer. Nearly 

twice as many known breast cancer-related proteins were secreted by the tumor cells compared 

to the non-tumorigenic cells. In both subcellular fractions, the majority of the differentially 

expressed proteins present in all three breast cancer subtypes were regulated in the same 

direction, indicating that the core molecular signatures underlying breast malignancy are likely to 

be conserved across the various subtypes of breast cancer. However, subtype-specific functional 

analysis of the resulting proteomes revealed that unique proteins in each of the three subtypes 

may still be involved in the activation of the common pathological mechanism driving the 

development and progression of cancer, e.g. in the GPCR pathway. Additionally, it is evident that 

the cellular-matrix integrity in the highly metastatic and invasive MDA231 cells was notably 

perturbed compared to the more weakly metastatic cells, MCF7 and SKBR3. These results clearly 

underpin the significance of the in-depth functional proteome analysis and highlighted the 

importance of integrating bioinformatics tools capable of handling large datasets into the 

workflow and the data interpretation. 
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 Although most proteomics researchers are satisfied with confidently identifying and accurately 

quantifying the proteins in biological samples, additional layers of structural complexity exist for 

the proteome. Proteins often undergo PTMs, which are often ignored in regular proteomics 

workflow. Protein glycosylation is one of the most abundant types of modification, which gives 

rise to extensive macro- and micro-heterogeneity. Aberrant N-glycosylation has been implicated 

in many types of human cancers as well as in other diseases. In Chapter 3, these molecular changes 

were probed by performing global N-glycome analyses of the secreted and membrane proteins 

derived from five epithelial breast cancer cells and non-tumorigenic breast epithelial cell line. The 

tumor cells corresponded to the three common breast cancer subtypes – luminal A (MCF7), 

HER2-enriched (SKBR3) and basal B (MDA157, MDA231 and HS578T). To the best of our 

knowledge, this is the first detailed characterization of the N-glycosylation of secreted proteins 

from a panel of breast cell lines.  

 

An important aim of this PhD study is to improve our understanding of the role of altered 

glycosylation in various subtypes of breast cancer. The N-glycomes of both secreted and 

membrane proteins fractions were in good agreement with the tumor-associated N-glycosylation   

features consistently reported in the literature including a higher degree of sialylation, 

fucosylation and branching of the N-glycans. Importantly, breast cancer subtype-specific N-

glycan analysis, which is rarely performed in glycomics type studies as judging from the available 

literature, revealed distinctive trends in the N-glycosylation associated with each cancer subtype. 

This clearly demonstrates the need to perform detailed glycome analysis to unravel subtle 

molecular changes on tumor-associated proteins and improve our understanding of breast cancer 

given the heterogeneous nature of the disease.  

 

Concomitantly, N-glycan changes have been correlated with altered expression of the relevant 

enzymes responsible for their occurrence such as sialylatransferases, fucosyltransferases, N-
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acetylglucosaminyltransferases and galactosyltransferases [247, 263, 345, 346]. Several 

investigations have also demonstrated a positive correlation of cancer-associated glycan structures 

with metastasis and prognosis of patients [241, 246, 258]. Serum-based studies are clinically 

relevant as cancer-associated glycan structures identified have the potential to serve as disease 

biomarkers. Over-expression of bi-, tri- and tetra-antennary glycans containing Lewis-type 

epitopes are often observed in the serum of breast cancer patients [259, 347]. Although protein 

N-glycosylation changes in the breast cancer cultured cells investigated correlated well with those

found in the serum, some of the structures identified, such as LacdiNAc and bisecting N-glycans, 

have rarely been described in clinical samples and/or in vitro studies. A possible explanation that 

they have not been observed in serum could be that their presence is masked by the Lewis-type 

epitopes, which have been shown to be released from the highly abundant glycoproteins 

produced in the liver in response to inflammation [348].    

The N-glycome data not only affirmed that N-glycosylation is closely associated with breast 

cancer, but also demonstrated, as the first study to do so, that secreted N-glycan expression 

profiles recapitulate the major luminal-basal distinction observed in breast tumor tissues. Thus, it 

supports that the selected panel of epithelial breast cell lines serves as a reasonably accurate in 

vitro models for investigating the deregulation of the proteome and in particular the protein N-

glycosylation in breast cancer. 

The panel of breast cancer cell lines used in this study are well characterized in terms of their 

genome and transcriptome profiles. High quality data are often made publicly available to the 

scientific community by depositing data into repositories to expand current knowledge on cancer. 

In the light of system-wide understanding of altered glycosylation in cancer, the relevant 

glycosyltransferase transcriptional data were extracted from publicly available databases. Some of 

the N-glycan changes observed in the study, for example, increased sialylation and fucosylation, 
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correlated well to their corresponding transcript levels, while others did not, suggesting a more 

complex regulation involved in glycosylation alteration. However, a potential caveat in assessing 

external data is that the cell culturing conditions may differ from those used in this study and 

therefore could affect the analysis outcome by introducing another level of variability. 

 

 In the past two decades, research into global cellular proteome, and more recently the global 

glycome has expanded tremendously. Such efforts are in part driven by the expectations that 

system-wide analyses will lead to the discovery of novel cancer biomarkers and therapeutic drug 

targets and in part due to the expectation that such holistic molecular mapping of cells and 

tissues will yield fundamental insight into disease mechanisms, which was not easily achievable 

with previous analytical techniques. More than hundreds of discovery-based proteomics research 

studies have been undertaken in the past 30 years, but despite this intense research focus no 

reliable protein biomarkers predictive of breast cancer have been approved by authorities and 

translated into the clinic [144]. One reason may arise from the multifaceted nature of the 

proteome, which is regulated in a spatial-temporal sense and show individual specific differences. 

In addition, identifying unique proteome features for breast cancer has proven extreme 

challenging due to the heterogeneous nature of the disease, which is now recognized not as a 

single disease but comprised of at least 10 distinct subtypes [349]. In addition, many subtly 

molecular alterations are observed within the individual subtypes creating an intricate level of 

molecular heterogeneity. These structural complexities are also applicable to the glycome, which 

displays even greater diversity due to its structural heterogeneity. The lack of success of 

establishing specific and sensitive biomarkers has taught us that the most promising approach to 

accurately detect cancer may not be carried out using single biomolecule detection; the predictive 

power can be dramatically increased with the use of a combination of known tumor protein 

biomarkers [350]. Results from the protein-protein network analysis in Chapter 2 strongly 
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support this notion where the proteome data showed that deregulated pathways in the tumor 

cells were orchestrated by sets of closely related proteins. 

 

Alternatively, as illustrated by the two following examples, combining molecular features e.g. by 

using the concentration of a tumor-related protein and the presence of its tumor-specific 

glycoforms may be an avenue to increase the biomarker features of glycosylated proteins.  Serum 

α-fetoprotein has been widely used as a tumor marker for hepatocellular carcinomas (HCC), but 

its level is also increased in other benign liver diseases decreasing the specificity of the protein. 

Interestingly, the core fucosylated N-glycosylated form of human α-fetoprotein is a reasonably  

specific marker for the detection of HCC [351]. Similarly, detection of both the level of human 

prostate-specific antigen (PSA) and its N-glycoforms may greatly improve the early diagnosis of 

prostate cancer [352]. Indeed, detailed characterization of disease-specific glycosylation is now 

regarded as a more effective strategy for the discovery of novel biomarkers [353]. The emerging 

technologies for site-specific analysis of glycoproteins via developing glycoproteomics platforms 

will play a key role in this area.           

 

A major disadvantage using the glycomics approach in this study was that data analysis required 

manual interpretation for the detailed assignment of glycan structures. This task was challenging 

and time-consuming due to the structural complexity, heterogeneity and non-template driven 

nature of glycans. The approach would have benefitted if high-throughput computational tools 

were available, like those that have been developed for proteomics analysis. Such platforms are 

urgently needed for the advancement of the glycomics field. However, developing software tools 

for glycomics annotation is far more complicated compared to those of proteomics because of 

the complexity of glycan data and limited integrative database resources. Some of these needs are 

being met by the program uniCarbKB that aims to provide integrated online resources to 

glycobiologists. However, more high-throughput computational tools with sophisticated 
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algorithms have to be developed for annotating glycomics data so as to expand the limited 

databases. 

 

Another limitation encountered during interpretation of proteomics and glycomics data is the 

absence of verification studies using clinical materials such as breast tumor tissues or breast 

cancer plasma/serum. This limitation is partially addressed by correlating the data to clinical-

based findings. Additionally, in order to ensure a comprehensive coverage of the breast cancer 

subtypes investigated in this project, a large panel of breast cancer cell lines were used. 

   

While surveying a larger panel of eight breast epithelial cell lines including those studied in 

Chapter 2 and 3, an interesting molecular trend was observed – subcellular-specific distribution 

of the N-glycan types was consistently found on glycoproteins in the secreted and membrane 

fractions from all investigated cell lines. The secreted glycoproteins displayed mostly highly 

processed (complex type) N-glycans whereas the membrane glycoproteins were largely immature 

(high mannose) N-glycans. Although noted in passing in various glycomics studies of biological 

secreted fluids, this differential N-glycan processing of proteins derived from various subcellular 

fractions has not previously been explored.  

 

In Chapter 4, a systematic investigation of the subcellular-specific N-glycosylation was carried out. 

The particular focus was directed to the secreted, cell surface and intracellular subcellular 

glycoproteomes of three cultured breast epithelial cells, MCF10A, MCF7 and MDA468. The 

strong correlation between N-glycan type formation and N-glycosylation site accessibility 

confirmed that subcellular-specific N-glycosylation arise at least in part from, and not solely 

determined by, differential solvent site accessibility of proteins localising to the different 

subcellular fractions. It is important to emphasize that the molecular relationship presented in 

this study is based on predominantly Golgi-residing glycosylation enzymes acting on maturely 
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folded proteins. The correlation therefore does not apply to immature and partially folded 

proteins in the ER where the initial N-glycan processing (trimming) of high mannose glycans 

occurred. As discussed previously, other factors may affect the N-glycan processing including 

protein secretion rate and ER/Golgi residence time.      

There are, however, potential flaws of the approach used to measure glycosylation site solvent 

accessibility based on the widely-used solvent accessibility determination program called 

NACCESS. The software calculates the atomic accessible area when a probe (5 Å radius) is rolled 

around the protein surface, predicting van der Waal’s interactions. PDB 3D structures obtained 

from X-ray crystallography were selected following a set of parameters, and high-sequence 

homologues were used if no PDB structures were available. Prior to measurement, any water 

molecules, sugars, ligands and other hetero-atoms/molecules that were not part of the core 

polypeptide chain were removed from the protein surface. In this study, relatively large datasets 

were used, which were needed to compensate for the potential inaccuracy arising from factors 

such as individual PDB structures, assuming glycosylation of all polypeptide chains fulfilling the 

basic criteria for N-glycosylation (i.e. presence of signal peptide and sequon and GO-categorized 

as a membrane/soluble protein) and the relatively simplistic solvent accessibility measurement 

simulating the accessibility of the processing glycosylation enzymes to the protein glycosylation 

site.     

Higher site accessibility facilitated the presentation of more processed N-glycans on the cell 

surface and secreted glycoproteins while less glycosylation site accessibility restricted N-glycan 

processing leading to under-process N-glycans on proteins located predominantly in intracellular 

organelle membranes. The study discussed the importance of molecular interactions of the 

subcellular-specific N-glycan determinants with endogenous lectins such as collectins and siglecs 

with affinities for α-mannose- and sialic acid-terminating N-glycans, respectively, during an 
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immune response. Subcellular-specific N-glycosylation is also of high relevance in the context of 

breast cancer given the intimate relationship between cancer and inflammation in the tumor 

micro-environment [354]. In breast cancer, hyper-activation of the immune system mediated by 

the innate and adaptive immune cells including sialic acid-containing leukocytes and lymphocytes 

promotes tumor development and disease progression [355]. It is worth noting that although the 

analysis of secreted N-glycans (Part1, Chapter 3) showed a high prevalence of more processed 

complex type N-glycan in all investigated cell lines, a significant higher degree of sialylation of the 

complex N-glycans was observed for all breast cancer cells relative to the non-tumorigenic cells 

thereby suggesting the role of sialic acid in tumorigenesis.  

The study presented in Chapter 4 also highlighted the challenges associated with isolating or 

enriching for the biologically very active proteome subset, the plasma membrane (cell surface) 

proteins. It importantly concluded that conventional ultracentrifugation methods to isolate the 

total membrane proteome (microsome) were not an efficient way to isolate plasma membrane 

proteins. In addition to capturing the cell surface proteins, the microsomal fraction also captured 

the much larger fraction of membrane proteins from the intracellular organelles such as ER and 

Golgi residing proteins. These multiple subcellular origins of the membrane protein naturally add 

severe complexity to the interpretation of their biological activity. In this light, future proteomic 

and glycomic studies can benefit by first performing a full characterization and optimization of 

the fractionation process. Nevertheless, to alleviate this issue, cell surface biotinylation was 

proven to be a highly useful method to specifically enrich this sub-population of proteins from 

the total cellular membrane proteins.     

While modern glycomics profiling techniques have provided a means to map the N-glycome in a 

relative fast and comprehensive manner and provide clues to assess their putative functional roles 

in cancer progression, a major drawback is the loss of information of the carrier proteins. 
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System-wide analysis of intact glycoproteins or glycopeptides derived from the glycoproteome 

with the glycans still attached to the polypeptide carriers captures such structural information 

which is vital to accurately interpret the biological importance of protein N-glycosylation. 

Glycoproteomics is a term which was coined to describe the system-wide analysis of the 

glycoproteome in a defined system. Due to the extreme structural heterogeneity of glycopeptides 

in complex biological mixtures, true glycoproteomics techniques are still in their relative infancy 

[22] and more development is needed at all levels from sample preparation to LC-MS/MS 

acquisition and automated data interpretation.  

 

In Chapter 5, an affinity chromatography platform utilizing lectins to enrich for tumor-relevant 

subsets of the glycoproteome from complex protein mixtures was developed and optimized. 

Lectins show affinities but rarely absolute specificity towards certain glycan 

determinants/epitopes and may therefore be used in targeted (and biased) approaches to enrich 

for glycoproteins of interest. Instead of using single lectins to enrich for glycoproteins bearing a 

particular glycan epitope, multiple lectins combined in an affinity chromatography system (called 

M-LAC) were used to capture a collection of tumor-relevant glycoproteins carrying a broader 

range glycan epitopes. Similar M-LAC platforms to enrich for tumorigenic glycoproteins from 

human serum or plasma have previously been developed where the same combination of lectins  

were used including Con A, Jac, and WGA to enhance the lectin–glycoprotein interactions via 

the glycoside cluster effects [356]. Importantly, this strategy of glycoprotein enrichment is 

compatible with conventional workflows for downstream LC-MS/MS based (glyco)protein 

identification following deglycosylation or as intact glycopeptides. The basis of Chapter 5 was to 

optimize the M-LAC platform to enable glycoprotein enrichment from whole cell lysates of 

breast cancer cell lines, but may also be applied to individual subcellular fractions. One of the 

technical challenges during this method optimization was lectin leaching or “column bleeding”, 

which was related to the use of low pH mobile phases for analyte elution. To circumvent this 
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issue, the mode of elution was changed by utilizing saccharide elution mechanisms, which 

dramatically increased the glyco(protein) recovery and prevented loss of the stationary phase by 

lectin leaching. A possible future application for the optimized M-LAC glycoprotein enrichment 

technology is the isolation of membrane glycoproteins using selected lectins targeting the highly 

tumor-specific subsets of glycoepitopes identified in this thesis (Chapter 5). Isolating tumor-

specific (sub)glycoproteomes are valuable for even deeper structural and functional 

characterization in particular when methodologies for glycoproteomics become more mature 

enabling system-wide site-specific mapping of protein N-glycosylation.   

 

6.2 Future directions 

It is important to bear in mind that in large scale “omics” studies, such as those discussed in this 

thesis, the structural knowledge derived from long lists of identified protein/glycan structures do 

not necessary yield answers to specific biological questions, but may instead help to formulate 

more intelligent questions for future studies [357]. A shortcoming of this thesis is that results of 

identified molecular alterations from the proteomics and glycomics studies were not further 

investigated using clinically relevant samples, which are essential for the translation of data from 

in vitro models towards the clinic. Hypothesis-driven investigations, based on initial “omics” 

based observations, are usually required to test the molecular trends or patterns observed on the 

system-wide level. In the context of this thesis, it would require the detailed investigations on 

highly specific subsets of the proteome or N-glycome or individual proteins such as USP14 or 

XPO1 or glycans to evaluate their functional roles in breast cancer biology. A key future aim is 

therefore to verify the observations identified in this thesis using clinically derived samples and 

establish their possible clinical utility.  

 

Moreover, omics type studies, including those in performed in the thesis, do not usually provide 

direct evidence whether aberrant glycosylation or deregulated proteome are causing or a result of 
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cancer; the exact etiology of the disease clearly needs to be addressed in future studies. For 

example, it would be of interest to determine whether the elevated expression of α2,3-linked 

sialylation observed in basal subtype of breast cancer cells is a key molecular promoter of 

metastasis or simply a passive result of the physiological changes associated with the pathology.  

The results and conclusions in this thesis were derived solely by observation made from isolated 

cultured cell lines. However, it is important to stress that a relative large panel of cell lines was 

used ensuring the inclusion of disease and genetic heterogeneity in mapping the molecular 

patterns. Nonetheless, it should not be ignore that the exact roles and effector functions of the 

identified proteins and their glycans in tumorigenesis is highly dependent on their cellular and 

molecular interactions in the actual tumor micro-environment. Hence, the molecular 

observations and functional trends described in this work clearly need to be validated in cancer 

tissue from biopsies or following removal by surgery. 

 

One future direction following on from this body of work will be to bridge the existing and 

continuing gap between proteomics and glycomics in order to achieve an integrated 

understanding of the molecular events underlying fundamental aspects of human and in 

particular disease biology. In this light, the optimized method for lectin affinity chromatography 

can be further applied to different biological samples in future studies to isolate subsets of intact 

glycoproteins of interest for further analysis. Glycoproteomics will be pivotal in connecting the 

fields of proteomics and glycomics. Given this area is currently the subject of intense research 

interest, glycoproteomics is likely to develop at a rapid pace. Developments are bound to benefit 

from the significant and continuous advances in LC-MS/MS technologies facilitated by 

proteomics, such as the advent of high resolution and mass accuracy MS and attention to more 

sophisticated bioinformatics solutions being integrated into existing and novel workflows.  
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Specifically, the observations presented herein would benefit from glycoproteomics type 

investigations at the glycopeptide or ideally at the intact glycoprotein level to identify the integrity 

of the carrier proteins that display the tumor-associated glycan structures. Glycoproteomics data 

would also provide validation and possibly further insight into the documented feature of 

subcellular-specific N-glycosylation allowing us to advance our understanding of the fundamental 

regulatory control mechanisms associated with protein N-glycosylation. This, in turn, will enable 

us gain an even greater appreciation of the important role(s) of protein N-glycosylation in 

tumorigenesis. 

 

6.3  Conclusion 

The primary aim of this thesis was to increase our understanding of the molecular changes 

associated with breast cancer by specifically investigating the proteome and glycome in a global 

system-wide context of a panel of tumorigenic and non-tumorigenic cultured breast cell lines. 

These large-scale omics studies revealed that biologically significant proteins and their N-glycans 

are differentially expressed in the secretions and in the membranes of breast tumor cells relative 

to their healthy non-tumorigenic counterparts. In general the observed molecular alterations 

agreed well with observations published in the literature thereby confirming the accuracy and the 

usefulness of the chosen cell line panel. Importantly, a large set of new protein and glycan 

alterations were identified here due to the analytical depth and the dual molecular focus of this 

study. The molecular changes were tumor- and cancer subtype-specific; the N-glycomes could as 

such be used to delineate the common breast cancer subtypes. However, whether such cancer 

subtype-related structures are causing or resulting from breast tumorigenesis needs further 

assessment by more targeted etiology studies. While mapping these cancer-related molecular 

patterns, subcellular-specific protein N-glycosylation was identified as a more common seemingly 

universal feature of human cells, not only related to cancer cells. This intriguing feature could 

mechanistically be explained by the differential solvent accessibility to the N-glycosylation site of 
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proteins localizing to the different subcellular locations of the cell. Mapping the factors driving 

the spatial and temporal regulation of glycosylated proteins is crucial to build up a solid 

understanding of the importance of protein N-glycosylation in health and disease. Finally, a 

minor focus of this thesis was dedicated to not only use, but also further develop, a sample 

preparation tools for proteomics and in particular glycoproteomics. To this end, a multi-lectin 

glycoprotein enrichment platform was developed and optimized to enable isolation of tumor-

specific subsets of the glycoproteome from breast cancer cells. It is anticipated that such 

isolations and further technology developments within the glycoproteomics field will enable us to 

get even closer to defining the exact molecular alterations associated with breast cancer. In 

conclusion, this thesis has provided evidence that deep system-wide molecular characterization of 

tumor-specific specimen may generate solid knowledge platforms from which potential 

biomarkers and therapeutics can be developed and from where more targeted biological 

questions related to the mechanistic understanding the molecular alterations in disease can be 

defined.        
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NB: A Final Report report is due on 16 March 2016. 

If you complete the work earlier than you had planned you must submit a 
Final Report as soon as the work is completed. If the project has been 
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APPENDIX 1: List of identified secreted proteins 
\/iW = rnolecul<T wf'ight; FJ.C = brl;'<1~ c,1nc!"r; NSAF = norrn.ili1f'<l spf'ctr,il .ibund.ince t:-ir.tor; Non-Cl= non-cl.issic.il sf'crf'tion:c; 

Tr\/= lrcm~m!:'rnbrcm1:> dornc1in; Nil !:'XfJt!:'~~iun inJii.:dl!:'d by gr~y-~hcHJ!:'d box 

Identified secreted proteins present in all four breast epithelial cell lines 

lder\tified Proleim 

14-3-3 prnteir beta/alpha 

14-3-3 proteir epsilon 

l'l-3-3 protein eta 

111-3-3 prolei11 ~crrrna 

14 3 3 protein thct<1 

14-3-3 protein ,:eca/clelta 

265 protea5ome non-ATPase regulatory :eubunit 2 

265 protea5ome non-ATPase regulatory subunit 

2GS protea5ome non-ATPase regulatory subunit 

3'(2';,5'-bisphospha~e nucleoticlase 1 

LOS ribosomal pro~ein S28 

405 ribosomal pro~ein SJ 

LOS ribosomal pr:rein S5 

LOS ribosc,mal pro~ein SA 

.~5 k □ c1 calcium-bim:in~ protein 

605 ribosoms1I pro~cin _12 

6-ph;:isphogluconate clehyclrogenase, clecarboxylating 

6-ph ;:isph ogl ucomla cton a 5e 

78 k □ a glLc;:ise-regLlated pr;:itein 

Acet·1I-CoA acetyltrans.;:erase 1 cytosolic 

/\ctir-rel:1ted protein 2 

/\cLi1'-reL1led ~rolein 2/3 c::implex subunit 3 

Adenine ph ospt-oril:rnsyltro ns.::ercise 

Adeno5 ylt- omocys~ein2se 

Acienylyl cydase-associ2ted proteir 1 

ADP-ribOS)'la~ion factor 1 

AD :i-sugar pyrophosphatase 

/\lcohol dehy::lrogenase [r"\J,\lJP(+)] 

Amino<1cvl<1sc 1 

Aminc,peptidase B 

Amyloid be~a A4 protein 

Amyloid-like protein 2 

Annexin A2 

/1nnexin /\3 

Ar7r1Rxir7 AS 

Aspartate arrino~ransferase. mit;:ichondrial 

/\ttrcclin 

3asal cell adhesior molernle 

:in~RrriPnt rY7Pfl1bUlr'7P-~PRCific hRP<lr'<'111 ~\1ltntt 

proteoglycan core protein 

:ietc-1/1-galac:osyltrarsferase 1 

3et2-rexosarriniclase SL,bL1nit alpha 

3eta-rexosarninida5e s1,bunit beta 

Cal pain small subunit 1 

Calreticulin 

Cath epsin B 

Cath epsin Ll 

Cathepsin z 

CD166 antigen 

CD59 glycoprotein 

Cell division control protein 42 homolog 

Chitinase domain-containing protein 1 

Chloride intracellular channel protein 1 

Chloride intracellular channel protein 4 

Cluster of 60S ribosomal protein Lll 

Cluster of Actin, cytoplasmic 1 

Cluster of Alpha-actinil'l-4 

Cluster of AP-2 complex subunit beta 

Cluster of ATP-citrate syl'lthase 

Gene 

YWH/\8 

YWHAE 

YWHAH 

YWHAG 

YWHAQ 

'YWHAZ 

:isMJ2 

PSMJ5 

RPS28 

RPSA 

SDF4 

SLC3A2 

:iPLPO 

!-ISP/\5 

A~PC3 

NlJrJTS 

A'\P,1Al 

Er\JOl 

MJI.P,2Al 

A\JXA7 

A'-JXA::l 

A\JXA4 

A\JXA5 

GOTl 

GOT2 

ATR~J 

bCP..M 

rlSPG7 

34GAIT1 

32M 

rl~XA 

C,\P r~Sl 

(Al R. 

C6P,1 

CPE 

CTSB 

C!SL 

CTSl 

ALCAM 

CDS9 

CDC42 

CHIDl 

CLICl 

CLIC4 

RPLll 

ACTB 

ACTN4 

AP2B1 

ACLY 

MW BC 

(kDi1) di1tclbel'>C 
Exosorne 

2B Yes Yes 

29 

?R No 

28 No 

28 Yes Yes 

28 Yes Yes 

28 Yes Yes 

100 Yes Yes 

,6 No No 

46 No Yes 

33 No No 

No Yes 

No Yes 

No Yes 

::,:::,. No 

42 No 

68 Yes Yes 

34 Yes Yes 

No Yes 

53 No Yes 

28 No Yes 

72 No Yes 

41 

4S No 

21 Yes 

47 No Yes 

20 No Yes 

48 Yes Yes 

Yes Yes 

21 ~Jo Yes 

/4 No 

17 No 

47 Ye~ Yes 

131 No Yes 

46 Yes Yes 

73 Yes Yes 

87 Yes Yes 

8/ Yes Yes 

36 No Yes 

36 No '!es 

46 No Yes 

48 rlJo Yes 

159 No 

G/ No Yes 

44 No 

14 No Yes 

76 No Yes 

61 No No 

G3 Yes 

28 No Yes 

30 Ye~ Yes 

53 No rco 
38 Yes Yes 

38 No No 

No 

Yes 

14 No Yes 

21 No Yes 

45 No Yes 

27 Yes Yes 

Yes 

20 No Yes 

42 Yes Yes 

105 No Yes 

105 Yes No 

121 No Yes 

Signal 

Peptide 

Clo 

No 

No 

No 

No 

No 

No 

No 

TM 
Average NSAF 

1-lMl:C MCF7 SKl:IR3 MOA23:1 

No >1.880':-03 ~.OO>ir.-03 /.lil.'lr.-J3 ~.26/r.-0:I 

rJo 5.153:-03 L843E-02 8.511E-:'.l3 1.s38E-02 

fJD ?i.nn;: 0?i 4.Hi~F 0?i 4.484F J?, ?,,749F :l?, 

No 3.895': 03 3.596E 03 5.178E J3 2.66CE 03 

No 1.403':-02 4.061E-03 2.0L5E-J3 2.42CE-03 

~Jo 6.603:-03 4.839E-03 E.102E-J3 '.:,.311E-03 

rJo 8.437:-03 7.806E-03 8.363E-J3 7.802E-03 

No 5.723:-os l.557E-04 2.0L5E-J4 2.351E-04 

No rJo 2.846::-04 5.365E-04 2.391E-J4 L.003E-04 

Non-Cl No 1.408:-04 l.232E-04 2.8L5E-J4 3.195E-04 

No ~Jo 1.854:-03 1.903 E-03 l.429E-J3 9.987E-04 

No rJo L.J::l'.J::-04 8.00::!i:-04 /.Ull:-J4 J.U11:-Cl4 

Non-r:I ~J(') S.171 "-04 1.17S F-0:1 C,.40RF-:l4 1.0SSF-:FI 

Yes rJo 1.928: 03 2.651E 04 5.SOOE J4 5.279E 04 

No Yes 3.402:-04 l.337E-03 l.152E-J3 6.888E-04 

No No 4.590:-04 6.006E-04 4.029E-J4 6.538E-04 

Non-Cl ~Jo 8.684:-04 2.296 E-03 5.972E-J4 l.857E-03 

No rJo G.415:-04 l.1G9E-03 l.127E-:J3 9.438E-04 

Non-Cl No 4.S90~-04 3.30Sl:-04 8.J%1:-J4 8.01Cl:-Cl4 

Yes r~o 9.9,18::-0,1 2.6•18E-03 2.3·'i3E-J3 2.87•1E-03 

Nrrn-tl rJo 7.401:'"-04 1.fifi::lF-04 S.7RSF-:lS fi.S:14F-:'14 

No Nt1 R.fifil:'" OS S.47RF 04 S.979F :14 4.99::lF :l4 

Non Cl No 3.944: 04 7.731E 04 l.2L5E J3 l.875E 03 

No ~Jo 2.833:-04 4.908E-04 4.995E-J4 L.294E-04 

No rJo 5.283:-04 8.953E-04 7.728E-J4 L.467E-04 

No No 8.088:-04 7.G77E-04 9.133E-:J4 l.1G2E-Cl3 

No ~Jo J.931~-04 3.1091:-04 CLG'.Jl:-:J4 /.G::111:-04 

No ~Jo ~.290:'..-0il 9.J3il 1:-0il 1.9.'i['.Ji:-J3 1.~6~1:-03 

Nri No 7.fi4F 04 1.7fi4F Ll4 1.:1?.8F :l::l 1.747F :l4 

Non-Cl ~Jo 1.590:-02 3.019E-02 3.148E-J2 3.737E-02 

No Ye:e 3.712:-04 l.784E-04 2.818E-J4 2.268E-04 

No No 2.503:-04 7.034E-05 3.832E-J4 l.418E-04 

Non-Cl ~Jo 1.165:-04 2.844E-04 7.883E-:J4 l.766E-04 

Yes Yes 2.57E-03 l.743E-03 2.073E-:J3 l.937E-03 

Yes Yes 3.006:'..-0il J.1831:-0rl 1.1i0i:-J3 1.0191:-03 

N,rn-tl No 8.978"-m s.r:nF-m 7.fi%F-:l:1 7.7fi9HH 

No ~J(') 1.Hlfi:'" kL1 7.[']SfiF 04 s.r:?.?.F :14 L.4S7F J4 

No rJo l.60E 04 3.236 E 04 8.230E J4 l.255E 04 

Non-Cl No 9.508:-04 l.779E-03 2.025E-J3 3.45CE-03 

No No 1.460:-04 4.020E-04 5.614E-J4 4.903E-04 

No ~Jo 1.387~-04 l.430E-04 5.950E-:J4 L.295E-04 

No Ye~ 4.595: 04 l.734E 04 2.025E J4 6.124E 05 

Yes Yes 8.9G'.J~-0'.J l.'..>101:-03 4.9331:-J3 l.4G41:-04 

Yt~ No :1.7fi7"-kL1 4.9S8F-[']4 7.977F-:l4 7.048F-(]4 

No Yr~ 9.17F 04 G.SfinF 04 4.09;'F :14 7.4S7F J4 

Yes tJo 7.117:-03 3.108E-03 3.155E-J3 2.701E-03 

Yes No 8.679:-05 8.388E-05 2.438E-J4 l.033E-04 

Yes ~Jo 1.664:-04 3.586 E-04 8.565E-:J4 4.248E-04 

Yes Yes 4.881:::-04 2.8991:-04 '.J.2231:-:J4 G.G2Cl:-04 

No No 2.513::-0,1 3.882E-0rJ 8.672E-J,f 1.121E-03 

Yt~ No R.Rfil :°" 04 7.::lAR F L]4 9.n70F :14 :;.n44F :l4 

Non-Cl ~Jo 1.419:-03 5.996E-04 l.275E-J3 l.058E-03 

Yes tJo 1.230:-03 3.6:,lE-03 l.268E-J3 8.446E-05 

Yes No 2.986E-04 8.352E-05 l.72DE-:J4 2.574E-04 

Yes ~Jo 1.114~-03 '..>.'..>/01:-04 4.':JOGl:-:J4 3.80(1:-04 

Yes No 1.39,1.:-03 1.l02E-0,1 8.993E-:'.M 6.278H'.M 

Yes Yes 4.402E-04 5.016E-04 6.096E-04 6.130E-04 

Yes No 2.60SE-03 l.003E-03 S.06SE-04 9.484E-04 

Non-Cl No 6.131E-04 2.959E-04 S.159E-04 S.129E-04 

Yes No l.316E-04 3.382E-04 l.161E-04 2.350E-04 

No No 1.475E-03 1.237E-03 1.321E-03 2.272E-03 

ND Yes 6.595E-04 6.385E-04 4.338E-04 9.566E-04 

ND ND 5.131E-04 2.409E-04 3.238E-04 4.542E-04 

No No 9.191E-03 6.559E-03 l.372E-02 l.022E-02 

No No 3.318E-03 l.082E-02 8.714E-03 l.053E-02 

Non-Cl No l.172E-04 6.551E-04 3.160E-04 3.269E-04 

Non-Cl No 1.084E-04 2.186E-04 2.024E-03 8.807E-04 



 

199 
 

r:l•1~kr of r:1.-ithriri ht:ilvy r:hilir 1 CLTC 192 Yes 

Cluc,ler ol Colilin-1 CFLl 

Cluster of Cullin-a5sociated N EJ DS-dissociatec pro~ein 1 C:MJ 1.11 

Cluster of Elongciti::mf2ctor 1-cilpha 1 EEFl.1\1 

Cluster of Fibronectin 

Cluster of Fructose-bisphosphc',te alciolase A ALDOA 

GN:>OAl 

Clu~ler ot Glycerol::.lellyde-3-phusplicte dehy·dr:'.Jger·c1se GAF DH 36 Yes 

G\1)/G(S.]/G(I] SLbuni-t beta-1 GN31 

Cluster of Heat shock /0 kDci protein lA/1 ~ ;.iS.P/\1/\ 70 Yes 

Cluster of Heat shock c;:igna~e 71 kDa protein rl5.l-'A8 ll Yes 

Cluster of HeteroP,er eous nuclear ribonucleoproteir DO rlN ~f\J PD 38 \;J 

Clu~t(;r of I i'lt(;nt tr<1n~forfl'ing grov,th factor br:t<i binning 

protein l 

Cluster of hJucleoside diphosphate kinc1::-e A 

(l,1~t(;r of Plr:rlin 

Clu~lerol Pru·.ein ::./\\IJ,C93 

Cluster of 1-'utafr;e he.a~ shock protein HS.P 90-clpha A'.J 

Cluster of Pyn.JVate kinase P <M 

Cluster of 11as-related protein 11ab-11G 

Cluster of Ras-related protein P,ab-14 

Cluster of Serine/threonine-protein phosphatase 2A GS 

kDa rel;ulatory subunit/\ alpho bol orm 

Cluster of Serine/threonine protein phosphutusc: 2A 

catalytic s1,b1,ni~ alpt-a isoform 

Cluster of Serine/threonine-protein phosphacase 2 3 

r:::it::"lly:ir: ~i.hi.ni• .1lpt-::"l i~r;fr,rm 

Cluc,ler ol Spli2eos::.i1·11e R~JA heliLilS2 DOX396 

Cluster of Syntenin-1 

Cluster of Talin-1 

Cluster of Transforming protein f1hoA 

Cluster of :ransgelin-2 

Cluster of: ubulin bet2 chain 

18/ "'co 

17 Yes 

PLEC 532 No 

~AVl498 37 Yes 

;.iSP9:7AASP 19 

58 

'-1A8118 24 \o 

RA814 24 \o 

DDX.396 49 \o 

S:J(P.,p 

TLNl 270 I ,o 
n Yes 

TAG Ll~2 22 

TPML 29 l\o 
TUBA4JI. 50 

TUP.tR 

Cluster of UbiqL itin....C.CS ribosomal protein S27a RPS.27/\ 18 

Cluster of UTF--glL cose-1-phosphate uridyly-hransfer2se UG --'2 ,1 Yes 

Clusterin 

Coc1l::.in1er subunit ciella 

C.oatomer subunit epsilon 

Coat;:irner subunit zeta-1 

Collagen alpha-1\Xil) chain 

CollaF,en alpha-1\XVI I) chain 

Cytosolic non-specific dipep~idase 

Deoxyri bc-n ucle2 se- 2-a lpha 

Desmoglein-2 

Desmoplakin 

Disintegrin and metalloproteinase domain-con~aining 

protein U 

Ditintrgrin <1nrl mr:t<1llr;protrin,1~r: rlom,1in ron·<1ining 

protein 17 

CLU 52 Yes 

COFGl 107 I ,o 
ARCNl 57 Yes 

[OFF 14 :\Jo 

COFZl 20 

COL12Al 333 \o 

COL18Al 178 \o 

C3 187 INo 

CST3 16 Yes 

[NDF7 

US.G2 122 Yes 

JSP 332 \Jo 

JSTN 19 

AOAMlO 84 

AUAMl/ 93 \o 

UAGl 91 Yes 

EGI -contain inf. fibt1lin-l ike extracellular matrix protein 1 EFEM :;1 55 \Jo 

Eloni:i;ationfador I-delta EEFlD 31 Yes 

Elongs:ition factor 1 ~;ummu EErlG 50 \o 

Flongi'ltion fM:tor 7 EEr2 95 Yes 

ERAPl 107 N;:i 

29 \o 

C.rdoplasmic reticulurr resident proteir 11-'l 47 

c.rclc-plasmin rlSP9:7F.,l 97 

ER.01-like prn~ein 2lpha :::ROIL Yes 

ELkaryotic initiatirn factor 4A-I EIH/\1 16 Yes 

Ezrin Uf-1. 69 "'co 

F•actin•capping protein subunit alpha-1 CAPZAl 33 No 

Farnesyl pyrophosphate synthase FDPS 48 Yes 

Fatty acid synthase FASN 273 Yes 

Filamin-A FLNA 281 Yes 

Flavin reductase ( NA□ PH) BLVRB 22 No 

Fodrin alpha chain SPTAN 1 285 No 

Galectin·l LGALSl 15 Yes 

Galectin·3·bi nd ing protein LGALS3BP 65 Yes 

Gamma-glutamyl hydrolase GGH 36 Yes 

Gamma-glutamylcyclotransferase GGCT 21 No 

Gamma-interferon..Jnducible lysosomal thiol reductase IFl30 28 Yes 

Ganglioside GM2 activator GM2A 21 Yes 

Yes '"° ~Jo t.913E-0~, 8.t75E-04 ~,.812E-04 l.471E-03 

Non-Cl ~Jo 4.758E-03 3.517 E-03 2.689E-03 4.308E-03 

No ~Jo F..999F-r"JS 7.?.97F-LJ4 4.f:89Hl4 4.["J::l/"F-04 

~Jo 1.062E-03 l.526E-02 l.72•1E-03 l.252E-02 

Yes Yes ~Jo 3.6/0C.-02 .'.c./lOC.-04 4.G:1%-03 .::I.J46C.-O:I 

Yes '"° ~Jo 2.909E-03 2.2S9E-02 2.498E-02 9.442E-03 

No ~Jo 1.767E-C:4 l.649E-04 3.409E-04 l.610E-04 

lies No ~Jo 7 .653E 03 5.384E 03 4.229E 03 7.387E 03 

~Jo 1.7R1F LJ4 S.4?.fiF LJ4 9.GnF 04 S.41/"F 04 

~Jo 5.90,1E-LVi ,C.G86E-03 2.778E-03 2.166E-03 

Yes No ~Jo 1./34C.-03 r~.USC.-03 4.40%-03 '.:i.02GC.-03 

No ~Jo 2.245E-04 6.C31E-04 S.CSSE-04 7.487E-04 

Yes Yes ~Jo S.18::lC.-04 l.4GH-04 l.'.JG:IC.-04 2./0:IC.-0'.:i 

Yes No ~Jo 3.547E-03 S.667E-03 5.481E-03 3.668E-03 

Yes CJo ~Jo 1.090E-04 5.C48 E-04 5.440E-04 5.083E-04 

IYos '"° ~Jo 2.629E 04 6.140E 04 4.489E 04 7.992E 04 

rJn ~Jo 4.lfi4F-r"J1 7.P.:R9F-W 1.%4F-07 7.40SH77 

Nu ~Jo 1.968E-03 3.3·15E-03 1.627E-03 3.109E-03 

Yes Non-Cl ~Jo S.301C.-04 9.C09C.-04 1.33:lt-03 l.DGH-03 

Yes ~Jo 5.00SE-04 2.672E-03 4.C06E-03 3.378E-03 

IJr,n C:I ~Jo 7.lOnF ["JS S.SSAF LJ4 1.f:S1F 04 ?./"7LJF (14 

~Jo 1.1011c.-011 2.31H-0l! 3.02H-0il !J.290C.-0•l 

'"° ~Jo 8.026E-0~, 5S29E-04 l.123E-04 3.332E-04 

No ~Jo 1.625E-04 4.103E-04 2.032E-04 5.lBE-04 

No YF.~ 7 .R07F-LJ4 1.?.GS F-r"J4 SElrJH74 9.rJ7rJF-04 

Yes ~Jo •1.029E-05 .-a.3,17 E-0•1 3.015E-0'l 9.282E-O.-l 

Yes !Jon-Cl ~Jo C:.991C.-04 /.422 C.-04 2.2G2C.-03 l.4/:IC.-03 

Yes r~on-CI ~Jo 4.470E-C3 2.486E-03 4.848E-03 4.335E-03 

No ~Jo 1.355E-03 2.C31E-03 l.SSSE-03 l.760E-03 

lies Non Cl ~Jo 4.636E 03 5.154E 03 5.402E 03 8.81SE 03 

IJO ~Jo S.77fiF rJ1 1.494F rJ:I 4.114F CB R.lfi1F CB 

rJon-CI ~Jo 1.795E-03 9.2,18 E-03 1.,163E-02 l.256E-02 

Yes No ~Jo 1.0lUC.-04 2./0':lC.-04 2./44C.-04 1.93%-04 

Yes Yes ~Jo 6.665E-04 4.309E-03 S.574E-03 7.722E-05 

Yes CJo Yes 5.384E-05 3.993E-04 2.242E-04 2.723E-04 

'"° ~Jo 2.842E 04 5.211E 04 3.866E 04 5.988E 04 

~Jo 1.fiSRF-rJ4 ?..r:G9 F-r"J4 7.RSLJF-04 7.r"Jfi?.F-04 

No ~Jo •1Jll5E-0·1 6.•123E-0·1 5.836E-O.-l 5.58•1E-0,1 

Yes Yes ~Jo l.GSn-03 2.442C.-04 4.24H-04 S.14%-04 

Yes Yes ~Jo l.713E-04 4.652 E-04 1.67 lE-05 2.407E-04 

Yes Yes ~Jo l.429E-03 3.145E-05 l.40C:E-05 l.036E-04 

Ires Yes ~Jo 4.283E 02 2.214E 02 3.073E 03 4.964E 03 

No ~Jo 1.417F G4 1.70SF LJ4 1./"9SF CB 4.?.fiOF 04 

Yes ~Jo 2.103E-0·1 1.8"57E-0,1 2.583E-01l 2.250E-0·1 

Yes Yes Yes 1.001C.-04 1.814C.-04 1.922C.-04 4.lGH-0'.:i 

Yes Cfo ~Jo 2.047E-C5 8.633E-05 2.836E-05 l.ClSE-05 

Yes r~on-CI ~Jo 2.849E-03 3.323E-03 '.',.C20E-03 l.443E-03 

Yes Ye~ 2.769E-04 2.773E-04 4.730E-04 2.315E-04 

Yes Yes l.Of~lC.-04 1.C92C.-04 8.'.J~,St-0'.J 4.19JC.-OS 

Yes Yes Yes 8.80%-04 l.2.lSt-03 2.283C.-03 2.SlSt-04 

Yes Yes ~Jo 9.273E-C3 S.228E-04 G.71DE-04 4.lllE-04 

Yes r~on-CI ~Jo l.488E-04 l.5S3E-03 l.143E-03 l.517E-03 

Yes No ~Jo 8.316E-C:4 2.630E-03 2.185E-03 4.171E-03 

Yes No ~Jo 8".814E-04 2.C21E-03 1.921E-03 l.943E-03 

Yes Yes ~Jo 3.191E-04 1.465E-04 4.345E-05 2.078E-04 

Yes ~Jo 3.348E 04 9.8:13E 04 1.103E 03 l.085E 03 

Yr~ ~Jo 1.fiS9F G4 1.RT'IF LJ4 1.4?.GF 04 1.SS7F 04 

YF.~ ~J() 7 .7SfiF-rJ4 1.r:sR F-m 1.P.:87F-m 1.nnF-m 

Yes l~Jo 2.630E-0,1 1.327E-0,1 1.733E-Orl 2.0SOE-O;J 

Yes ~Jon-Cl ~Jo 8.903E-0·1 8.282E-0·1 7.875E-0·1 2.186E-03 

Yes Non-Cl ~Jo E:.20Jc.-04 1.199C.-03 2.9~8C.-03 l.l/OC.-03 

ves No No 5.402E·04 8.151E·04 6.868E·04 8.287E-04 

Yes No No 6.394E·04 1.459E·04 3.895E·04 7.532E-04 

Yes No No l.173E-04 l.030E-03 9.623E-03 l.330E-03 

Yes No No 2.469E-04 l.604E-03 7.322E-04 l.541E-03 

Yes Non-Cl No S.736E-04 2.647E-03 l.933E-03 6.993E-04 

Yes No No 2.413E-0S S.488E-04 3.S26E-04 2.S71E-04 

Yes No No 6.566E-03 l.204E-03 S.634E-04 l.460E-02 

Yes Yes No 2.541E-03 4.795E-04 l.562E-02 2.527E-03 

Ve, Yes No 2.940E-03 6.0llE-03 3.711E-03 4.354E-03 

ves No No 7.491E·04 l.039E·03 l.945E-03 5.220E-04 

No Yes No 1.760E·03 1.888E·04 6.553E·04 3.894E·04 

Yes Yes No 2.736E-03 1.444E·04 2.667E·04 L478E·04 
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Glucose-6-pl'osphate isomerase GPI ND 4.1S?,F 04 4.74/F n::I S.371 Fm 1.7HiF r:?. 

Glucosid2se 2 subunit beta PRK(SH ND 3.S77F 04 4.?198F 0?1 8.3GGF 04 S.SG?IF [4 

Glutathione S.-transferase omega-1 GSTOl r\JD 1.4:iSF n?o l.OOGF rn 8.17<:JF 04 1.G49F r:?. 

Glutathione synthetase GSS r\Jo Ll'+SF-04 1.G77Hl4 1.7ll1F-04 1.?i48H":4 

Glycogen phosphorylcs e, brain forrr PYGP.. Nu 1.8'+9F-04 ?o.08SH14 1.863F-04 4.10:iF-[4 

Golgi appara~Ls protein 1 GI Gl Ytc'. 4.?.RfiF-ilS 7.Q41Hl4 4.911F-QS 1.778F-[4 

Group XV phospholipase A2 PL/\2G15 r\Ju 1.657E-0,1 5.912E-05 8.,16CE-05 1.112H'.>1 

G1.<1nin,:; nudtotirlt binrling prnttir G(:)/G{S)/G(O) ~11b11nit 

gcrrrra-12 Gr"\JG12 No Yes r\Jon-CI r\Jo 9.:l~'IE:.-0-'I ~.986E:.-CM 2.~8,.IE:.-03 J.,H61:-C3 

Heat shock 7J kDa protein 13 HSP/\1:I No Yes No 2 .. W/E:.-OII 9.103E:.-0~ /.rl6/E:.-0~ 3.,Hdl:-l>1 

Heat shock 7J kDa protein 4 HS.P/\/1 Yes No No 3.11~9E:.-LJ11 9.JILJ21:-0,.I ~.8631:-QlJ 1.1 J21:-c11 

Heat shock protein beta-1 HS.PlH 2:1 Yes r\Jo No 1.968E:.-03 .:1.1181:-lH 2.4~11:-Q3 /.33~E:.-C4 

Heme-birding pro1ein 2 HE:.8P2 Yes r\Jon-CI I\Jo G.E,2E:.-04 S.~13SE:.-04 1.182E:.-03 4.813E:.-C4 

Heterogeneous nuclear rib::irucleoprotein Al HNf-<'.NPAl .:19 No Yes No No 4.S931:-04 l./SGl:-03 l./~131:-(]3 2.r~OQl:-C:.:I 

He-terogeneous nuclear rib::irucleoproteins A2/[?.1 Hf\Jf:.NPA2f>l .:11 f,Jo Yes lfo No 1.4G3E:.-U.:I 2.2G3E:.-03 3.2~,GE:.-03 3.084E:.-C3 

Histone H4 HIS.11H4P.. 11 No Yes No 8.8.C.3E:.-04 4.3JOE:.-03 3.1~,%-03 G.2GU-C3 

Hornerin HRt-,_R 282 r-iJc- Yes I\Jo 1.8G9E-05 1.341E-04 5.314E-05 5.491E-C5 

Hsp9C co-chaperone Ccc37 CDC37 44 Ne• Yes lfo No 1.595E-04 5.40:::.E-04 3.22GE-04 2.592E-C4 

Hypoxa nth in e-gu a nine ph ospr oribosyltra n sf erase HPRTl 25 r\Jo Yes r\Jo No 9.711E-04 1.310E-03 9.331E-04 2.509E-C3 

Hypoxia up-rep,til2ted protein 1 111 ves Yes Ves No 7.667E-OS S.56LE-04 S.941E-04 2.781E-C4 

lmportin subunit beta-1 KPf\J81 97 r-iJc- Yes r\Jon-CI I\Jo 2.169E-04 6.70SE-04 3.9S8E-04 1.117E-C3 

Inactive t yrosire-prntein kinase 7 PTK7 118 Ne• Yes Ves Yes 4.148E-04 2.481E-04 3.80SE-OS 1.883E-C4 

lnori;i;anic pyrophosphatase PP Al 33 r\Jo Yes r\Jo No 2.:J02E-04 8.360E-04 l.767E-03 1.153E-C3 

lntei;i;rin alpha-2 ITGA2 129 ves Yes Ves Yes 2.813E-OS 4.002E-05 4.469E-OS 8.778E-CS 

Interleukin cnhrn:::cr bindini;i; factor 2 llt2 43 ves r\Jo I\Jo 1.546E-04 S.SSOE-04 2.23CE-04 2.368E-C4 

lsocitrs:itc dchydrogcnci$C [~~ADP) cytoplci$mic IDHl 47 No Yes r\Jo No 4.212E-04 6.172E-04 7.707E-04 S.856E-C4 

1:-oforrr 2 of BLl$igin [?.SG 29 r\Jo Yes Ves Yes 1.3SOE-04 S.059E-04 8.43CE-04 8.678E-C4 

1C9 hlo Yes Ves '!es 7.314E-03 l.385E-03 3.7'.',2E-03 S.747E-C4 

C.1\.PZ5 31 r"\Jo Yes r\Jon-CI r\Jo 2.408E-04 8.92LE-04 9.86CE-04 8.290E-C4 

GL0D4 33 No No r\Jon-CI r\Jo 4.J'.:,OE-04 3.496E-04 5.0lSE-04 9.317E-C4 

lsoforrr 2 of Receptor-type tyro.:-irie-protein phospha~ase 

kcppn PTP=\K 162 r\Jo Yes Ves Yes 2.452E-04 7.409E-04 2.098E-04 5.222E-C5 

29 r\Jo Yes r\Jon Cl No 1.3L5E 03 2.098E 03 2.509E 03 1.857E C3 

lsufurn' 3 ul Hd2r0~e11eULS nuc:leiir ribonuc:leuprolei11 K Hr"\JF.NP< r\Jo r\Jo 2.757E 04 9.933E 04 2.135E 04 6.846E C4 

lsoforrr ,1 of Cytosolic acyl coenzyme /\ thioester hydrol2se A(:OT7 r\Jt,ri r:I r\JD 1.RF\F 04 1.1RSF 04 1.17::IF 04 S.7fi8F r,4 

lsoforrr 6 of /\.grin AGR!\ 71S No vr.~ ND 1.177F 07 7.RR7F n::1 S.711F m 1.4::IRF r:?. 

lsoforrr G of Poly(rC)-bincling protein 2 PC:F.P/ f\J(J r\Jo1H] No fi.fiRlF-04 S.Rfi::=.F-04 S.7::.GF-04 7.901F-[4 

lsoforrr 8 of ~ilamin-1:i Fl N'1 r\Ju 4.7SSF-04 4.11RH14 /".77SF-m 1.49:IF-r:?I 

lsoforrr lib o..:: f-'rofilin-2 PFN7 r\J(,n-CI r\Jo 1.:704F-01 1.1g;H1?. 7.491F-04 1.071F-r:1 

Keratin, type I cyioskeletal 9 KRT9 52 No Yes Nu 2.518E-03 2.121E-03 2.067E-03 2.137E-C3 

Keratin, t'fpe II C{toskele::al ~, KRTS Yes Nu 2.512E-03 3.258E-03 2.539E-03 2.651E-C3 

Laminin subLnit alpha-5 Li\M/\5 Yes 

Lqum2in LGM~J 19 r-iJo No r\Jo 2.551E-0,1 8.727E-05 3.882E-0,1 2.680H'.>1 

Leukocvte 2las~ase inhibitor SERPlr\J51 H No Yes r\Jon-CI No 6.365E-0,1 3.51?.E-0·1 1.238E-0·1 7.018E-l>1 

Leukotriene A-4 hycrolase L l/\•1H S9 IOo Yes r\Jo No 2.30~E:.-0,1 2.~Sil:-011 •1.3631:-Q,1 2.3~0E:.-CII 

L-lactate clehydrogenase A chain LOH/\ Yes r\Jo Yes 1.v;,1E-02 7.00SE-03 6.551E-03 1.103E-C2 

Lc-.-v-density lipoproteir receptor No Yes 1.J611:-03 3.3~6E:.-O~ 6.J J6E:.-0~ 1/1091:-t:3 

Lysosomcl alpt-a-glLc::isidase GAP.. Yes Yes 1.8641:-04 6.84?.E:.-04 4.469E:.-04 4.3461:-C4 

Lysyl oxidase romolog 2 L0XL2 8/ No Yes 

Macrophage migration inhibitory factor 12 Yes r\Jon-CI No 4.GlLE:.-0.:1 4.3~91:-03 G.30'.:.l:-Q3 4.3921:-U 

Ma late dehycirogenc,se. cytoplasmic MUHl 3G No Yes f\Jo I\Jo S.8~,lE:.-04 1.419E:.-03 1.41DE:.-03 8.G'.:.2E:.-C4 

Malate dehycirogenc,se. mitochondri2I MUH2 3G No Yes f\Jon-CJ No 4.SOGE:.-04 G.J29E:.-04 2.83%-03 U~'.:.3E:.-C3 

Metallopro-teinase inhibitor 2 \11P2 24 No Yes No 1.GJ4E:.-U.:I G.482E:.-04 2.132E:.-03 U~03E:.-C3 

IV1ultifunc1ional protein ADE2 PAILS 4/ No r\Jo No 3.822E:.-04 9.8901:-U4 G.28%-Q4 9.2381:-C4 

Myosin light polvpeptide 6 MYLG 1/ No No I\Jo 1.:J84E:.-03 1.41/E:.-03 1.302E:.-03 1.8G4E:.-C3 

Myotrophin Mlf-'f\J n No No No No '.J.89'.Jl:-04 l.l/Gl:-03 1.'.J/Gl:-Q3 1.4G81:-C3 

f\J (4) -(beta-N-a cetylglu cos am ir 1d)-L -as para gin as e /\GI\ No ~.693E:.-LJ11 '1.3601:-011 6.U6/l:-QlJ 6./l/~1:-c11 

f\J2scent polypeptide-associa~ed complex subunit alpha NACA Yes r\Jo No 2.691E:.-04 1.32Ll:-03 6./491:-(]4 4.8~8E:.-C4 

f\Jeural ::ell adhesion molecule L1 Yes Yes 1.~101:-0II 2.03~E:.-U•1 3.392E:.-Oil ~.Q381:-C/I 

f\Jeuropili n-1 r\JRPl 12 No Yes Yes 2.J/+9E:.-0II ,1.11::iOE:.-0,1 .'U6QE:.-Oil 1.69Ql:-C3 

f\Jeutral alpha-glucc-sij2se AB G/\r\JJ\ll Yes Yes 2.8/~E:.-011 ~.8Jil:-03 J.8911:-Q,1 /.80:2E:.-CII 

f\Jodal modula~or 3 NOM03 Yes Yes 6.215E-05 2.,101E-0,1 9.039E-05 3.297E-C5 

f\Jucleobindir-1 r\JUC61 Yes r\Jo 2.8.'i3E-03 5.777E-0·1 S.186E-0,1 5.501E-C,1 

f\Jucleolin r\JCL Yes r\Jo No 5.763E-05 3.203E-0·1 2.rl71E-0·1 3.583H'.>1 

Omega-amiciase NIT2 r\JIT2 :11 r\Jc., f\Jo r\Jon-CI No 3.,v,sE-0,1 3.790E-0,1 2.715E-0,1 2.519E-C,1 

Palmitoyl-protein thioesterase 1 PPTl 34 Ye.:> Nu Ye.:> r~u 3.618E-04 2.352E-Q4 5.933E-04 3.204E-C4 

Peptidyl-prolyl cis-trans isomerase A PPIA 18 Yes No No 6.416E-03 6.472E-03 1.409E-02 1.022E-02 

Peptidyl-prolyl cis-trans isomerase B PPIB 24 No Yes No No 4.BOlE-03 3.831E-03 1.105E-03 3.314E-03 

Peptidyl-prolyl cis-trans isomerase FKBP IA FKBPlA 12 No Yes No No 1.262E-03 8.346E-04 2.098E-03 1.763E-03 

Peptidyl-prolyl cis-trans isomerase FKBP4 FKBP4 52 No Yes No No 1.433E-04 1.000E-03 9.388E-04 1.775E-04 

Peroxidasin homolog PXDN 165 No Yes Yes No 7.384E-04 9.360E-04 7.264E-04 8.106E-04 

Peroxiredox:in-4 PRDX.4 31 Yes Yes Yes No 3.850E-04 5.0SOE-04 3.829E-03 1.338E-03 

Peroxiredox:in-5, mitochondrial PRDX.5 17 No Yes Non-Cl No 1.237E-03 6.848E-04 8.960E-04 5.656E-04 

Peroxiredoxin-6 PRDX.6 25 No Yes No No 1.454E-03 3.405E-03 1.552E-03 2.236E-03 

Phosphatidylethanolamine-binding protein 1 PEBPl 21 No Yes Non-Cl No 1.365E-03 2.780E-03 2.407E-03 3.016E-03 

Ph osphoglucomutase-1 PGMl 61 No Yes No No 1.817E-04 1.773E-04 6.513E-04 5.654E-04 

Phosphoglycerate kinase 1 PG Kl 45 Yes Yes No No 5.852E-04 6.985E-03 3.728E-03 4.378E-03 



 

201 
 

Phosphoglycerilte muuse 1 PGAMl 29 No v., No No 1.098E-03 2.S70E-03 3.318£-03 S.390£-03 

Plasma alpha•L•fucosidase FUCAl 54 No v., v., No 4.241E-04 9.382E-04 5.0iJE-05 S.S69E·04 
Pleicin-B2 PLXNB2 205 No Yes Yes Yes 4.069E-05 3.099E-05 3.479E-04 5.3S8E-05 
Polv(,C)-binding protein 1 PCBPl 37 ve, ve, Non-Cl No 8.9S8E-04 6. 799£-04 L027E-03 1.166£-03 
Polyadenylate-bincline prntein 1 PASPCl 71 No No NO No '2.84St:·04 1.003£-03 4.S,88f•04 S.4S4f·04 

Prelamin-Nc LMNA 74 VOS VOS No No 2.933E•04 8.842E-04 3.166E•03 2.723E•03 
ProactN1tor pol-;pepti:.le PSAP 58 No ve, Ye! No U87E·03 2.184E-04 2.4SlE·03 1.114£·03 
Prncollai;:en•lysine,2•oxogluta,atc S•dioxyjleoase 1 PLO01 84 Yo, YO! Yes NO • .896E-04 3.011 £-04 t.13 t f-03 6.508E·04 
Procollagen-lys,ine,'2•oxoglutarate S-dioxygenase '2 PL002 85 No Yes Yes No l.398E·04 l.lOOE.()4 9.434E•05 2.901E·04 

Procoll.aRen-lysine,2-oxoglulil~te S-dioxVRen.ise 3 PLO03 85 No Ye! Ye! No 4.063£-04 2.4SGE-03 9.3S9E·04 3.897£-04 

Profilin•l PFN I IS Yes Ye, NO NO • .639E-02 U?3E-02 t.8141!-02 4.263E-02 
Programmed c;iell c;lea1:h (;-interacting protein PDCD61P 96 No Yes No No L299E·04 4.148E-04 5.948E•04 4.90SE·04 
Proliferation-associated protein 2G4 PA2G4 .. No Y•s No No 8.661E·OS 4.SME-04 3.828E·04 4.694£·04 

Prolyl endopeptidase PREP 61 No No Non-Cl No Ll96E-04 8.693E-05 2.955E-04 2.4-40f -04 

Pr051aglandin E svnth;ne 3 PTGES3 19 ''O No Non.Cl No 6.040E•04 S.613E-04 9.84SE-04 1.406E-03 
Prate.some subunit alpha type-5 PSMAS 26 No Yes No No 2.6'93E·04 4.7S8E-04 S.299E-04 S.0 16E·04 
Pro;e;;isome subunit .ilpha type•6 PSMA6 27 No Ye5 No No 7.381E·04 8.0SSE-04 l.359E·03 7.7 18f·04 

Profeasome subtinit alpha type-7 PSMA7 28 No Yes No No 7.098E·04 l .43SE-03 2.196E·03 l .698E·03 

Prate.some subunit beta type.-1 PSMIU 26 No Yes No No 3.626E·04 9.4I6E-04 l.296E·03 9.820E·04 
Prote.isome subunit beta type•2 PSMB2 23 Yes Yes No No S.19lf·04 8.037E-04 l.126E-03 7.747f-04 
Prtneasome subtinit bet., type•S PS.MSS 28 Yes Yes Non-Cl No 3.0SOE-04 l.316E-03 1.496E-03 l .010E·03 
Proteasome subunit beta type.-6 PSMS6 25 Yes Yes Non-Cl No H32E-04 1.771£-04 H 23E·04 2.666E·04 
Protl!:in disuffidt•is.omet.ul!: P4H8 57 Yes Yes Ye> No l.360E-D3 8.702E-04 l .537E-03 3.62SE·04 
Profein disotf'ii::te•i~mer.,se A3 PDIA3 57 No Yes Yes No l.848E•03 1. 709E-03 2.807E•03 l .633E-03 
Protein disulfide-isorne, ase A4 P0IA4 73 Yes Ye, Yes No 1.979£-04 S.298£-04 7.739E·04 2.76SE·04 
Pro;cin disutfide-isomc,asc AG PDIA6 48 No Ye, Yes No S.537E-04 S.91SE-04 S.3I 2E-04 7.842E-04 

Protein DJ-1 PARK7 20 Yes Yes No No 2.886E·03 l .282E-03 3.D22E·03 l .9S2E-03 
Protein FAM3C FAM 3C 25 No No Yes No 5.630£·03 1.264£-04 l.535E·03 l .270E·03 
Protein Sl00·All SlOOAll 12 Yes Yes Non-Cl No 2.193E-03 l,981E-03 2.S99E-03 l ,643E-03 
Protein SI00·A16 SIOOAIG 12 No Ye! Non•CI No l.691E·03 3.029E-03 9.639E·03 l .113E·03 
Prote in•L •iso. sparta tel O·i sp,a rta te) O-meth .,I t, ansf erase PCMTt 25 ''O No Non<J No 4.762E·04 9.208E-04 l.360E·03 l .2 l7E·03 
Pu,inl!: nudeoside phosphotylase: PNP 32 No No No No 8.526E·04 I, 184E-03 l .668E-03 l.433E-03 
P\HQmyQin-~en~i\ive ~mini:ipf:lptir;:l;ne NPEPPS 103 NO Yes NO NO l.409E·04 4.081E·04 3.047E·04 3,572E·04 
A.ab GOP dissoci:;ilion inhibitCH" .ilph.i GDII 51 Yes Yes No No 1.7 141!-04 4.032E-04 4.424E-04 2.nJE·04 
Rab GOP dissoci;,tion inhibitCH" beta G012 SI Yes Yes No No 4.209E-04 l ,326E-03 l .425E-03 8,192E·04 
Ras GTPase-adiv.rtinR•like protein IQGAPI IQGMI 189 No Yes No No 4.716E•OS 9.642E-04 S.8GSE•04 3.81SE•04 
R<K•rcl.ttcd protein R,1b,SC RABSC 23 No Yes Non-Cl No 4.626£-04 6.386£-04 4.672E·03 1.841£-03 
RcccptoM;pc t1rosinc-p,otcin phosphat.,sc F PTPRF 213 Yes Ye5 ve, Yes 8.7 llf·0S l,796E-03 2.327E·03 l.669f·04 

Ribonuclease 4 RNASE4 17 No No Yes No 2.393E·03 l .217E-03 2.S94E·03 4.068E·03 
RibonuclCilSC i1'lhibitor RNHI 50 No Yes Non-Cl No 4.591£·04 3.704E-04 3.649E·04 4.2S9E·04 
Ribonuclease T2 RNASET2 29 No No Yes No 6.908E-04 2.984E•04 6.860E•04 6.539E-04 
Roundabout homol:,g 1 R0 801 181 No No Yes Yes 2.627E•05 l .646E·04 8.l28E·OS 4.572E·OS 
S-adcnosylmc.tt,ioninc s.,nth:;isc isoform typc•2 MATIA .. No No Non.Cl No 2.00IE-04 1.798E-04 2.070f-04 2.042E·04 
semc1pno,in-7A SEMA7A ?S No Yes Ye, Yes 8.S89E-DS 7, l 29E-05 l .90DE-04 2.SOSE-04 
Serpin S6 SERPIN66 43 Ye! Ye! No No L791E-04 HllE-04 9.270E-05 3.84SE-04 
Sial.itc O-:;icctylc.slcr.isc SIAE 58 No Yes Yes No l.12JE-04 4.990E-04 4.4281!-04 1.546£-04 

Single-stranded DNA-binding protein, mitoctlondrial SSBPI 17 No Yes No No S.341E·04 3.S04E-04 9.420E-04 ?.OOSE-04 
Solubl.e Cillcium-i!div~ed nudeotidilse 1 CANT! 4S No No No Ye< 6.SOOE-04 3.!HSE-04 l.l82E-03 2.879E-04 
St:;innioc.:tlcin-1 STCt 28 Yes Yes Yes No 4.820£·04 '2.571£-03 Ll74E-04 3.739£·04 
Sulfhydryl oxidase 1 QSOXI 83 No Yes YOS Yes l.0S9E•03 2.249E-03 2.480E•03 l .387E•03 

SIJperoxide dis1111Jtc1se [Co-Znl SODI 16 ve, ve, No No 7.790E·04 l .397E-03 2.190E·03 l .962E·03 
Synaptic veside: membta1le prolei1i VAT•l homolQS VAT 1 42 No Yes No No 1.1(14(-04 1.697E-04 8.869E·DS 4.847E-04 

Synde<:an-4 SOC4 22 Yes Yes Yes Yes 2.106E-D3 3.668E-03 l .704E-03 t.611E·03 
T-comple1t protein 1 5ub1Jnit thetc1 CCTil 60 No Ye, No No 1.257£-04 9.084E-04 7.S08E·04 6.628E·04 

Th.io,edoxin dom.iin-cont.ai1i ine p.-otein 17 n:NOC17 14 No Ye, No No l.04SE-03 1.240E-02 3.947E-03 l.718E-02 
Ttt.otl!!:doxin domain<ontc1ining p(otein 5 TXNOCS 48 No Yes Vos No 3.296E-04 2.409E-04 4.302E-04 3.739E-04 
ThrQmb0'5pondin • l THB.sl 129 v., Yu Ye, No 1.329£-02 9.128£-03 2.712E-03 l .169E-02 

TrJns;;ildolase TAL0O I 38 No Ye, No No 4.383E-04 6.186E-04 t.223£-03 8.872£-04 

Transferrin recemor f)(otein I TFRC 85 Yes Yes ve, Yes 8.862E-OS 6.007!-04 3.037E-03 l .23?E-03 
Tram forming growth factor-beta-induced protein ig-h3 TGFBt 7S No ve, Ye, No '2.929E-03 3.064£-04 3.901E-04 Sl.282£-04 
Transitional endoplasmic reticulum ATPa~ VCP 89 No YP,5 No No 3.386f•04 9.540E-04 7.267£-04 1.022t:·03 

Transketolase TKT 68 No Yes No No S.845E·04 l .1 13E-03 2.198E·03 l .S80E·03 
Tr(lnsmembr.ine protein 132A TMEM13ZA 110 NO NO Ye! Ye! 1.248E·04 3.202E-04 5.884E·04 9.0GlE-05 
Triosephosphate isome.rc1se TPII 31 Yes Yes Non<I NO ?.784E-D3 I.85?E-02 2.4941!-02 I.421£-02 

Tripeptidyl-pepti{fase I TPPl 61 No Yes Yes No 3.2l8E·04 4.211E-0S 2.592E·04 2.ISOE-04 
UbiQuitin-coniuRating enzvme t:2 N U8E2N " Y•s ves Non-Cl NO 8.700E·04 6.193E-04 7.684E·04 8.709E·04 
UbiQuitin<:onjugating enzyme E2 variant 2 U8E2V2 16 NO Ye, Non.Cl NO L04t E-03 I.248E-03 t.6131!-03 3.06?E-03 
Ut:iiQvitin<like modifier•.J:Ctivating en:rvme 1 UBAl 118 No Yes Non<I No 3.146!-04 9.89SE-04 9.615E•04 S.443E•04 

Vacuola, protei,, s0ttink,-i5Jocialed prote in 29 VPS2'9 21 ''O No No No 4.379£·04 3.129£-04 5.404E·04 3.164£·04 
Vasorin VASN 72 No Ye, Yes Yes 7.9 1SE-OS 7.239f-04 9.688E·04 2.736E·04 
VesiOJlar integral-membrane protein VIP3G LMAN2 40 No Yes Yes Yes L079E-03 S.052E-o4 2.973E-04 5.S08E-04 

Vinculin VCL 124 No Yes No No 3.050£-04 S.2I9£-04 1.451£-03 8.482E·04 
WO repeat-containing protein 1 WORl 66 No Yes Non-Cl No l.39lf·04 S.799E-04 4.687E-04 6.9SIE·04 
Xylosyltransferase 2 XYLT2 97 No No Yes Yes 7.815E·05 2.037£.()4 l.352E·04 8.656E·05 

Identified secreted proteins present breast cancer cell lines only 

Identified Proteins Gene 
HC 

ho.some 
Si8"al 

M I Avetage NSAF 
MW 

c.tatabase Pegtide I I I MOAlll HMEC MCF7 SKBRl 
10 kDa heat sl'lock protein? mitothOndn.11 IHIPEI II No !Yes INon.CI INo •- H.248E-03 l4.302E-03 l6.279E-03 
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116 kOa us small nuclear ribonudeoprotein component EFTU02 

26S protease regulJtory subunit 108 PSMC6 

26S protease regulatory subunit 6A PS.MC3 

26S protc.isc regulatory subunit ., PSMC'2 

2GS protease r egulatory subunit 8 PSMCS 

26S protea some non-ATPase regulatory subunit 11 PSMO 11 

2GS. protc.lsomc non•ATP.lsc regufatory subunit 13 PSMD 13 

265 proteasome non-ATPase r egultltory sub unit 3 PS.M03 

40S ribosomal protein S21 RPS21 

4-trimcth~aminobutvrnldch; dc dchi drogcnasc ALDH9Al 

5'-nucleotidase domain<ontaining protein l NTSDCl 

60 kOa heat shock protein, mitochondrial HSPOI 

60 kO:a SS·A/Ro riOOn.ucteoprotein 'fROVt2 

1,8-dihydro-8-oxog\Janine triphosphatase NUDrt 

Aci<lic leuc.ine-rich nuclear phosphoprotein 32 fam ilv 

member 6 ANP328 

Acl in•lik.e p<0tei1l 6A ACTL6A 

Actin-relc\ted protein :l/3 complex sub1.Jnit t S ARPCIB 

Atlin-,el1lted protein 2/3 complel!. subunit 2 ARPQ 

Actin •rtlattd protein 2/3 complex subunit ARPC4 
Adin-rel;ifed protein U3 <:omplex subunit 5 A"RPCS 
Act ivat0< of90 kDa heat shock. protein ATPasc homolog l AHSA1 

Acvlamino-acid-releasing enzvme 

Adenylate ki1li1Se 2, mitod'londrial 

Adenylate kinase isoenzvme 1 

Adenvlos.uccinilte synthet.fse isozvme 2 
Aflatoxin 81 aldehyde reductase n·i.eml>er 2 

Alanine--tR.NA ligase, cytoplasmic 

Alph:.:i/bct.i hvdrol.isc domJ:i1Hont:;,inins protein 14s, 

Al pna-2-HS-glycop,otein 

Alpha-ulactosida5e A 

Alpha-mluble NSF attachment protein 

An.1rnorsin 

Annexin A6 

Ar(tini1\e--tRNA liS;ase, cytoplasmic 

Asp;>r.lgint svnthct~st [glut.lmint •h'f(lrolvzingl 

As~r,1gine-tRNA liptii'Se, cy"topl i1smic 

Mpartate- tRNA ligase, cytoplasmic 

As~rtyt .,m inopep1id;,se 

ATP-depe del\l fl A helicue A 

BifuncttOna gluta ate/proline--tR A ligase 

Bifunctional purine biosyn1hesis protein PURH 

Siliverd in reduaasc A 

BofAclikc protein 2 

C-l -tetr-1hydrofolite svnthi/ise, cytopl.11smic 

CAD otcin 

Calcydin-bin(lin otein 

C:ilp.iin•l c,>t;;ilytic subunit 

Calsyntenin-3 

Cat ioo .. independe1ll ma,,nose .. 6-phosphatc reooptor 

C:itrr1tP. c;yntrnt~P., mitnc:hnn rfrial 

Cleavage .1nd polyadenytation sp~ificitv factor subunit S 

Cluste.r of Alph ·2-ma lob l in 

Cluster of A.P•2 complex subunit alp a•l 

Cluster of Chromobox p rotein homolog 3 

Cluster or Cootomcr S\Jbunit gamma•l 

Cluster of Cvtoplasmic FM R 1-intuacting protein 1 

Cluster of Oisro,interacting protein 2 homolog S 

Clu,-ter of Dret:irin-like protein 

Cluster of C>yncin tight e:h.iin 1, cytopl:lsmic 

Cluster of epr-irin t vpe -A recep10, 4 

Cluster of GTPase NA.u 
Cluster of Guanine nudeotide-binding protei1l GO) subunit 
alpha-2 

Cluster of Heterogeneous nucleilr r ibonudeoprotein H 

Cluster of lsof«m 2 of Protein SET 

ribonueleoprotein A/'6 
Cluster of 1sororrn 5 ofihioredoxin reductase 1, 
cytoplasmic 

Cluster of lsofam VEGF183 of vascular endothelial growth 

APEH 

AK2 

A<l 

AOSS 

AKR7A2 

AARS 

AllHDt4ll 

AHSG 

GLA 

PARVA 

NAPA 

CIAPIN I 

ANXA6 

R/\RS 

ASNS 

NARS 

OARS 

ONP-EP 

DHX9 

EPRS 

AllC 

6LVRA 

BOLA2 

MTHFOl 

CAO 

CAC 8P 

CAPN 1 

CLSTN3 

CAT 

IGF2R 

cs 

NUOT21 

A2M 

AP2Al 

CBX3 

COPGl 

CYFIPl 

OIP2B 

D8Nl 

OVNLLI 

EPHM 

NRAS 

GNA12 

HNRNPHl 

SIT 

HNRNPAB 

TXNROI 

factor A VEGFA 

Cluster ot Mit0gen-activatM protein k inase 1 MAPKl 

Cluste, of Nucle•se-se,u itive element-bi11ding pt01ein l Y8X1 

Cluster of Nucleolysin TIAR TIALl 

Clu,-ter ot Plasm~ membrane cillcivm-transpQrtingATPase 

ATP21H 

109 NO NO 

44 No Yes 

49 No No 

49 No Ve, 

<o No ves 
47 No Ves 

43 No Yes 

Gl No Ye> 

No Ves 
54 Yes Yes 
52 No No 

GI No Yes 

61 No No 

23 Yes No 

29 No 

47 No Ves 

41 vcs ves 
No Ves 

20 No ve, 
16 Yes ve, 
38 No Yes 

81 Yes 

26 Ves ve, 
22 No ves 

50 No NO 

40 Yes Yes 

107 Vcs No 

No Ve, 

39 No vcs 

49 ves No 

42 No No 

33 No Ye> 

34 No No 

76 No ves 
7S No ve, 

64 ves ves 

63 No 

S7 NO Yes 

52 No ves 
141 Ves Ves 

171 cs Yes 

GS No Ye> 

33 
10 No No 

102 Ve> Ve, 

Yes 

26 0 ves 
82 No Ves 

106 No No 

GO No 

274 No Yes 

52 

26 No No 

163 No No 

No Yes 
21 Ve> No 

98 No No 

145 vc, 
171 No Ves 

48 No ves 
10 No No 

110 No No 

21 Ves Ves 

40 No Yes 

No No 

32 No Yes 

31 No No 

55 Ves No 

No No 

41 No No 

36 No Ves 
42 vcs No 

139 No 

No No [====: 
~~- l.__ 
No No 

Non-Cl No 

No No 

No No 

Non-Cl No 

No No 

Non-Cl No 

No No 

~ 
l.__ 

~ 
[====: 
[====: 
[====: 
l.__ 
c:::=== 

~~- ~ 
No No 

No No 
No No 

No No 

No No 

No No 

No No 

N01l·CI No 

Non-Cl No 

NO No 

No 

Non-Cl No 

No No 

No NO 

Non-Cl No 

No No 

Non-Cl No 

Yes No 

ves No 

Non-Cl No 

Non-Cl No 

Non-Cl No 

No No 

No No 

No No 

No No 

NO NO 

No No 

No No 

No No 

No No 

Non-Cl No 

Non-Cl No 

No No 

NO No 

Non-Cl No ,., 
No No 

Yes Yes 

No No 

No No 

ve, 0 

No No 

Non-Cl No 

No No 

No No 

Non-Cl No 

NOO•CI No 

No No 

vcs ,cs 

No No 

No No 

No No 

No No 

No No 

No No 

Yes No 

No No 

Non-Cl No 

No No 

No 

[====: 
l.__ 
~ 

[=: 
l.__ 

~ 
[====: 
~ 
[====: 
l.__ 
~ 
l.__ 

~ 
[====: 
l.__ 

~ 
l.__ 
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l.__ 
~ 
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~ 
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l.__ 

~ 
l.__ 

~ 
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l.__ 
~ 
[====: 
l.__ 
~ 
I __ _ 

~ 
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I 
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I 
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[====: 
l.__ 

~ 
l.__ 
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l.__ 
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1.028E-04 7.172E·OS 1.SS1E·04 

2.196£-04 8.960£-0S 2.236f·04 

3.348E·04 l .821E·04 3.027E•04 

9.827E-05 9.443E·OS l.999E·04 

7.068E-05 9.828E-OS 2.700E·04 

2. 152E-04 2.200£-04 2.879E-04 

2.274E-04 1.862£-04 2.764f-04 

2.143E·04 l .63SE·04 l.9S4E·04 

1.253E-03 1.lOt t:-03 1.319E-03 
1.34l f-04 1.S30E·04 l.OSOE-04 

1.678 E•04 1.S32E•04 7.659£-05 

2. 161 E-04 6.083E·OS 2.232E·04 

7.970£-05 4.328f·OS 7A73E·05 
2.149E,04 3.241E•04 2.664E•04 

6.992E·04 5.036E·04 2.30SE·04 

7. 711 E-05 9.375E·05 1.623E·04 

2.423E,04 2.963E,04 2.466E·04 

S.219E-04 S.824E-04 6.499E·04 

l.OISE-03 .022 ·03 8.240E·04 

S.9S8E-04 S.41SE-04 7.2SSE-04 

2.236E-04 3.618£-04 1.729!-04 

L688E,04 4.039£-04 3.898E-05 

1.398E-04 7.838E-04 2.883E·04 

3.966E•04 6.028E,04 l.341E•03 

1.033E-Oli 1.793£·04 3.413E·04 

2.S09E-04 2.604£·04 2.897E·04 

8.303E,04 l .496E•04 L489E·04 

•-519E-04 l .895E-03 1.291E·03 

l.698E·03 2.454E-03 2.843E-03 

S.541E-OS 8.12SE·OS 8.062E·OS 

l.lSOE-04 1.235£·04 l.720E·04 

2.103E•04 4.344E•04 2.738E·04 

1.369E-04 2.996(-04 V106E-04 

8.487E•OS 7.9S4E•04 2.142E•04 

3.612E-04 9.749E-OS 1.313E·04 

2.794E-04 9.400£-05 2.996E·04 

7.7S4E-0S 4.249E-0S 8.410E-0S 

4. 744E-OS 4.68:lE-0S 1.9711;.(14 

3.967E•04 4.S36E,04 9.739E•05 

1.671 E-04 .282E-04 2.0S6E·04 

7.2S8E-05 .Sl7E-OS 6.Sl4E•OS 

7.CKBE-04 4504£-04 3.029E-04 

3. 706E-04 S.47S£·04 3.301 -04 
1.049E-03 1.288E·03 1A06E-03 

L472E-04 l .SOIE-04 1A84E·04 

2.816E-05 9.369E·OS 1.1 68 ·04 

LO 4 •03 7.13 •04 l.543E·03 

2.681 E-04 2.518E-04 9.83<E·OS 

7.892E,04 S.Sl 7E,04 7.896E-OS 

6.308E-05 8.929E-OS L421E-04 

5.353E-05 2.643£·04 7.103E·04 

7.133E•OS l .747E•04 1.620E•04 

4.62SE,04 l .801E·04 2.28SE·04 

S.067E-OS 3.052£-04 4.607E-04 

2.327E-04 .064 ·04 l.008E-04 

L3S2E-03 l .030E·03 7.S69E-04 

3.311E-04 1.%8£·04 l.6S9f·04 

3.096E·04 S.30SE·04 l.lS8E·04 

7.579E-OS 9.986E·OS 1.855E·DS 

3.956E,04 l .030E·03 L206E·04 

2.648E-03 l .395E-03 2.198E·03 

2.733E·04 l .%7E,04 L871E•04 

1.078E-03 1.188E-03 6.716E·04 

2.0ISE,04 l .789E·04 4.874E•04 

S.394E-04 3.378£-04 S.280E-04 

1.81SE-04 3.207£·04 2.773E-04 

7.714E-04 4.730E·04 S.219E-04 

~ . . ' . 
3.434E-04 3.818E·04 S.687E•04 

l.830E,04 l .778E,04 2.880E·04 

1.129E-03 3.397E-04 7.S18E·04 

l.014E·04 l .389E,04 l.236E·04 

l.056E-04 4.624E-05 4.577E-05 
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Ouster of Rc1s-relaled C3 botulinum to:,i;in subslt i te 1 

Clustc, of R:.JS-fCI.Jlc:d ptotcin R;:,b-6A 

Cluster of R21s-rel.;1ted pro tein Ral-A 

Cluste, of ftas...el;:,led p ,otein R;:,p-lA 

Cluster of RNA-hindinll motif protein, X cllromosome 

Cluster of Sc.ptin - 11 

Cluster of Serine/threonine-protein phosphatase PPl-beta 

ciltalvtic -subunit 

Cluster of Small ubiquitin-relatc:d modifier 2 

Cluster of Spectrin b et;:i ch-11in. non-erythrocytic 1 

Clustc, ofTumor protein 0S4 

C~tomer subonit alpha 

C~tomc, subunit bct;i' 

Colla n alp - l{V) diain 

COP9 sig losome comple11: su nit 1 

COP9 :signalo:some comple:,i; subunit 2 

COPSI signalosome complex subunit 3 

COP9 sign,1losomc oomplc:,i; subunit 4 

COPSI signa1osome complex sobt.Jnit 8 

Cu:llin-2 

Cyc in -dep ndellt · n.i~ 2 

Cysteine: and vci e:•rich protein 1 

Cvtopl21smic dvnein 1 he~vv i:tiain 1 

Cvtosot aminopcpt idase 

D-dopiilchrome deCilrbox','lilse 

Dipeptidyt peptid ase 2 

Dipeptid','I pep1id ase 3 
DiSintegrin and metanoproteinase comain-contain ing 

prate.in 9 

ONA repliciltion licensinttfactor MCM2 

DNA ,cplication lictnsingfoctl)( MCMG 

ONA-(apurin ic or apyrimidinic site) tvase 

CnaJ homolog subfamily A membe:r 1 

Oynein light chain roadblock-type l 

E3 ubiQUitin-protein ligne UBR4 

Eir ly endosome antigen l 

EF-tiand oomain-contai.ni ng p rotein 02 

EH dom.1i1l-COlllilining protcill I 

EH domain-cont iJlininR protein 4 

ELAV•lilte protei,l I 

ElonR;,tion factor l -bet,;1 

Enho.ncer of rudimentar., homolog 

Enoyt,CoAdcha iso.nerase l , mitochondrial 

Epididymis-speci fic iilphi1-mi1nnosidc1se 

Erythrocyte bi'.lnd 7 intcg,ral mcmbf'.inc protein 

Ethin olamine•phosphite -cvticMvttransfer ase 

Euk.iryotic in it iation factor 4A•II 

Eukaryotic in it iation factor 4A·III 

Eukarvotic pePtiCle Chain release factor subunit t 
Eukaryotic t rilnsl.Jtion ini ti,1tion factor 2 subunit 1 
Euki!rvot ic t ranslation initiation fi!cior 3 subunit 6 

Eukaryotic t ranslation in i ti..ltion factor 3 subunit I 

Euki!ryot ic t ranslation inifo,tion f actor 3 subunit K 

Eukaryot ic t ransl,1tion iniHation factor 48 

Evk c1ryotic t ransl11tion ini tii11tion hctor 4H 

Euk.iryotic t r.inslation initiation factor SA· l •likc 

E,:osome comple:11: component RRP41 

E>:wrtin•5 

E:11portin•T 
F-actin--c::21pping protein sitibunit alpha-2 

Far upsue.im element-binding protein l 

Fructose-hispt,osph(llte al ::tolne C 

Fumuryi;iccto.xctasc 

GDP·L-focose synthase 

General vesicular t ransl)Ort ~ctOI" p I I S 

Gluoosc•6 •phosph~tc l •dchydrogc,l asc 

Gl1J005ylce ram id i!5e. 
Glutimine-fructose-6-phosphate: amin01ransferase 

[isomeri~ing) 1 

Gl t.rl.i!mine-tRNA lig.;1se 

Ghrt.1redo:11in-3 

RAC! 21 No 

RA82A 24 No 

RAll6A 24 No 

RAIA 14 No 

RAP tA 21 No 

RSMX 41 No 

SEPTl 1 49 No 

PPP1C8 37 No 

SUM02 I No 

SPTSN l 27S No 

TP052 L2 22 No 

COP~ 138 No 

COP82 102 Yes 

COLSAl 184 Yes 

GPSI S No 

COPS2 52 No 

COPS3 48 No 

COPS4 No 

COPS8 13 No 

COROH\ 54 No 

CUl 2 87 Yes 

C0k2 Yes 
C'iT8 ,., 
CSftP l No 

D'tNClHl 532 No 

LA?3 S6 No 

DDT 13 No 

OPP7 54 No 

011P3 83 NO 

ADAM9 72 No 

DOB! 127 Yes 

MCM1 102 Yes 

MCM6 93 Yes 

APEX! 36 Yes 

ONAJAl 45 No 

OYNl RBl 11 No 

U8R4 S74 No 

EEAl 162 No 

EFH02 27 No 

EHD1 61 No 

EHD4 61 No 

ELAVl 1 36 Yes 

EEH81 2S No 

ERH 1l No 

ENOPHl 29 No 

ECII 33 No 

MAN262 114 No 

STOM 32 No 

,cm 44 NO 

Elf 4A2 46 No 

Elf4A3 47 NO 

ETH 49 No 

e1ns1 36 No 

Elf :36 92 No 

EIF31 37 No 

Elf 3K 2S No 

Elf 4B 69 No 

Elf 4H 27 No 

EIFSALI 17 No 

EXOSC4 26 NO 

XP0 1 123 No 

CSEIL 110 Yes 

XPOS 136 No 

XPOT 110 No 

CAPZA2 33 No 

f UBPl 68 No 

ALOOC 39 No 

FAH 46 Yes 

TSTA3 36 Yes 

USO! 108 No 

G6PO 59 No 

GSA 6() No 

GFPT1 79 No 

OARS 88 No 

GLRX3 37 No 

Yes No No 

Yes No No 

Yes Non-Cl No 

Yes No No 

No No No 

No No No 

No No No 

Non•CI No 

No Non.Cl No 

Yes No No 

No Non.Cl No 

Yes No No 

Yes No No 

Yes NO 

No No No 

No No No 

Yes Non-Cl No 

Yes Non-Cl No 

Yes No No 

Yes No No 

No No No 

No No No 

Y<s No No 

Yes No No 

Yes No No 

Yes No No 

Yes No No 

No Ye, No 

Yes No No 

Yes Yes Yes 

Yes Non-Cl No 

No No No 

No No No 

NO Non-Cl No 

Yes No No 

No Non-Cl No 

No No Yes 

Yes No No 

No No No 

Yes No No 

Yes No No 

No No ~o 
No Non-Cl No 

No Non-Cl No 

No Non•CI No 

No Non-Cl No 

No Yes No 

Yes No Yes 

No No No 

Yes No No 

Non-Cl No 

No No No 

Ye, No No 

Yes No No 

Yes Non-Cl No 

No Non~CI No 

No Non-Cl No 

Yes Non-Cl No 

No No No 

NO No No 

Yes Non,CI No 

Ye, No No 

No No No 

No Non-Cl No 

Yes No No 

No No No 

Yes No No 

Yes Non.Cl No 

Yes No No 

No No No 

Ye> No No 

Yes Yes Yes 

Ye, No No 

No No No 

No No No 

S-89SE-04 9.3S4E-04 8.I WE-04 

S.S98E-04 S.263E-04 1.413E-03 

4.128E-04 !.002E-03 8.609E-04 

4.357E-04 l.440E-03 l.97lE•04 

!.166E-OJ !.787E-03 1.226E-03 

8.744E-04 4.031E-04 5.87SE-04 

l.439E-04 8.239E-OS 1.479E-04 

9.378E-04 9.238E-04 S.992E-04 

3.038 E-04 7.S54E-04 5.4S2E·04 

2.494E-04 l.349E-04 2.131E-04 

l.374E-04 3.629E-04 5.876E-04 

2.1GAE-04 2.S44E-04 9.904E-05 

2.936E-04 4.SS9E-04 2.480E-04 

1.521 E-04 S.009E·OS .317E-04 

1.4SOE-04 t.OSSE-04 . 78E-04 

2.142E-04 6.S0GE-05 1.6Sl2E-04 

2.600E-04 t.089E-04 l.367E-04 

3.736E-04 2.59SE·04 2.270E·04 

l.362E-04 2.236E•04 2.213E•04 

2.318E-04 3.444E-04 t.307E-04 

2.SSIE-05 3.125E·05 l.0 71E·04 

1.108 -04 7.613 -OS .J37E-04 

LS02E-03 l.9G6E-03 2.288E-03 

3.215 -04 t.007 -03 4. 44 -04 

9.806E-05 l.624E·04 2.3!9E-04 

7.238E-05 2.704E-04 l.886E-04 

S.489E-03 l.287E-02 S.770 E-03 

4.864E-OS l.896E·04 8.l 72E·0S 

3.9S8E-04 I.S78E-04 7.0 86E·OS 

4.032E-05 G.384E-OS 3.537E-OS 

l.915E-04 2.637E-04 l.66SE-04 

3.150E-OS 3.223E-05 6.311E-05 

l.212E-04 7.734E-OS 8.42SE-OS 

!.343E-04 !.09GE·04 <.331E·04 

8.373E-OS t.177E-04 i.296E-04 

S.OOJE-04 7.838E-04 S.3SISE-04 

8.31SE-06 6.664E-06 4.2S4E-0S 

l.244E-04 l.16 1E-04 6.986E-0S 

l.771E-04 4.588E•04 4.349E•04 

2.116E-04 8.SOSE-04 3.0 SI E-04 

7.854E-05 4.055E·04 8.438E·05 

J .039E-04 3.177E-04 3.896E-04 

l.032E-03 6.667E•04 l.181E·03 

1.001 E-03 !.693E-03 1.1 56E-03 

2.S4SE-04 2.888E-04 l.lOOE-04 

L578E-04 3.BOI E-04 2.0 93E-04 

3.783E-05 4.S84E-05 6.229E-OS 

l.833E-04 l.80 9E·04 l.201E·04 

• .927E-OS !.653E-04 l.0 27E-04 

3.617E-04 4.85SE-04 l.219E-03 

!.713E-04 2.402E·04 2.94SE·04 

4.669E-04 2.646E-04 3.831E-04 

2-556E-04 !.466E-04 3.475E-04 

2.268E-04 l.347E-04 l.830 E-04 

4.076E-04 2.671 E-04 3.733E-04 

2.I96E-04 !.S99E-04 2.122E-04 

2.163E-04 l.042E-04 7.571E-05 

l.164E-04 l.8S8E-04 l .869E-04 

2.924E-03 l.187E-03 4.920E-03 

!.339E-04 9.503E·OS 9.494E· OS 

l.287E-04 i.673E-04 3.78SE-04 

!.902E-04 2.587E-04 7.93SE-04 

l.560E-OS 1.880E-05 l.9!0 E•05 

!.622E-04 !.692E-04 l.556E-04 

2.683E-04 S.OSGE-04 l.817E•04 

S.312E-04 l.004E-04 1.8781:-04 

l.239E-03 l.749E-03 3.66SE-04 

3.161E-04 S.439E·04 3.570E·04 

5.920E-OS 1.44 I E-04 l.0 80E-04 

6.409E-OS 1.85SE-05 6.624E-05 

!.6S8E-03 !.4 16E-03 6.041 E-04 

9.695E-05 1.714E·04 l.729E-04 

!.972E-04 5.894E-OS l.324E-04 

l.22GE-04 8.280E-OS 2.164E-04 

3.117E-04 t.89 I E-04 2.602E-04 
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G.lyci11e--tRNA Ii se: GAFI.S 

Glycolipi::1 t ,,;1nsfe protein GLTP 

GM P synt ase: fglula1nin •hydmlyl ingl G PS 

Golgi m embrane protein t GOLMl 

Golgin subfamily A member 7 GOLGA7 

Growt h factor receptor-bound protein 2 GR82 

Gu.ininc nuclcotidc,bind'ing protein subunit bet.1-2 ,likc l GNB2ll 

Gu.:inosine:-3',S' -bis(diphosp hate:) 3'· 

pyropl'losr,hohydrOlase M ESHI HDDC3 

HD dom.:iin~cont.1i,1ing p roIcin 2 HDDC2 

He<il shock protein IOS kDa HSPH 1 

Heal shock p rotein 75 kDa, mitochondrial TRA:Pt 

Heme-binding protein 1 HESPl 

Hetemseneous nuclear ribonudeoprotein F HNRNPF 

Hete:tOgl!:nl!:OuS nuclear ribonude:oprotein L HNRNPL 

Heteroge,1eous nuclear ribonudeoprotein Q SYNC RIP 

H@te:r0g@nl!:Ous nucleatribonude:oproteins Cl/0. HNRNPC 

Hexokinue-1 HKl 

Histid inc--tRNA ligusc, cy1opl.:ismic HARS 

Histone H2S type f -S H28FS 

Hsc70•inte:racting protein S: 3 

Hsp 70-binding protein 1 HSP8P 1 

Im unoglobulin superfumily em t t 8 IGSF8 

tmport in s bunit i1lphc1- KPNA2 

lmpOt'tin•S I s 
lmport in-7 IF-0 7 

lmpOt'tio-9 IPOSI 

tnh ibin beta B chci in INHBB 

lntegrin alpha-V ITGAV 

tnter -alpha•trypsin inhib itor heavv chain H2 ITIH2 

tnh'.!:fh!:uli1\ enh.ln~t-bind ing f.tc:tOt' 3 ILF3 

tnterleukin-t recep to r accessory protein IURAP 

rsoamyl ac:etate•hyd,olyLing este:rnse 1 horoolog IAH t 

tso!~m 2 of Apoptosis inhibitor S APIS 
rsof.orm l of Oeoxyt..1ridinie S' -t riphosphc1te 

11uctcotidohydro l,1sc, mitod,ondriJt 

iso!orm 3 of Cysteine--tRNA ligase, evtol)lasmie 

rsofo,m 3 of Oynactin subunit I 

lsoform 3 of seiw t e 6-like J)f'otein 2 

rsofotm 3 of u nconventional myosin-rc 

tsoform 7 of Elikaryotic t ranslation initiat ion factor 4 

ga,rima 1 

subunit alpha isoforms short 

Junction p lakoglobin 

Ke:r.atin, t ype I CytOSk@le:tal 18 

l\erat in , t ype II cvtoskeletal 8 

Kincctin 

Kynurenin c1se 

Lc1minc1-c1ssociatcd polypept ide- 2, i soform .:ilpha 

lc1min-Bl 

LanC•likc protcin l 

Lc1rge neut r,;11 c1mino acids t r,;1nsporte, sm all subunit 1 

Leucyl•cystinyl amioopeptid.ise 

l lM and SH3 dom,;1in protein 1 

Lupus t..) p,otcin 

L-xvlulose reductue 

Lysine--tRNA ligase 

Lysosomal protective p<otein 

Lyso somal Pro•X catboxype.pt idase 

m7GpppX diphosph.:itasc 

MacrophaRe-capping protein 

M~teo,in-like: p rotein 

Methionine c1denosyHrc1nsferase 2 sublinit beta 

Me:thylosom c p,otein so 

Mitotic checkpo int protein SU63 

Myristc,yl.:i tcd alanine:•rich C•kin;,sc substtcltt 

N!G),N(G)·dimethvlarginine dimethy\aminohydrolase l 

NIG),N(G)-diml!:thylatginine dimethylaminohydtolase 2 

Na(+)/tt!•) exdiangeregulatory cofactor NHf•Rf l 

N.acetyl-O•glucosamine kinase 

N-;itCCty1g.:il,1ctos.iminylt rilnsfcn1sc 7 

N-acet yt R,lucos ,;1mine-6-solfatase 

Nilr dilysin 

Nck-associate.d p ro tein 1 

NEOD8•conjugati,,g en1.vme Ubcl 2 

Nieogenin 

Ne:uroblast d iffo1tntiMion-.:issociated protein AHNAK 

Neurogenic locU'5 notch homolog protein 2 

OUT 
CARS 

CCTNt 

SEZ6L2 

M 'tOlC 

Elf4(i 1 

GNAS 

JUP 

KRT18 

KRTI! 

KTN l 

KYNU 

TMPO 

LM NBl 

LANCll 

SLC7A5 

LNPt'.P 

I.ASP! 

CCKR 
KARS 

CTSA 

PRCP 

DCPS 

CAPG 

M ETRNL 

MAT28 

WOR77 

8U83 

MARCKS 
OOAHl 

00A"2 

SLC9A3R1 

NAGK 

GAlNT7 

GNS 

NR01 

NCKAPl 

U8f2M 

NEOl 

AHNAK 

NOTCH2 

3 Yes 

24 O 

77 No No 

4S No No 

16 No 

2S Yes Yes 

35 Yes Yes 

20 No No 

23 No No 

97 Yes 

80 Yes Yes 

21 Yes Yes 

-46 No ,., 
64 No Yes 

70 Yes No 

34 Yes Yes 

102 Yes No 

57 Yes No 

14 No No 

41 Yes 

39 No No 

6S No 

sa No No 

124 No 

120 No No 

116 No No 

45 No Yes 

116 ND 

106 No 

95 Yes No 

GS No Yes 

28 No No 

57 No No 

18 No ,., 
9S Yes No 

137 Yes Yes 

92 No No 

120 No Yes 

Yes 

44 Yes 

82 NO ,., 
4S Yes Ye, 

S4 Yes 

IS6 No No 

52 Yes No 

7S No No 

G6 No No 

4S Yes No 

S5 Yes 

117 No No 

30 Yes No 

47 No No 

26 NO Yes 

6S Yes No 

S4 No Yes 

56 No 

3SI Yes No 

38 Yes 

34 No Yes 

38 No No 

37 No No 

37 No 

32 No 

31 NO Yes 

30 No Yes 

39 Yes Yes 

37 No 

75 No No 

62 Yes No 

132 No No 

129 No 

21 No No 

IGO No No 

629 No 

265 No No 

Yes No 

No No 

No No 

Yes Yes 

No No 

No No 

Non,CI No 

Non-Cl No 

No No 

Non-Cl No 

No No 

No No 

No No 

No No 

No No 

No No 

No No 

No No 

No -Cl No 

No No 

Yes Yes 

No ..Cl No 

No .Cl No 

No No 

No No 

Yc-s No 

Yes Yes 

Yc-s No 

No No 

Yes Yts 

No No 

No No 

No No 

No No 

No No 

Ye-<,. Yes 

No No 

No No 

Non.Cl No 

No No 

No No 

No No 

No Yes 

No No 

No No 

No No 

No Yl!:S 

No Yes 

Non-Cl No 

No No 

Non-Cl No 

No No 

Yes No 

Yes No 

Non -Cl No 

No No 

Yes No 

Non~CI No 

Non-Cl No 

Non-Cl No 

No No 

No No 

No No 

No No 

Non,CI No 

No Yes 

Y~ No 

No No 

Non-Cl No 

Non-Cl No 

Yes Yes 

Non.Cl No 

Yes Yes 

3. io -04 4 .0? 1 -04 3. en -04 

2.942E-04 3.842£·04 4.94&£·04 

3.411 -0 1.030 .04 8.360 -05 

8.234!-05 4.049!•04 l.138E•04 

2.786E-04 3.34.0E-04 2.095E-04 

6.331E-04 7.372E•04 3.718E•04 

3. 74SIE--04 3. 700E-04 6.690E·04 

2.6S2E-04 2.S94E-04 2.S84EE04 

1.860£-04 3.130£·04 t.700E·04 

3.817E-04 3.861E•04 6.714Ea04 

0.037£-04 3.704£-04 4.666£·04 

3.S06E-04 3.404E·04 S.494E-04 

3.093£-04 S.27 1E·04 4.050£·04 

l.047E-04 S.971E-OS l.277E-04 
3.132£-04 6.484£-05 2.604£·04 

l.7S2E-03 8.32SE-04 l .486E-03 

8.265E-05 2.S29E·04 8.816E-05 

3.171E-04 2.870E-04 l.600E·04 

l.213£-03 6.033E·04 2.43SE·03 

4. E-04 9.493£-05 .101E·04 

1.56 E-04 1.125£·04 .421£-04 

9.192E-05 i.03 1E·03 3.738E-05 

2.07 E 2.SlSE-04 2. 17E-04 

l.910 -04 3.168 .04 7.932 .04 

-!l.384E-04 2.413E-04 6.Sl0E-04 

3.651E-05 3.301E·05 4.942E·OS 

1.171£-04 1.725E•04 7.031E·OS 

2.996U)4 1.330E-04 2.2t9E·OS 

1.309£-04 1.908E·04 4.077E·04 

3.071E-04 1.053E•04 1.73SE·04 

9.IS5E-05 1.020E·04 6.068£·05 

9.650£-05 1.878£-04 l.331£-04 

2.072E-04 1.215!·04 7.673E·05 

8.451£-04 1.635E·04 7.106£·04 

1.401E-04 3.070E-05 2.2 19E-04 

l .372E-04 4.S3SE·OS 5.866E·OS 

3.836E-04 4.420E-05 5.739E-05 

l .031E-04 7.869E·04 1.471E-04 

5.675£-05 6.497£-05 5.034E·OS 

S.446E-04 S. 177E•04 7.352E-05 

5.289£-04 2.S86E·04 8.530£·05 

3.053E-02 3.700E-03 4.436E-04 

2.130E-02 8.903E·03 1.791£·03 

l.012E-04 !.248E·04 7.283E·OS 

2.087E-03 8.86 1E·OS l .123E·04 

7.520E-OS l.004E-04 1.333E-04 

2.271£-04 3.S7 1E-04 2.668E-04 

7.137E-OS 2.906E·04 7.172E·0S 

5.05.E-04 5.580£-04 1.922£-04 

S.615E-05 l.919E·04 1.187'·04 
7.837£-04 1.069E-03 1.790£-03 

l.~E-03 2.!S l E-04 S.660E-04 

'-830E-04 M41E·04 9.533£·05 
4.S32E-04 4.940E-OS 4.837E-05 

l.990E-04 7.726E·04 4.802E·04 

2.113E-04 5.743E-04 2.895£-04 

l .133E--04 1.749E-04 6.799E-OS 

3.552£-04 7. 179£-04 1.922£-03 

6.700E-04 5.456E·04 1.468£·04 

l.l30E-04 8.6HE·05 8.646E·05 

2.083E-04 3.229E-04 2.364E-04 

l.731E-04 1.604E-04 2.291£-04 

l.866E-04 4. 190E-04 4.698E-04 

1.491E-04 8.97lE·04 S.670E·04 

2.490E-04 1.411E·04 l.223E-04 

l .234E-03 l.313E·03 1.12SE·04 

4.723E-04 3.404E-04 1.S llEE04 

6.409E-05 3.57 1E-05 1.316E+04 

4.335£-05 1.687£•04 4.488E·04 

9.891£-05 1.W8E-04 l .061E·04 

1.263E-04 l.750E·04 3.097£•05 

l.825E-04 1.282E·04 3.761E·04 

7.128!-04 3.015E-04 1.107£-04 

9.097E-05 !.242E·04 2.371E-05 

'1.787E-OS 8.9S6E· OS 3.303E·OS 
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Neutr al amino acid t ,a,1sporte, 810) SLC1AS 57 Nr:> 

NH?i-like p rotein 1 NHP2ll 14 No 

Nil>iln-fike protein l FAM 129S 84 No 

NSHl cofactor p,17 NSHIC 4 1 No 

Nuclear migr ation protein oudC NUOC 33 No 

Nuclear mitotic apparatus protein 1 NUMAl 218 Yes 

Nu::leopro tein TPR T-PR 267 NO 

Nucleosome ass.emblyprotein 1-lik.e 1 NAP 1 Ll 4S Yes 

Nude dDmain-containinR protein 1 NUOCOI 67 Yes 

Ol Al 4S No 

PO? c1nd I.IM (fomc1in protein I PD LI Ml 36 Yes 

P~roxit~doxin-2 PROX2 22 No 

Phosph.tiidylinositol t rc1nsfe.r p,otein bet it isoform PITPNB 32 No 

Phosphoacctylglucos.,minc mut.i sc PGM3 60 Yes 

PhosphoglueomutilSP-·2 PGM2 68 No 
Phosphoribosylfcwmylgtycin.:,mfdinc synthase PFAS HS ND 

Phosphoserin.e phosphatase PSPH 25 Yes 

Plasrninogen activator inhibitor l RNA•bincli,,g protein SERSPl 4S ND 

Platelet-activating fact Of acetythydro1ase 18 subunit alpha PAFAHlSl 47 No 

Platelet-activating factOt' aeetythydro1,11se 18 w t>unit 

gam ma PAfAHlBl 2G No 

Pod aly in p f)Xl sg No 

Polv(AOP-ribose) g.lycohy::frolilse /\RH3 ADPRH L2 3g No 

Polypeptide N•acetylgal:actosaminylt,ansfe,ase 10 G l n o 69 Yes 

Pnlvpyrimirline t rad-binding protein 1 PTBPl S? No 

Prefold in subunit 2 PFON2 17 Yes 

Prefold in subunit 3 V8Pl 2l No 

Probable ATP-dependen t RNA hclicasc OOX.6 00X6 5.J No 

Prob<}ble ubiquit in carboxyl-terminal hydrolase F/\F-X USP9X 292 No 

Pro -c.:.thepsin H CTSH 37 No 

Progr;,mmed cell death protein S PO CDS 14 Yes 

ProSr-mmod cell death protein G P0C06 il No 
Pror eralin cell nueiear antigen PCNA 29 Yes 

Protec11ome 1ctivator complex subunit 1 

Proteasom e a d ivator complex subu rut 2 PSME2 27 Yes 

Proteuome ictiva to, complex. subunit 3 PSME3 30 No 

Proteasome assemblychape,or,e 3 PSMG3 13 No 

Prote1nome subunit cth)hcl type-1 PSMA1 30 No 

Proteasome subunit 31pha type-2 PSMA2 26 No 

Proteasome subunit alpha type-3 PSMA3 23 Yes 

Proteasome iubunit 3lph3 type-4 PSMA4 29 Yes 

Proteasome subunit beta type-3 PSM53 2l NQ 

Prot~Mom~ subunit b~ta type•4 PS.MBA 29 Yes 

Prote.t'5om e '5Uhunit bet ii type• 7 PSMB7 30 No 

Protcasomc-associatcd protein ECM29 homolog KIAA0368 204 No 

Protein arginine N-methvltr(lnsferiJse 1 PRMTl 42 No 

Protein diaphunous homolog 1 OIAf'Hl H l No 

Protein ND RG 1 NORG! 43 Yes 

Protein RCC2 R.CC2 56 ND 

Protein t ransport protein Sec'23A SEC23A 86 No 

Protein transpon protein Sec2lS 51C23S 8~ No 
Protein t r;,nsport prc,iein Sec24C SEC24C US No 

Protein uanspon protein Sec24D St:C140 U3 ND 

PCBOl 12 No 

Put<lt ivc dCOJCY,ibot1udcasc TATON! TATDN l 34 No 

Putative GTP cytlohydrolase 1 type 2 NIF3Ll NIF3ll 4Z No 

Putat ive phospholipase 6-tike 2 PL80 2 6S No 

Pyrid011t1I k.inase POXK 35 No 

RadiKin ROX 69 Yt:s 

Ran GTP;;,sc-aciivilli1l g protein l RANGAPt 64 No 

R;,s GTPase-activ-,tinK protein -bindinK protein t G38Pl 52 No 

Ras-related protein Rab-21 RAG'.2 1 '2 o 

R;,s-relilh:d protein Rab-7il RA67A 23 No 

Rcceptcw-typc tyrosine~protein phosphatase S PTPRS 2 l 7 No 

Rho GDP-<:lissociilf ion inhibitor t ARHGDIA 23 No 

Rho-associate p,otcin in:isc 2 ROC 161 No 

RuvS•li t.e 1 RUVBLI 50 No 

RuvS•lit.e 2 RUV8t2 Sl No 

Secernirl•l SCRN 1 46 No 

5epiaptenn reductase SPR 28 No 

Sc,ine/thrco1li,,c.p,otcin kinase OSRl OXSR! 53 No 

Serine/threonine-protein phosph.:ttase 2A c1ctiv-,tor PPP2R4 41 No 

Se,inc/thrconinc~protein phosph.atase 5 PPPSC 57 Ir, 

Serine-thre()fline kinase r e:::eptor-a:;soci;,ted protein STRAP 313 Yes 

Sc,inc- tRNA lig .. -se, cy toplasmic SARS 59 ND 

Sialic «1cid svnthan: NANS O No 

Sign.ii rccogriition p.irt iclc: 9 kOa p,otcin SRP9 10 No 

Ye, 

No 

Ye, 

No 

No 

No 

No 

No 

NO 

Yes 

No 

Yes 

No 

No 

No 

Yes 

No 

Yes 

Yes 

No 

No 

No 

No 

No 

No 

No 

No 

Yc1 
Yes 

No 

Yes 

No 

No 

Yes 
Yes 

Yes 
Yes 

Yes 
Yes 

Yes 
No 

No 

No 

Yes 
Yes 

No 

No 

No 

No 

No 

No 

No 

No 

Yes 

Yes 

No 

No 

Yes 

No 

Yes 

Yes 

No 

Yes 

Yes 
No 

No 

No 

Ye> 

No 

No 

No Yes 

No No 

No No 

No No 

No No 

No No 

No No 

No No 

No No 

No No 

No No 

Non-Cl No 

No No 

Non-Cl No 

No No 

No No 

No No 

No ND 

No No 

No No 

L__ 
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L__ 
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c= 

mr... L__ 
No o 

Yes Y 5 

No No 

Non-Cl No 

Non.Cl No 

No No 

No No 

Yes No 

Non~I No 

Non -Cl No 

Non.Cl No 

No No 

No No 

No No 

Non -Cl No 

No No 

No No 

No No 

No No 

No No 

Non-Cl No 

No No 

No No 

No No 

No No 

Non-Cl No 

No No 

Non.Cl No 

Non -Cl No 

No No 

No No 

No No 

No No 

No No 

Yes NO 

Non<I No 

No No 

No No 

No No 
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No o 
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Non<I No 

Non.Cl No 
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No No 

No No 

No ND 

Non.Cl No 

Non<I No 
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l.654E-03 9. 104E·04 4.386E·04 

3.384E-04 3.J94E-04 3.175E-04 

3.22SE-04 2.478E·04 1.461E·04 

7.712E-05 2.20 1EE04 9.441EEOS 

6.740E-04 4.050E-04 S.031E-04 

2.036E•04 2.860E•04 l.173E•04 

8.456E-05 l.3i7E•04 4.88SE·0S 

2.669E-04 7.452E-0S S.3 12E-04 

l.139E-04 1.29 1 E-04 1.1 92E·04 

8.363E-04 S.429E-04 S.832E-04 

l.724E-04 2.66 8E-04 6.321E-04 

2.123E-03 1.89 1E-03 9.323E·04 

!.037E-04 2.368E-04 2.122E-04 

l.831E--04 l. 196E-04 I.S98E-04 

J.389E-04 J.889E-04 I .S07E-04 

3.941E-OS l.479E·04 2.082E·04 

l.468E-04 l.795E·04 2.805E·04 

4.7S9f-04 2.602f-04 3.93Sf-04 

3.483E•04 2.82 8E-04 4.226E-04 

I.6';2E·04 I.988E·04 2.242E·04 

6.8"0f-OS 6.2•6E-0S I.SS6E-04 

Ll87E-04 2.894E~04 2.544E~04 

4.786E-05 !.835E-04 1.438E-04 

l.873E-04 3.092E-04 4.321E•04 

S.227E-04 S.61.SE·04 6.344E•04 

3.J22e-04 !.785E-04 2.GS6E-04 

3.460E-04 4.8?.0E-05 1.797E-04 

2.98SE-OS S.172E· 0S 2.0 32E· 0S 

9.233E-04 4.478E·04 J .8 07E-04 

7. 167E-04 6.04se-04 7.8 16e-04 

I. nR-04 8.5001·04 J.3051·04 

5.455E-04 5.093E-04 6.397E-04 

1.742E-03 1.332E-03 6.973E·04 

L445E-03 l.311E-03 7.717E-04 

3. 730E-04 3. 186E-04 7.92SE-04 

2.316E•04 2.377Ec04 4.288Ec04 

L 246E-03 L038E-03 7.4S3E-04 

9.3S6E•04 i.88SE•03 l.0 32E-03 

!.357E-03 3.263E·03 9.0 16 E·04 

!.097E-03 I. I0 SE-03 7.3 ISE-04 

!.0 70E-03 5.964E·04 3.944E·04 

4.854E-04 6.SS9E-04 4.169E-04 

2.212E-04 3.986E-04 4.785E· 04 

6.429E-05 S.042E-OS l.154E-04 

L 223E-03 5.638E-04 6.706E-04 

9.312E-05 7.785E-0S 7.770E-05 

2.278E-04 1.494E-03 8.778E-05 

2.098 1-04 1.2231-04 2.1021-04 

2.120E·04 2.280E·04 3.160E·04 

2.907f-04 4. 7071-04 2.4771-04 

G.938E-OS 1.437E•04 4.742E•05 

1.8411-05 2.8101-05 2.2201-05 

5.439E-04 2.!87E-03 6.G ISE-04 

4.02SE--04 2.S44E-04 7.744E-OS 

l.374E-04 2.782E-04 l.984E-04 

4.036E•OS 2.2S9Ec04 2.6Sl Ec04 

3.209E-04 5.60 1 E-04 7.371 E·0S 

9.29SE-04 l.S43E-03 9.770E-04 

!.OSIE-04 S.854E-05 1.383E·04 

9.119E-0S 9.92SE· 0S 2.22SE•04 

2.319E-04 3.829E-04 S.9 18 E-04 

8.270E-04 7.607E•04 l .0 87E-03 

1.2451-04 7. 7671-05 8.3491-05 

9.315E-04 !.398E-03 l.664E-03 

1.05 E--04 7.4SOE-OS 4.629E-OS 

2. 702E-04 2.804E-04 3.421 E-04 

l.627E•04 2.26 1E•04 2.499E-04 

4.942E-04 4.032E·04 J .4 86E·04 

l.622E-04 !.342E-04 l.998E-04 

4.468E-05 !.558E·04 6.480E·0S 

2.2SSE-04 2.274 E•04 2.079E-04 

l.996E-04 2.333E-04 1.951E-04 

1.757E-04 1.163EE04 2,47QEc04 

S.3441:-04 7.893E-05 2.8 11E-04 

4.218E-04 6.642E-04 l.464E-04 

S.521E-04 7.53 9E·04 S.349E·04 
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Small glutamine~, ich tetrnUicopeptide repeat-containing 

protein a1pt,a SGTA 34 No No Non-Cl No 

Sodium/potassium-tninsporting ATPase subunit a lpha-I ATP lAl 113 No Yes 
Sodium/po1assium,tr.anspDftingATPolsc subunit bcla-3 A1P1BJ 32 Yes Yes No Yes 

somitoldet'lvd'rogenase SORO 38 Yes 

Sortilin SORTl 92 No Yes Yes Yes 

Spcrmidine synthase $RM 34 No No No No 

S-phcise l:inase-associated proiein 1 S:!CPl 19 No No 

Splicing factor 3B subur..it 3 Sf3S3 13G No No Non-Cl No 

S.Mphylococca rn.Jde:asc domain•cont.iini g protein 1 SNOl 102 No Yes No No 

Sta th min $T 17 Yes ,., Non-Cl No 

S.trcss•?0 protein, mitod1ondrial HSPA9 74 No Ye, No No 

Stress-induc.ed·Pl'tOSi>I\OProtein I STIP1 63 No Yes No No 

SUMO-activ, t ing enrvme subunit l SAEl 38 Yes No No No 

SUMO-conjugating Cf'llVfflC UBC9 UBf2I 18 No No Non-Cl NO 

Sllppressor of G2 <1llele o f SICPI homoloit SUGTl 41 No No No No 

Ta:d-bindi1lg protein 3 TAXIBP3 14 No Yes Non-Cl No 

T-compleK protein 1 subunit alpha TCPl 60 Yes Yes 

T -complew: p rotein I subunit betoil CCT2 57 Yes Yes No No 

T-coinpleK protein 1 subunit delt.:i CCT4 S8 Yes Yes Non-Cl No 

T -compleK protein 1 subunit ep,-ilon CCTS 60 Yes Yes No No 

T-c:oinple11. protein 1 subunit eta CCT7 S9 No Ye, No No 

T -co p le1e protein 1 su nit amm a CCT3 61 No Yes No No 

T -compl e1e p rotein 1 :i;uhunit zeta CCTGA S8 Yes Yes No No 

Tcsl in TES 48 Yes No No No 

Thime1 oligopeptidase THOPl 79 No No No No 

Tl'~oredo.xin TXN 12 Ye, Yes No No 

Thio,cdoxin-c:lcpcndcnt pcroKiclc rcduct.isc, mitochond,ial PROXl 28 Yes Yes Non-Cl No 

Thio,e.clo,cin..tike p rotein 1 TXNll 32 No No No No 

Thrc:oninc-•tRNA ligilsc:, cytoplJsinic TARS 83 Yes Yes No No 

THUMP <.10tn;ain-c.ont~inirig protei.n 1 THUMPOl 39 No No No No 

TIP41·1ike protein TIP Rl 3 1 NO NO No No 

Toll-interacting protein TOLLIP 30 No m NO NO 
Tran,-a iption e longation fad or B poly~ph:;f e 1 TCEBl 12 Yes Yes No No 

Transaiption c long.ition f.:tcto, B polv~ptidc 2 TCEB2 13 Ye5 No Non-Cl No 

Translattonally-cont ro lled tumor p,otein TPTl 20 Yes No 

Tnmslin TSN 26 Yes Yes No No 

Tramporl in•l TNP01 102 No No No No 

Trih.rnct ion;;il P\lrine b iosynthetit. protein acleno5ine-3 GART 108 Yes Yes 

Tryptophan- tRNA ligGse, cytoplasmic WARS S3 Ye5 Yes No No 

Tubulin •f din cofactor B TSCB 27 No No 

Tubulin •spei::ifii:: eh~p rone A TSCA n No Yes No No 

Twiofi1in• l TWFI 40 No No Non-Cl No 

Tvt-oS.ine-P'otein pttospl'l~Hase non-,ecep1or tvr>e 11 PTPNll 68 No No No No 

US small nucleGr ribonucleop,otein 200 kOa helicue SNRNP200 245 No No No No 

Ubiquitin carbOK'(l4crminal h'(drolasc 14 USP 14 56 Yes No Non-Cl No 

Ubiquit in carbo1evl•terminal hvdrolase S USPS 96 No No No No 

Ubiquitin c.irbo11.vl~terminal hydrolasc: 7 USP7 128 No No No No 

Ubiqtiitin carbOK'(l-te,minal t'lvdrolase isozyme l3 UCHl3 26 Yes No Non-Cl No 

UbtQuitin ct1rbo:ii:yl-1ermin,i1I hvdroloilse is.otyme l S UCHLS 38 Yes NO NO No 

Ubiquitio fusion de:g,.id.Jtion protein 1 horoolog UFOH 35 Yes No Non-Cl No 

Ubiquitin-conjugating eni yme E2 K USl:2K 22 No No 

UbiQuitin-c:oniufSi1i1lfS eIlLyme E2 Yiriant l ~J9E2VI t(i No No Non•CI No 

UDP-glucose: lycopro,ein gluc~yttransfe ase 1 UGGTl 1?7' No No No Yes 
UMP-CMP kim~se CMIPKl 22 No Yes Non-Cl No 

Uncharacterite:d protein C9orfl 42 C9orf142 22 No No Non-Cl No 

UPF0 160 protein M'l'G 1, m itodlondrial Cl2orfl0 42 No No No No 

UV excision repair protein AAD23 homolatc B RAD23B 43 No No No No 

Vacuolo, p,ote:in sorting•associ.itc:d protc:in 2GA VP526A 38 No No NO No 

Vacvolar protein sorting-associated protein 26B VPS26B 39 No No No No 

vacuola, p<01ei1\ sorting-,nsociatcd protein 35 VPSJS 92 No Yes No No 

valine .. tRNA ligase VARS 140 Yes No No No 

vasoc'ilat«-stimutate d phosphoprotein VASP 40 NO No No 

veside-.1uociated membrane protein-associated protein A VAPA 28 No Yes No 
x-rav repair cross-complementing proteins xflCCS 83 No No 

x--ri v repair cross-complementi1?t: protein 6 XRCC6 70 No Ye, No No 
Zinc fingc:r protein ZPRl Zl'RI 51 No No No No 

ldentifi l!d Protl!in:. 

72 t 0oil type Iv c:olloilgenise 

Aldehyde dehydrogcnasc family 1 ,rie mbcr A3 

J\mphiregulin 

Anlileukoproteinase 

9eta-1~3-galactOS'(l-0-glytosy1~glycoprotein beta-1,6-N

acetvtRII.J(X)~m inylt ran sfer-ase 

entl I secrete proteins present In HMEC on y 

Gl!nl! MW 

MMP2 74 

ALDH1A3 56 

AREG 28 
ANXA8 37 

S Pl 14 

GCNTI so 

8C 
database 

Yes 

Yes 

Yes 

No 

Yes 

No 

Exo,5oml! 

No 

Yes 

Yes 

Yes 

No 

Si&nal 

Peptide 

Yes 

No 

Yes 

No 

Yes 

No 

Yes 

No 

No 

3.'15E·04 4.232E-04 

l.498E,03 2.929E-04 

S.628E-04 l.240E·04 

2.947E-04 2.S77E-04 

l.G80E-03 2.009E-04 

4.832U)4 3.2SOE-04 

2.887E•04 2.106E·04 

2.S97E•04 1.796E·04 

3.775E·04 t.961E-04 

7.029E-04 I.S88E-03 

1.02SE·04 3.820E-04 

2.SSOE-04 S.414!-04 

l.666E-04 l.324E·04 

S.187E-04 3.683E-04 

2.231E·04 3.963E-04 

S. 189E-04 6.038E-04 

2.724E-04 4.0S6E•04 

~.S90E-04 7.892E-04 

2.JSIE·04 S.6741-04 

3.SS8E·04 S.862!·04 

1.176E·04 3.291!·04 

3.084E•04 8.0SJE-04 

9.820E-OS 2.GOSE-04 

8.608E-04 2.208E-04 

UHOE 04 L180E 04 

3. 126E-03 S.944E-03 

S.420E·04 7.187E-04 

3-.415E·04 S.l 79E·04 

J. ti9E-04 9.721 E-04 

l.lSSE,04 1.308! -04 

3.<IOE·04 4.447E•04 

1.491[-04 6.4891•05 

7.326E•04 6.693E•04 

8.820E-04 8.J39E-04 

l.279E-03 l.39SE-03 

8.S24E-OS 1.674E•04 

7.981E·05 l.597E•04 

4.981E·OS 3.429E·04 

3.S78E·04 4.022E-04 

9.786,-04 t.441E-03 

J.336E·04 l.483E-04 

t.6S3E·04 t.4S6!-04 

4.102E-05 5.716E·05 

2.608E·04 3.030E-04 

3.320E·04 t.7S2E·04 

1.0S8E-04 6.826E-OS 

6.019E-04 l.007E•03 

7.130E-OS L 406E-04 

S.268E·04 3.9SIE-04 

S.521E·04 S.754E·04 

l.34lE·03 1.487E•03 

2.9SSE·04 2.9S8!-05 

2.122E-03 t.940E-03 

Vl65E-04 2.268f•04 

2.174E•04 L 699E-04 

2.S76E-04 l.133E-04 

3.377E-04 1.769E·04 

3.607E·04 6.92;E•OS 

2.339E-04 I.ISSE-04 

9.210E,OS 7.340!-0S 

I.S04E·04 6.988E·04 

4.887E-04 S.SS6E-04 
3.SSOE-04 3.69SE-04 

8.800E·OS 8.854E-OS 
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Booe mo,phogc,lctic p,otcin 1 6MP1 111 No No Yes No 

Cadherin- 13 COHl3 78 No Yes Yes No 

Cadhcrio-3 COH3 91 Yes No Yes Yes 

Calmodulin-l ike protein 3 CAl Ml3 17 No Yes Non-Cl No 

Carboxypcpt id;rsc 82 CPB2 46 No No Yes No 

teroid-lipofuscinosis neuronal protein 5 CLNS 41 No No Yes No 

Ouster of c-x-c motir d l emoki,,e 3 CXCl 3 II Yes No Yes No 

Ouster of Laminin subunit alph<1-3 LAMA3 367 Yos Yes Yes No 

Ouster of Metallothionei1l·2 MT2A 6 Yes No No No 

Ouster of serum amyloid A-2 protein SAA2 14 No Yes Yes No 

Cocaine ester ase CES2 62 No No Yes No 

Collagen alpha-l(XVll) chain COL17'Al I SO Yes No No Yes 

Collagen alpha-2(V) dlain COlSA2 145 Yes Yes Yes No 

Comple~nt facto, I CFI 66 No Yes Yes No 

CUS domain-containing protein 1 CDC-Pl 93 No No Yes Yes 

C·X•C motif chcmokinc 10 CXCllO 11 Yes No Ye> No 

Oesmocollin-3 DSC3 100 Yes No Yes Yes 
Oickkopf •rel.ited protein 3 OKKJ 38 Yes Yes Yes No 

Ehtfin Pl3 12 No No Yes No 

Endonutleasc dom.iin -contain.lng l protein ENOOOI ss No No Yes Yes 
Ephrin-61 EFNBl 38 Yes Yes Yes Yes 

Ephrin•B2 EFN62 37 No No Yes Yes 
Epid idymal ~c;reto,y protein E1 NPC2 17 No No Y<s No 

Fibroblast &rowth f.actor-binding protein 1 fGF6P l 26 Ye, Ye, Yes No 

Fructose-2,6-bisph0'5phata5e TIGAR TIGAR 30 No No No No 

Gr;:mulocytc colony !.timul.i ting f.ictOf C~3 22 No Yes YP.:S No 

HaptCJRlobin HP 45 'l'CS Yes Yes No 

lg illJ)ha• l ChilinC ,egi01, IGHA1 38 No Yes No No 

IR g;,mm~-1 t;h;,in C region IGHGl 36 No Yes No No 

ts, ga,runa-2 chain C region IGHG2 36 No Yes No No 

lmmunog1obulin lambda-like polypeptide S 1Glt5 23 No No Non-Cl No 

ln:.Jctivc serine PfOlC;tSC PAMRl PAMR1 80 No No Yes No 

tnhibin beta A chain IN~SA 47 Yes Yes Yes NO 
lntcr...-lph.1-t rypsin inhibitor hc;rvy ctiain H4 rnH4 103 Yes Yes Ye, No 

Kallikrein-10 KLKlO 30 Yes No Yes No 

K.:illiktcin-S KLK5 32 Yes No Yes No 

Kallikrein-7 KLK7 28 Yes No Yes No 

Kalliktein-8 KLK8 28 Ye, No Yes No 

glu(osamin yl t ran s-ter ase 83GNTS 44 No No No Yes 

Laminin subunit alpha-I LAMAt 337 No No Yes No 

Laminin u nit bet -3 lA 83 30 No Yes Yes No 

Leucine-ric r~pejl tr smembrane rotein F LRT3 FlR 73 No No Yes Ye, 

Matrix metallo oteinase-28 P28 59 No No Yes No 

MiiltriJc metalloproteina:se-9 MMP9 76 Yes No Yes No 

Mel.inom.i•dcrivcd growth rcgul.ito,v protein ML'\ IS No No Yes No 

Miaofibrillar•ii155ociatecS protein 5 MFAP5 20 Yes No Yes No 

Ncuropilin•2 NRP2 !OS Yes No Yes Yes 

Nidogen-1 NIDl 136 No Yes Yes No 

Nidogcn•2 NID2 151 No Yes Yes No 

Pc1r;:tthyroid hormone-reJ;ited p rotein PTHLH 20 No No Yes No 

Plasminoge,, activJtor inhibitor 2 5ERPIN62 47 No No No No 

Pl;:ttelet-derive.d ,Rrowth factor 51.lb\lnit A POGFA 24 No Yes Yes No 

Polypeptide N-acetylgalactosa,ninyltransrerase 3 GALNT3 73 Ye, No No Yes 

Polyp113ptide N..,.c;etylgc1l,1ctosaminyftninsfer.i5e 5 GALNTS 106 No Yes Yes Yes 
Pro-ncurcg1.1lin• l , mcmbranc•bound isoform NRGl 70 Ye> No No Yes 

ProSAAS PCSKI N 27 No No Yes No 

Protein deha homol-og 2 Ol'2 41 No No Yes Yes 

Protein FAM3A FAM3A 2S No No No Yes 
Protein St 00-1\2 5l00A2 II Yes No No No 

Protein Wnt -Sa W NTSA 42 No Ye, Yes Yes 
Prothymosin alpha PTMA 12 Yes No No No 

Protocadhe,in Fat 2 FATl 47~ No Yes Ye, Ye, 

Rec;.ep!or-type tvros.ine-prQtein phosphatase teta PTPRZl 2SS No No Y<s Yes 

Secreted fri i d ed-related protein 1 SFRPI 35 Ye, Ye, Yes No 

Serpin 6 13 SERPINSl:3 44 No Yes No No 

Scrpin SS SERPINBS 42 Ye, Yes No No 

Serpin 87 SERPIN87 43 NO No No Yes 
Stromelysin-2 MMPIO S4 No Yes Yes No 

domain-containing protein 1 SVEPl 390 No Ye, Yes No 

Thtombospon(lin type-1 domain-contair'ling protein 4 THS04 112 No Yes Yes No 

nss.ue tc1ctor Pc1t hw,1v inhibitor 2 TfPl2 27 Yes No Yes No 

Tolloid•l ikc protein 1 Tlll us No No Yes No 

r umor necrosisfactOI' receptor 5uperf1milv member 61> TNFRSF6S 33 NO NO Yes NO 
r y,osine-prntein phosphat.Jse no1weceptor type substrate 

I StRPA ss No Yes Yes ye, 

v asculiu endothelial growt h ract0< C VEGFC 47 No Yes Yes No 

versican core protein VCAN 26S No Yes Yes No 

ldenti 'ed secreted proteins present in MCF7 only 
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ltlentifie el Ptoteins 

Apos,,tos.is re1tulator 8AX 

Caldum•binding ptotcin )g 

Ch.mer of Fibrillin• l 

Cluster of Fibulin•l 

Cluster of Myosin regu1ilfory l ight cht1in 12B 

Complement Clr subcomponent 

Complement factor B 

Con,,ective: tissue grnwth factor 

Cysteine•rich motor neuron 1 protein 

Oipepti:M peptidase 1 

Eukaryotic ttinslation initiation facto, 6 

Exostosin-1 

EKostosin-2 

GTP-bin(!ing nuclei!lr p,otein Ritn 

Hepatocyte growth f,1c1or receptor 

ln:mlin -like growth factOJ-hinding protein 7 

Isof0fm Gamma of Poliovirus reccplo r 

Kera tin, type II cvtoskeletal 7 

L·lactate c:leh't'droR;enase 8 chain 

Pigment epilhelium-deri1,1ed r,ctor 

Plasminogen activator intiibilOt 1 

Plasti,r 3 

Protein CVRGl 

Protocadherin fit l 

SAX 

CA839 

FB.Nl 

F6LN1 

MYL12B 

CIR 

CFS 

CTGF 
CRIMl 

= Elf6 

E>ITl 

E>T2 

RAN 

MET 

IGFSP7 

PVR 

KRT7 

LAMB1 

LDH.S 

MYH9 

POLIMS 

MW 

21 

312 

77 

20 

ao 
86 

• C 
datab ase 

No 

Yes 

Ye> 
No 

No 

No 

38 Yes 

114 No 

si Yes 

27 No 

8.G Yes 

82 No 

24 No 

156 Yes 

29 Yes 

39 ND 

51 Yes 
198 Ne, 

37 Yes 

64 No 

SERPINFl 46 Yes 

SEkPINEl 4S Yes 

Pl S3 71 No 

CYR61 42 Yes 

FATl SU6 No 

Exosome 

No 

No 

No 

Yes 

No 
No 

No 

Yes 

No 

Yes 

No 

Yes 

Ye> 

No 

Yes 

No 

No 

No 

Si-.nal 
Peptide 

NO 

No No 

Yes No 

Ye5 No 

No No 

Yes NO 

Yes No 

No Yes 

No Yes 

NOl'l•CI No 

Yes Yes 

Yes No 

't'es No 

No No 

't'es No 

No No 

No No 

No No 

Ye, No 

Yes No 

No No 

No 

Yes Yes 
Tubulointcrstit i.il nephri t is un1igcn-likc TINAGll 52 No Yes Yes NO 
Viment in 

ZyJCin zvx Gl Yes No Not1-CI No 

Identified secreted proteins present In SKBR3 only 

Identified Protein§ Gene 

Ac1in•rel,11ed rirotein 2/3 c ple.x subun"t S.-li e riro1ein 
Activated RNA polymerase II transcriptiot1al coactivator 

p15 SUBl 

Atyl•proteio lhiocstefJSC l LYPLA1 

Alpha-N•acetvlgluco§aminidase NAG LU 

Annci,:io Al ANXA 1 

Apolipoprotein E APOE 

Beta•l ,3·N•icetylglucosaminyltra,,sfe rue h.1natic fringe LFNG 

BiotinicJase BTO 

C044 t1nli~en CD44 
Clusler of HLA d JSS t histocompatibility anti&eA), A ·2 alpha 
ch.iin 

C I e.n alph • l(VI) ,;h;:iin 

Cotooi1HC 
C•l ype: ma,rnose r eceptor 2 

0ickkopf-re lated p,otein 1 

0i•N..acet yt ctl itobiase 

EKtracellular matriK ptotein 1 

Fascin 

Follist.itit1•rcl.,ted p,otcin 3 

Galaictosylgalactosylxy1osvlprotein 3-beta• 

glucuro r-.05ylhc1n5feri1se 3 

Galcctin-3 

Gril1\ulins 

High mobility gro~ip protein a 1 

Hydroxvmettlyls,lut.:ifyl•CoA synthase, cytopl.:isrnic 

Insulin-like growth factOJ•binding protein 4 

lnte:grin alph.-.-3 

lnteR;rin beta• 1 

monoo11.ygcnase 

lmf'orm Alpha-6X 1A o f lntegrin a1pha•6 

Laminin subunit bctil-2 

Laminin svboni t Ramma• 1 

Metallopro,einase inhib itor 1 

Mictotubule-associ.>tcd p rotein 4 

N•acetytlactosaminide beta• l,3•N• 
a c:et ylgtu cos a minyttta nsfera se 

Neurooalcell adhesioo moleeule 

Nudeobindin•2 

Peptidyt-proM ds·trcrns i5omerase FKBf>3 

Polypeptide N-aeetylgalactosaminyltransfe,ase 2 

Serine protease 23 

Hl A·A 

C l6Al 

COR01C 
MRC2 
OKKl 

CT85 
ECMl 

FSCNl 

FSTL3 

83GAT3 

LGAl.53 

GPCI 

GRN 

HMGBl 

HMGCSl 

IGF8P4 

ITGAJ 

ITG81 

PAM 

ITGA6 

LAMB2 

LAMCI 

PRNP 

TIM Pl 

MAP<1 

83GNTI 

NRCAM 

NU~2 

FK8P3 

GAl NT2 

PRSS23 

MW 

17 

14 

82 

39 

36 

61 

8l 

BC 
d3taba~e 

No 

No 

Ye, 

No 

Ye, 

Yes 

No 

Ye> 

~l No 

109 No 

53 Yes 

167 No 

29 Yes 

44 No 

61 Yes 

S5 Yes 

28 No 

37 No 

26 Yes 

G2 No 

64 No 

25 Yes 

57 NO 

28 Yes 

117 Yes 

ea No 

108 ND 

119 No 

196 Yes 

178 No 

28 Yes 

23 Yes 

121 No 

41 No 

144 No 

SO No 

6S Yes 

43 Yes 

t'.xosome 

Ye> 

Yes 

No 

Yes 

No 

Ye> 

Yes 

Yes 
Yes 

No 

Yes 
No 

Yes 

Yes 

Yes 

No 

NO 

Y,s 

Yes 

Yes 

Yos 

Yes 

Yes 

No 

Yes 

No 

No 

No 

Yes 

Signal 

Pept iele 

Non-Cl 

1M 

No 

Avera 

HMEC Mer, 

2 . 3S ·04 2.156 -04 

NOll•CI No 3 .4t:i-5E•04 6.714E•04 

Non-Cl No 2 .Hn:E-04 3.069E-04 

Yes No l .SllE-04 l.S38E•04 

Non-Cl No 1.S60E·03 3.993E-04 

Yes NO 4.048E-04 t.372E-04 

't'es No 2.746E·04 2.S04E-04 

Yes No 2.022E•04 6.S37E•04 

Yes Yes 1.612E·03 2.729E-04 

Yes Yes l.83lf-03 2.726E>-03 

Yes No 1.283E- l.329E-04 

Non-Cl No 2 .160E·04 6.741 E-04 
Yes 't'es l.613E-04 9.290E-05 

Yes No 2 .603E-03 1.898E-03 

't'es No 2 .9:l3E·04 U:ilSE-04 

Yes No .S4SE·04 l .147E•04 

No No l .449E·03 "2.098E-04 

Yes No l.72SE-03 t.639E-04 

Yes Yes 4 .336E-04 l .U3E-04 

NO NO 3.980f·04 3.707E-03 

Yes Yes 2 .33SE·Ol 9.412E-04 

Yes No 7.616f-04 2.087E-04 

No No 5.180E·04 2.031E·Ol 

No No 1.llSE-04 4.48:o/E-04 

Yes No G.819E·04 l .140E·03 

Ye5 Yes t .8 18E·04 8.618E-05 

Ye:s Yes 3 .S6-5E•04 UIS6E·04 

't'-,s Ye5 2 .807£-04 2.0S0E-04 

Yes Yes 2 .666E-04 2.9S6E•OS 

't'es No 8 .998E·0S 7.267E-04 

Yes No l .922E·03 1.083! ·03 

't'es Yes 4 .2 14E-03 7.576E-05 

Yos No l .33SE-02 3.332E-03 

No No s.sise-os 9.•JSE-05 

Yes Yes 3.691E·04 2.406E-04 

Yes Yes 2 .1 17E•04 l.03SE-03 

Yes No 2.034E·04 6.3llE·04 

Non-Cl No I.SS3E·04 S.29SE-04 

Yes 'fCS 2.833E-04 l.330E·04 

't'es No 2.3S7E•04 8.780E-OS 

SK8R3 MOA231 

3.309E·O< S.989E·04 

2.S6SE-04 1.676E-04 

1.849E·OS 8.313E·05 

3.427E-03 9.753E·OS 

8.040E-04 9.0S9E-04 

l .48Sf·04 t.068E·04 

8.463E·OS 3.7S7E•OS 

2.650f -04 3.264f-03 
2.264E•OS l.0S7E•04 

4.92 IE·O< 4.S92E·04 

6.602E-04 8.244E·04 

5.457E-0S l.618E-04 

1.057E-04 2.020E-04 

1.063E-04 4.299E·04 

3.327f-05 1A94E·04 

3.477E•04 2.019E-03 

2.2 18E•04 l.800E·04 

4.797E·03 2.3S6E·04 

S.262E·OS 5.S47E•04 

2.09SE·03 3.48SE·03 

7.644E:·04 8.78SE-04 

2.924E-04 l.2SOE-04 

S.570E·OS 2.073E·04 

9.448E-03 8.647E-03 

7.SGSE-0< 4.930E·04 

3.S19E-04 l.740E-03 

2.9S3E-04 l.892E·OS 

S.092E·04 t.600E·04 

2.223E-04 8.172E·03 
l .4! 8E-O< l.113E-04 
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Sc, pin Hl SERPINHI 46 No No Ye, No 1.0SJE-04 
Signal ,ecogt1ition p a, t it le 14 kDa ptotein SRP14 l S Yes No No No 4.43SE,04 

Sulfhydrvl ox.idMe 2 QSOX2 78 NO NO Yes Yes 1.82%04 
Tonin•ts TOR16 36 No Ye, Ye> re, 3.624f-04 
V-type pr-oton ATPa$e strbunit St ATPGAPl 52 Y<S ye, ye, yo, 5.929£-04 

Iden! i "ed secrete proteins present In MDA231 only 

Identified PfOlein i Ge ne 
ec 

Exoscime 
Signal 

MW 
d;,tabase Peptide HMEC MCF7 

Angiopoictin-,clated protein 4 A l\'GPTL4 45 Yes res res No 9.263f-04 3.6I6E-04 

>wolipoprote in D APOD 21 Yes y"' y"' No 3 .109f•04 L77l f •04 

Betill•lnill!'tflOSidase MANSA 10 1 No No Yes No 3.722..04 1.941E-04 
Calu enin CALU 37 Yes ye, Ye> 0 4.193f-04 4.0S6f-04 
Ottx>nic .!lnhydt3se 12 CA12 39 Yes No Yc. Yes 2.494E,04 5.614f•04 

Ci'thep sin L2 CTSV 37 NO NO Yes NO l.6 I6E·03 8.526E-OS 
CD9 .1ntigen C09 25 No Ye, No re, 2.3171:-03 9.77l E-04 
Ch.t5te, of lsoform 2 of Tropomyosin beta c ha in TPM2 33 Yes No No No 9.362E,04 1.172E,03 

Cluster of Kunitl•typc prolc.isc inhibitor l SPINT1 SB No No Yes Ye> 1.0 16 E-OJ 8.204 E-04 
Cluster of lipolysis-stimul3ted lipoprotein receptor LSR 71 No Yes No Yes I.8 13£-03 l.219E•03 

dCTP pyrophosphatase 1 OCTPPl 19 No No Non.Cl No 2.859£,04 6.107E•04 

Epithelial dijcoidin domain-containing receptor 1 DDRl IOI Ye, Yes Ye> Ye, 1.230E-04 t.874E-04 

G:protein coupled receptor 12G GPR126 137 Ye> No Yes Ye> 6.649E·OS l.Ollf-04 
Insulin-like growth fact0t-binding protein 2 IGFBP2 35 Yes No Yes No 2.028E•02 3.473£·03 

lltf"lctionill iilclhesion mot.1m..1le A FU R 33 No Yes Yes Yes G.O•UE-04 L284t-03 
Ncuuopt,il gclatinase:-associatcd l ipocalin 1.CN2 23 res re, re, NO 9.993E·04 2.188E-04 
Polioviros receptor-re li,ted protein 1 PVRLl 57 No No y"' Yes l .159E·04 1.SSOE·04 
Prostaglandin F2 receptor negative regulatot PTGFRN 99 No Yes Yes Ye> 2.607E•04 7.057<-04 
PrMtasin PRSS8 36 No "' Ye, 0 1.892£-04 2.082E-04 
Protein ~nopv ho mol:,g 2 CNPY2 21 No No ,., No 2.891£-04 1.315£-04 

Protein Sl00·Al4 S100A14 12 Ye, Yes Non-Cl No 8.9071:-04 1.873E-03 

Rho GTPase-activating protein I ARHGAPl so No Ye<; No No 1.394£,04 8.681E•OS 

Semaphorin-4B SEMA48 92 No No Yes Ye> 5 .323E-04 2.334E-04 

Sortilin-re:lated receptor SORLI 248 No ves Yes ,., 5.784f·0S 1.313£-04 

Tumor-associated calcium sigr1<1I trans(lucer 2 TACSTD2 36 Vcs Yes No Yes 4 .4G4E·C4 6.920E·04 

ldentifiecl secreteij proteins present in at least two celrlines 

tdentifiC!d Pro teiM Ge ne 
•C Sign'(lll 

MW 
dat:ab ase 

E.xoscme 
Peptide 

1, 2-dihydro,r:y-3-keto-!l,-IT'.et hylthi open, e.n e dio:11:ygen..t se AOll 21 No No No 
1,4-alpha-glucan~ran chiog enz-yme GSE I 80 No Yes No No 
phosphodiestetase: be:ta•3 PLC83 139 No No No No 

phosphodiester ;ase bet..t4 PLC84 134 No No No No 

phosphodic,stcrasc gamma•l PlCGI 149 Ye, No No No 
2',3'-eydic•nud cotide: 3'•phosphodie:stcrase: CNP 45 No Ye> No No 
2,-1-dienoyl-CoA reduct:u.e, mitochond ri.!11 OECRl 36 No Yes Non.Cl No 
l6S protease reg1..11atory s1.1b1..1nit 4 PSMCI 49 No No No No 
26S protec,se re R1..1li,tory 'S1.1b1,.1nit 68 PSMC4 47 Yes Y,s Non.Cl No 

26S protc,nomc non•ATP.isc regulatory subunit 10 PSM010 24 Ves No No No 
26S proteas.ome non-ATPose regulatory subunit 12 PSMD12 53 Yes Yes No No 

26S proteas.ome non-ATPise regi.1h1tory subunit? PSMD7 37 Yes Ye, No No 
265 prolc,nomc non-ATP.isc regulatory subunit g PSM09 25 NO No Non-Cl No 

3-hyd'rox:yi5o00tyrate clehydrogenase, mitochondrial HIBAOH 35 No No Non<I No 
3-hyd'rox:yisobutyryl-CoA hydrolase, mitochondrial HISCH 43 No No Non.Cl No 
40S ribosomill protein S12 RPS12 15 Yes No Non-Cl No 

40S ,ibosomal protein Sl3 RPSll 17 No Ye, Non<I No 
40S ribosom.!11 protein S14 RPS14 16 Yes Yes Non-Cl No 

40S ,ibosomt1I protein S16 RPS1G 16 Yes Yes Non-Cl No 
40$ ribosom.!11 protein SI7 RPS17 16 No No Non.Cl No 

40S ribosomi I prote in S 18 RPS IS 18 Yes Yes NO NO 
40S ,ibosom.il protein S19 RPSt 9 16 No Yes Nern-Cl No 
40S ribosom.11 prote:in S2 RPS2 31 No Ye, Non<I No 

40S ribosom.il protein S20 RPS20 l3 No Ye, Non-Cl No 
40S ribo~oma I p,otei rl 527 Rf>S27 • No No No No 

40$ ribosom.!1 I protein S3a RPS3A 30 No Yes Non-Cl No 

40S ribosoma I protein S6 RPS6 29 No No No No 
40S ribosoma I protein S8 RPS8 24 No Ye> No No 
S'· 3' exoribon.uclcase: 2 XRN2 109 No No No No 
s ·-nucleotielase NT5E 63 No Ye, Ye<; No 

60S ribosomt1I protein l lOi RPLIOA 25 No Yes Non-Cl No 

605 ribosom<1 I protein l 13 RPL13 24 No No No No 

60S ribosomt1 I prote.i n L 14 RPLM 23 No Yes No No 
60S ribosom.!11 protein l 233 RPL23A 18 Yes No No No 

60S ribosomi I prote.i n L3 RPL3 46 NO Yes N,on-CI NO 
GOS ribosom.1 I prote:i n L30 RPL30 13 No Ye> No No 
60S ribosom;a I protein LS RPL5 34 Yes Yes No No 
60S ,ibosom.i I protci n L6 RPL6 33 No Yes No No 
6-phosphofructokinase type C PFKP 86 No Ye, No No 
6-phosphotfuctokinase, liver tvpe PFKL 85 Yes Yes No No 

.o.cetyl<oA c1cetyltr.insfetise, mitochoodrial ACAT1 45 No Yes Non-Cl No 

Acid ceromidose ASAl-tl 45 Yes Yes Yes No 

Acid sphingomyelinne-like phosphodiester11se 3a SMPDl3A SI No No Yes No 
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Acid sphingomyclin.:,sc-likc phosphodicstcr.:tsc l b 

Acidic lcucinc•t ich nuclc.ir phosphoprotcin 32 family 

me:mber A 

Acidic lcucinc•t ich nuclc;1r phosphoptote:in 32 family 

mcmbtt E 

~onit.ite hyd~tne, i t och dr,ial 

Acyt•COA•b indins p(Otcin 

Acyt-coc,u ymc A thioestct.Jsc 2, 11nilochoodrial 

Acylpho!ph<1tase-1 

AdaJ)1er molecule erk 

Adcnosinc kinase 

Adenv,.ite kinase 4., mitoctlondMI 

Adenvtosuocinilte lyase 

ADP•ribosyl.it ion f.:ictor 4 

AOP-ribosy1ation factor 5 
AOP-ribosvtc11ion f•ctor 6 

Adsevct in 

AH receptor-intef<lcting protein 

Aldehyd de.h dro n ' family iJ.6 memb r A 

Aldehyde dchvdrogen:ase, mitochondrial 

Aldose 1-epimerase 

.oJdo-se reductue 

Allogr.ift innammatory factor l •l ikc 

Afpt,a1 l,6)-fucosyttran-sferase 

Alpha♦ 1,3-mannosyt-glycoproteini 2-beta♦N • 

a oet ylglvco-sa minvltra nsfera'Se 

Afpha♦ 1,6-mann<»ylglycoJ)fotein 6· beta· N • 

c1oe:tyl[Clucost1rninvltr-t1nsfefne A 

Alpha• 1 •an tichymotry psin 

Afpha-l-antitry1>5in 

Alpha-2-rnictOfJ,lo bulin-like Qt'Otein 1 

Alpha-1n annosidasc 21l 

Afpt,a♦N-...cetylgalactosaminir::iase 

Arn id oph 05 ptrorib01 rllr anif eraie 
Arnino.icyl tP.NA synth.isc compli;:x-intc, .ictina 

multi funct ional p fotcin 1 

Nnprioterin-it\duted ptotein 2 

Angio-associate.d- migratOf'V cell protein 

Ari siot cnsin-convc, t in 8 enzyme 

AnnexinAll 

Annex:in A7 

Aoterio, grc1dtent p.-otein 2 homo log 

AP· l complex subuni t gamm a•l 

AP-1 complex 5ubunit m u-t 

AP·l coo,pfex subunit mu-2 

Apotipoprote:in A· I 

Apolipc;,protein 8· 100 

Apopto5is-a'S5o::.iated spec;k -like protein containing a CARO 

Apoptosis•inducing facto, l ~ mitochondrial 

.Nf.ipt in•l 

/!Ugininosuccin11te ly;m, 

l!Vgininosuccin atc synth;isc 

Arr-est in domain-containing protein 1 

Atytndfi:llillSe A 

Asp.irtyl/.isp:.lfaginyl bcta•hydroicylasc 

Ast1oc;y1ic phosphoprotein PEA♦l'S 

AtaKin-10 

ATf synthase -subunit beta, mitochondrial 

ATPJSC ASNAl 

ATP4;tim;ling cassette sub-family A member 12 

ATP-bini;linR, cassette sub-family E member I 

fund 4.l · like p.-01ein 1 

Band 4.l •likc p.-01cin 2 

Beta•l ,4 N•acetylgc1l,1ctos.1:mi11yl t1r.lnsfcrase: 1 

Beta-g.il.act0$ide alpM-2,6-MlyH r.ansfe,.ise 1 

B.etil•h1ctamase..fit e p rotein 2 

Bifunctiom1I 3 ' -phospho.ideno5ine S'-phosphosl:lf1te 

synthue l 

Sifunction;il A'rP-dcpcndcnt dihy,cfroxy.icctonc kin;isc}FAO 

AMP lyasc(cycli2i11g) 

Bifunctional hcpar.in sul fate N•OO:acctyl.Jsc/N• 

sulfotransft:,asc l 

Bi-s(S'♦nucleow1Hetrapho5phatne tasymmetricall 

Bleomycin hydro lase 

c mo,phogc-nct ic otcin 7 

Br.:ii a "dsolv e prot in l 

Br.1in -specific angiogenesi-s inhibito, l •inoci11ted protein 2 

Bf.ii1Mpecific serine: prote:asc 4 

5MP0l38 

ANP3l A 

ANP32f 

AC02 

081 

ACOTl 

AcYPl 

CRK 

AOK 

AK4 

ADSL 

ARF4 

ARFS 

ARF6 

$CON 

AIP 

ALOH 6AI 

A l0Hl 

GALM 

AKRISI 

Alf lL 

FUTS 

MGATl 

MG.ATS 

SERPINA3 

SERPINAl 

A'2Mll 

MAN2A2 

NAGA 

PPAT 

AIMP1 

AMIG02 

MMP 

ACE 

ANXAl l 

A,.,_,.7 

AGR2 
A Pt G t 

APlM l 

APtM:Z 

APOAl 

APOS 

PYCARD 

AIFM t 

AA.FIPl 

ASL 

A551 

AA.RDCl 

ARSA 

ASPH 

PEA I S 

ATXNlO 

ATP58 

ASNAI 

ABCA12 

ABC El 

EP841l 1 

EP641li 
S4GAlNTI 

ST6GAL1 

LACT82 

PAPSSI 

OAK 

NOST1 

NUOT2 

SLMH 

6MP7 

BASPl 

SAIAP2 

PRSS22 

SI No 

29 NO 

31 No 

85 No 

10 No 

53 No 

II No 

34 No 

4 1 Yes 
25 No 

55 Yes 

21 No 

21 No 

20 No 

80 NO 

38 Yes 

85 NO 

56 NO 

38 No 

36 Yes 
17 No 

67 Yes 

51 No 

85 No 

~ Yes 
47 No 

161 No 

13 1 No 

47 v., 
57 No 

3" No 

ss No 

47 Yes 

I SO No 

54 Yes 

53 No 

20 Yes 
91 NO 

49 No 

48 Yes 

31 Yes 

516 No 

22 V.s 

66 No 

42 No 

S2 No 

47 No 

46 No 

54 Yes 

86 No 

IS Yes 
53 No 

57 NO 

39 NO 

293 No 

67 No 

99 No 

113 No 

59 No 

47 Yes 

33 No 

71 No 

59 No 

IOI No 

17 Yes 

S3 Yes 

49 Yes 

23 No 

61 No 

34 NO 

Yes Yes 

NO NO 

No No 

No No 

Yes Non-Cl 

No No 

No No 

v., No 

Yes No 

No Non.Cl 

Yes Non-Cl 

Yes Non-<:I 

v., Non.Cl 

Yes Non-Cl 

Yes NO 

No No 

Yes Non-Cl 

Yes Non-Cl 

Yes No 

Yes No 

Yes Non-Cl 

Yes No 

Yes No 

No No 

Yes Ye, 
v., Ye< 

Yes Yes 

No No 

No ye,; 

No No 

Yes Non-Cl 

No No 

No Non-Cl 

Yes Yes 

Yes Non.Cl 

Yes Non-Cl 

Yes Yes 
NO NO 

v., Non-Cl 

No No 

Yes Yes 
v., ye,; 

No Non.Cl 

No No 

Yes No 

Yes No 

Yes No 

YO< Non.Cl 

No Yes 

No No 

No Non.Cl 

No No 

Yes Non-Cl 

Yes Non-<:I 

No No 

No No 

No No 

Yes No 

No Ye, 

No No 

No No 

No No 

Yes No 

No No 

No Non-Cl 

Yes Non-Cl 

No Yes 

Yes No 

Yes No 

NO Ye> 

No 

NO 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

NO 

No 

NO 

NO 

No 

No 

No 

Yes 

Yes 

Yes 
No 

No 

No 

Yes 
No 

No 

No 

Yes 

No 

Yes 

NO 

No 

No 

NO 

No 

No 

No 

No 

No 

Yes 
No 

No 

No 

No 

No 

Yes 
No 

No 

NO 

NO 

Yes 
No 

No 

No 

No 

Yes 

No 

No 

No 

Yes 

No 

No 

No 

No 

NO 

NO 
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Bran ~d<(;hain-ami o-add ami otrans ~,as~, c os,olk 
Brefeldin A-inhibited guanine nudeo!ide-exchilnge protein 
1 

&RISC complex subunit Ab<ol 

BROl dormin-oontaining protein &ROX 

ST8/P-OZ domain-containing r,,Ofein KCTOl 2 
Cadhe:,in•l 

Cadhe,in-11 
Cadherin-4 

C'.alcineurin 8 homologous Pl'Otein 1 
Cillcineurin-like phospt,oester ase d omain-containins 
ptotein l 
Cillcium ilnd inte{lrin-binding protein 1 
Calcium-binding Jnd coiled-coil domain-contJining protein 
1 

Calcyphosin 
Calmodulin 

Calnexin 

CalP<tin-2 catalytic subvnit 
(.alponin-2 
Calponin-3 
Calretinin 
Calsvntenin-2 
<:AMP-dependent protein kinase type I-alpha regulatotv 
subunit 
<;AMP-dependent J:lf'otei.n kinase type 11-.ilph;J regul;:atory 
subunit 

Cilprin-1 

Carbohydrate sutfotransferase 14 

Carbonyl reductale (NAO PHI 3 
Clrboxymethylcncbutenolidasc hornolog 

Carbox-.,peptidase AA 

Carboxypeptidase 0 
Carboxypeptidase Q 

Cartilage intermediate IJyer prolein 2 

Cilsein kina5e II subunit beta 

Cc1~pa5e-14 
Caspast•3 

Catenin a lpha- 1 

Catenin beta-1 

Qitenin delta· I 
CC.A tRNA nuc,lcotidytttaMftr-ase 1, mitochoodrial 

C0109 Ollltigc, 

CD276 anti e 

COG anti e 

CDS2 c1ntigcn 
CD99 ;intigcn 

Cell cvcle ilnd t1poptosis regl•h•tor protein 2 

Cell surfaceglvcocrote.in MUCt8 
Cellular nucleic acid-binding prole:in 

Cellular retinoic cicid-binding protein 1 

C.ellul•r retinoic i'IC:.id-bindinp; protein 2 

Ceruloptasmin 
Charged multi~sicul,u body protein 4b 

Chloride intracellular channel protein 3 

Choline tr a:ns.porter -Ii ke protein 1 

Choline transporter-like protein 2 
Cho,,droiti,, sulfJle: prote:oglycan 4 

Claudin-3 
Oe,:1v,:1ge stimuliJ1ion fi!lctor s1;b,1rjt t 

CleavaKe stimulation factor S1Jl:M.1nit 3 
Cluster of t30S ribosomal protein L26 

Cluster of Aldo-kcto rcduct.isc family l member C2 

Cluster of Cildherin EGF LAG -seven-pass t.Hvpe receptor 2 

Cluster of Collagen alpha-2(VI) chain 
Cluster of Complement C4·8 
Clu-ster of Cree-tine kinase U4 type, mitochondrial 
Clu~ter of Cullin-48 
Cluster of Dual specificity mitogen-activated protein kinase 
kin.isc 1 

Cluster of Dy1l.tmin•2 

Cluster of Fructose-1,6-bi5 hosphitilse 1 

Cluster of He,>atoma-crerived growth factor 
Clu~tt!:r of Hctcroge:nt:ous iiude:ar ribonude:oprottin A3 

Cluster of Mistonc HJ.2 

Cluster of His tone H2A tVPe l 

Cluster of 1mp0ttin subunit alpha-4 

BCA I 

ARFGEF1 

FAM17S8 

BROX 

KCT012 

COHl 
COHt l 

COH4 

CHPl 

CPPEOI 
( 181 

CALCOC01 

CAPS 

CALM ! 

CANX 

CAPN1 

CNN2 

CNN3 

CALS2 

CISTN2 

PR.KAl\l A 

PRKAR2A 

CAP RIN I 

CHST14 

C8R3 

CMBL 

CPA4 

CPD 

CPQ 

Ctl•1 

CSNQ8 

CA.SP14 

CASP3 

CTNNA I 

CTNN81 

CTNNDl 

TRNTI 

C0109 

C0?7G 

(063 

C062 

C099 

CCAR1 

MCAM 

CNSP 

CRASP 1 

CRA8P2 

CP 

CHMP46 

CLIC3 
SLC44Al 

S.LC44A2 

CSPG4 

ClDN3 

CSTFl 

CSTF3 

RPL26 

AKR1C2 

CELSR2 

COLGA2 

C4B 

CKMTlA 

CUL48 

MAP2Kl 

ON 2 
F Pl 

HOGF 

HNRNPA3 

HIST1H1C 

HIST1H2AG 

KPNA3 

43 0 No 

202 No No 

47 No No 

46 No No 

36 No No 

97 Yes Yes 

88 Yes No 

100 No No 

12 No No 

36 No No 

n Ye, Yes 

S2 No No 

2 0 e, 

17 No Yes 

68 Yes No 

80 No re, 
34 No No 

36 Yes NO 

32 Yes No 

101 No No 

43 Yes No 

46 No Yes 

78 NO NO 

43 No Yes 
31 Yes Yes 

28 No Yes 
47 Yes No 

1S3 No Yes 

52 No No 

116 No No 

25 No Yes 

28 No Yes 

32 Yes No 

100 Yes Yes 

8S Yes Yes 

108 No vcs 
50 Yes No 

62 0 Ye 

57 0 es 
2 Yes cs 

30 Yes Yes 

19 No No 

103 No No 

72 No Yes 

19 Yes No 

16 Yes No 

lG No Yes 

122 Yes Yes 

25 No Yes 

27 No Yes 

73 No Yes 
80 No Yes 

251 Yes Yes 

u No Yes 

48 No No 

83 Yes No 

17 No No 

37 Yes No 

317 Yes No 

109 No re, 
193 Yes Yes 
47 No No 

104 No Yes 

43 No No 

98 0 Yes 

37 Ye, es 
27 Yes No 

40 No No 

21 No No 

14 No re, 
58 No No 

No No 

No No 

No No 

No No 

Non•CI No 

Yes Yes 

Yes Yes 

Yes Yes 

Non-Cl No 

No No 

Non-Cl NO 

Non.Cl No 

Non-Cl No 

Non-Cl No 

Yes Yes 

Non-Cl No 

No No 

Non-Cl NO 

No No 

Yes Yes 

No No 

Non-Cl No 

NO NO 

No Yes 

Non•CI No 

No No 

Yes NO 

y"' Yes 

Yes No 

Yes No 

Non-Cl NO 

No No 

No No 

No No 

Non-Cl No 

No No 

No No 

Yes No 

Yes 

No y s 

No Yes 

Yes Yes 

No No 

Yes YCS 

Non-Cl No 

Non<I No 

Non-Cl No 

y"' No 

No No 

Non<I No 

No Yes 
No Yes 

Yes Yes 

No Yes 

Non-Cl No 

No No 

No No 

No No 

Yes Yes 

Yes No 

Yes No 

No Yes 

No No 

No No 
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Ceranylp:er.-,nyl t ransfer.-,se l ype-2 subvnit bet ;:i 

GigJ1"1011in 

Glia-dtrivtd nexin 

Ghicos.-,mine 6-phosph~e N~i::etyltr.-,nsterare 

Glul.im;;il c d chyd'rOQcn.isc 1# mitochondriJI 

Glutama-te-c:vste:ine: l igase: regulatotv subunit 

Gllrtaminyl-peptic:te c::yc;lotr,m sfer.ise 

Glulathionc reduc:tasc, m itoc:hondrial 

Glvtathione s-transferase kappa I 

Gllrt.ijlthione S-tf'ilnsfera:1-e M u l 

Glulathione S.transferase M u 3 

Glvt.-,thione S-transferne P 

Gluli thio,,e S-traosferas.e theti·l 

Glyctrol•3•phosl)hatc de:h1drogtna~ l •l ike protein 

GlycQKen debranchinR enlyme 

Glyco,c.en phosphorvlase, l iver rotm 

Glycogl!:nin •l 

Glycoprotein endo-;:ilpha-1,-;!-mannosic::fase-like protein 

Glyc:oum inoglyc:;:in xylosvtkin;;isc 

Glyc:y1peptide N-tet radec:aneyhransferase 1 

GlypiCcSn-4 

Golgi resident p,olcin GCP60 

Golgi to ER traffic protein 4 homolog 

Colgin 51..lbfi!IT'jly A m ember 3 

Growth ar,~M pe:c:ifk: protei,, 6 

Growth/differ entiation factor 1s 
GrOW'th·re.Rulated alpha p rotein 

GTP:AMP l)hosphotransfer.Jse AK.l, m i tochondrial 

OTP-binding protein Rheb 

Guanidinoacetate N-methvltransfera:se 

Guanine nudcotidc exchange fac:to, VAV2 

Guanine nudeo1ide-binding profein suOOnit alpha-11 

Gui nine nucleotide-binding prote.in sulx.rnit alphi-13 

Guanylate ki na~ 

HEAT repeat -contai,,-ng protein 6 

H .it shoe 70 kOil protein4L 

Hemicen t in •l 

Hemcni:IOl>in su l:,'M,Jnit aloha 

Hemor>4'>:in 

Heparan-sulrate 6 · 

Hepatoi;yte growth f.u;:tor activ-,tor 

HERV-M ER .Qq 12 praJirl.l) a nc::e)fral t nv pol','Protein 

Heteroge.neoU5 nvc::lear ribonudeopro tein H3 

Heterogeneom; nvc::leilr ribonudeoprotein M 

Heterogeneous nuc:lear ribonudeoprotein R 

HeterogeneoU5 nuclear ribonudeoprotein U 

Heterogeneous nuclet1r ribonudeoprotein U-like prntein 2 

Hexokinase-2 

High mobilit y groUJ) protein 82 

H ip:h mobil it y RrOlfl'> protein 83 

Hippoc.tlc:i1l •likc protein 1 

Histidine tri.ad nucteotide:-binding protein 1 

Histone H3. 1 

His tone-binding protein Rl313P4 

His tone-binding protein R88P7 

Histont•lysinc N•mcthyttransforase SETD7 

SSA.Pl 81 

KHSRP 73 
FAH 74 

FA8P5 15 

FARPI 119 

FERMT3 76 

FTHI 2 1 

FTL 20 

FGFR4 88 
F8LN2 127 

FLG2 248 

HNC 291 

FEN1 43 

FLOT2 47 

HY'WCH2 15 

FST 38 

FSTU 35 

FREM2 3S1 

F 55 

!N02 47 

GFRA1 5 1 

RABGCTA 65 

RABGGTB 37 
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SfRPINE2 44 
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QPCT 4 1 

GSR 56 

GSTKl 2S 

GSTM l 26 

GS M3 27 
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GSTTI 27 

GPOI L 38 
AGL 17' 

PYGL 97 
GYGl 39 

MANEAL SI 

FAM208 '6 
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GPC4 62 
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GET4 37 

GOLGA3 167 

GAS6 80 

GDF15 34 

CXCLI II 

AK3 26 
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HNRNPM 78 
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HINTl 14 
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Hyaluronan <1nd proteoglyc-,n link protei.n 3 

Hydroll:Vi'lcv1-coen;i:yrr..e A dehydrogenase, mitochondrial 

Hydro11:y.1cylglut.alhiooe hydmlase, mitochondrial 
IC0$ ligand 

ld1,1ronate <:-,;utf'atase 

Imm1.'flily•relatcct GTP.>sc f.:tmily Q protein 

ImmU(loglobutin sUl)erfamily membe, 3 

lmportin-4 

lnhibin alpha chain 

Inorganic pyrophosphatase 2, mitochondri-,1 

Inosi1,e•S'-1nonophosphate dehydrogeo,se 1 

lnosine--5'-«'lono hosp att de-hydro tf'ls\St 2 

Inositol monophosphat.,se 1 

Inositol monophospha ta~ 3 

inositol-3-J)hosphate synthase 1 

Insulin-degrading enryme 

IMutin•l i~ gr&Nth factor l rc:ctptor 

Insulin-like growth faictor-bindini;t protein I 

Insulin-l ike sro-wth r.-ctor-binding protein S 

Insulin-like growth factor-binding protein 6 

insulin-like growth factor-binding protein-like 1 

lnteg,in alpha~s 

lntegrin beta-4 

lntegrir) beta-S 

lnteg,in beta-G 

lnterr:::ellular c1dhe5iQn molecule 1 

lnterccllula, adhesion molecule S 

Interferon-induce<! transmembr.,ne protein 3 

lnterleukin-11 

lnterlcukin-0 receptor subunit olpho 

Interstitial collagenaise 

lnvolu«i1l 

Isoasparty1 peptidase/L-as~raginase 

Isochorisma1ase domain-containinR protein l 

lsoc:iu.ate dehydrogenase (NADP), mitochondrial 

lsofo,m t of Fotrr and a half UM domain, protein I 

lsofo,m 2or Af.:tdin 
Isofo,m 2 or Alpha•aminoadipic semi aldehyde 
dt:hydrogcn.ise 
l$ofotm 2of Dehydrogenase/reductue S-OR family 

member 2, mitochondrial 
l5of'o, m 2 of Eukarvotic peptide chain relea~ factor GTP-
binding subunit £Rf3A 

lsoro,m 2 or Extracellular rna1ri1 prolein FR.AS! 
l$ofotm 2 or Extractllula, sulfata,c Sulf•2 

lsofo,m 2 of lsopentenyl~ iphosphi:'lte Oelta-isomerne 1 
Isc,fo,m 2 of Li1tent•tnn5forming grcmth factOI' bet.1• 
btndinJ protein 4 

lsofo,m 2 of M.itrilin•2 

isoforms 1 /2/3/S 

lsoform 2 of Ncbulcttc 

ISofOtrn iot POly(U)-binclif'lg-splicingfactor PUF(iO 

lsofo,m 2 of Protein unc-4S homofOR A 

lsoro,m 2 of Tumor protein 052 
lsofo,m 3 of Leudne4ich repeat flightless-inte,acting 
p,otein 1 
lsofOfm 3 of Pr::,lyadenylate-binding protein-interacting 
protein 1 

lsoro,m A or Endotheli1Honverting emvme 1 

lsoleucine•·tRNA ligase, cytoplasmic 

l5oleucine--tRNA ligue, mitochondricil 

Kollik,cin~G 

Keratin, type I cytoskeletail 19 

Kcr.itinocytc pt'olinc-, ich protein 
KH domai1H .ootaining. RNA-binding, sign.1I transduction• 
associ.itcd protein 1 

KIF1-binding protein 

Kinesin- 1 heavy chain 

Kinesin-like protein KIF:23 

Kinetochore-associaled l)(otein 1 

Kit ligand 

Kvnurenine--oxQRlutarate t ransaminase 3 

Lilct.idhc.rin 

Lactosyfee,amide 4-alpha-galactosyllransfera se 

LilctOtnnsferrin 

Lamin-82 

Laminin svbuNt alpha-2 

Lami1,in subur.it alpha-4 

Laminin sul:M.Jffit amma-2 

HAPLN3 

HAOH 

HAGH 

ICOSLG 

IDS 

IRGQ 

IGSF3 

IP04 

INHA 

PPA2 

IMPOHI 

IMPO 2 

IMPAl 

IMPA0 1 

JS.YNAl 

I OE 

JGf l R 

IGFSPl 

IGF6P5 

IGFBP6 

IGF8Pll 

1rGAS 
ITGB4 

IYGSS 

ITG86 
ICAM l 

ICAMS 

IFITM3 

ll1 1 

ll6R 

MMPl 

IVL 

A~Gl l 

ISOC1 

I 0tt2 

FHLl 

MlLT4 

AL0H7Al 

OMRS2 

GSPTl 

FftAS1 
SULF2 

1011 

l TSP4 

MATN2 

MACFI 

NESL 

PUF60 

UNC-OSA 

TPOS2 

l RRFIPI 

PAIP'l 

ECEI 

IARS 

IARS2 

KLK6 

KRT19 

KPRP 

KHORBSl 

KIAA1279 

KIFSS 

KIF23 

KNTC1 

KITLG 

CC8L2 

MFGE8 

A4GALT 

rn 
LMN62 

lAMA2 

LAMA4 

IA C2 
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L-aminoi'!clipate-s.em ii'!IOehvcl'e c:le.hydrogenas.e-

phospho~ntetheinvl t~nsferilse 

L.JnC•like p,otein 2 

UltgC ptolinc-t ich pt0tcin BAGG 

l-)tent -tran5forminK growth hctor beti'l•binding protein 2 

Late.-:in 

1.3troph ilin-l 

Lethal(2) giilnt larv•e protein homolog 2 

Lcucinc zipper t r,1nscription raclOf•likc protein l 

Leoc.intNich :PPR mot if-containing protein, mitochondrial 

Leucine-,ich ,epeat-c:crntair'ling protein 47 

Lcucinc•tich repc,1t~cont,1ining protein S9 

Leueine--tRNA ligase, cytoplilsmic 

LIM dOO'lilin iltld ilc:tin •binding ptotcio 1 

Upopolys.:iex:haricte•responsive iend t>e:ig,e•like anchor 

pto;:ein 

Low ;,ffinitve,;1ti:,nic:: ,;1m ino ;;,eid t r;,nsporter 2 

Low molecular weight pho-sphotvrosine protein 

pho-sphatase 

LyG/PlAUR domain-containing ptotein 3 

Lvsosomal ,1c::i::I phosphiltase 

Lysosomal alpM~mannosidase 

Ly:w50me-associ.rted membrane glycoprotein 2 

Lysyl oxidase: hornolog 4 

Mac,oph.lgc colon-,,.st imuloting factor 1 

MacrophaRe colony-stim 1.1latinR factor I receptor 

MAGU:K pSS subfJmily member 6 

Major ~ult ptotein 

Maleyi;;,cetoacet;;,te isomerase 
MAM dom;,in-cont,11ining flfotein 2 

Mammalian e.pendymin-related pml ein 1 

Mannos" 1-orig0sc11cef'la,i.:le 1,i-arpl\a-mannosidase IA 

MARC!.S~ela1ed protein 
Matrilin-3 

Matrix Gia protein 

Mat,ii,: mctalloprntcinasc-14 

Melanotransferrin 

Membrane-bound t ranscrip t ion factor si te-t p rotei1U! 

Melalloprote:ina~e inhibitor 4 

Met;;,st.nis-suppressor KiSS-1 

Mel hionine-lflNA ligase, cytoplasmic 

Methytt:h iotibulose-1-pho!-phate dehvdratase 

MHC c::l;:,55 I polv~pti::le-relilfed 56QlU~.noe A 

MicrofibtillaMISSOCiated p,otein 2 

Microtubule-a:mxiated protein RP/E8 fam ily member 1 

Mi ine 

Mitochondri.il import irmc, mcmbr.ln c tr~nsloc.isc subunit 

Timl3 

Mitogen-activ~ed protein k inase 14 

Mitotic spindle assembly check.point protein MAD2A 

MOB kinase activator l A 

M08,-like protein phocein 

Mo~ in 

Monoc;:;;,rboxylate tr;,nsporter 4 

MA.G/MOA.F4L•binding ptotcin 

Mt h93 8 domc1 in -<;ont c1ining protein 

Mucin •l 

Mucin-16 

Mucin-SB 

Multiple epidermal s,owth factor-like domains protein 8 

Multiple inositol polyphosphate phosphatise 1 

Multives.icular body subunit 12A 

Mvetoid -associated di ffe.rentiation marker 

MjOfor lin 

Myosin- 14 

Na( +-)/H(+) t:1echangc regulatory cofo ctot NHE• RF2 

N-;;ieetylg.il ilcios;;,mine kinc1se 

N -acet yf ga lactos amine-6~sul fa lil se 

N •acetyf glucosamine• l •phosphotrans fe, ,lSe subu11 it 
gamma 

N-ilcetylmuni movl-L •ii la nine ilmid;n ie. 

N •occtylscrotonin 0 -mcthyttronsfcrasc•likc pt0tcin 

NAO(P]H-h'jdrate epimerase 

NAOP•dcpc d<:nt molic enzjmC 

NAOPH--cvtoclirome P4 0 re(luct;j15 

N•alp a•iecctylt,ansfer se 2S, Nat8 a;u iliary subunit 

N-alpha-;,c::e t ylt r.i'lnsferne SO 

NEOOS-activatio nzvme El c.ltal i c subunit 

AASOHPPT 

LANCL2 

8AG6 

lTBP2 

LXN 

LPHNl 

LLGL2 

l ZTFll 

LRPPRC 

l RRC47 

LRRC59 

LARS 

llMAt 

LR6A 

SlC7A2 

ACP 1 

LYP03 

ACP2 

MAN2BI 

LAMP2 

l 0XL4 

CSf l 

CSF l R 

MPP-6 

MVP 
GSTZl 

MAMDC2 

EPORI 

MAN l Al 

MARC!.Sll 
MATN3 

MGP 

MMP 14 

MFl2 

MSTPSl 

T IMP4 

KISSl 

Mi\RS 

APIP 
MCCA 

M FAP:2 

MAPREl 

MOK 

TIMMl3 

MAPK14 

MAD2l l 

MOSl A 
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Riils-relilted p,otein Ri1lrl$ 

Ras•rtlattd ptotein R.,b-32 

Ras-relilted p,otein R;:ab-SB 

Ras-related p,otein R•Ras 

Ras-related protein R-Ra~2 
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Rec.eP,or -type tyrosine-l)totein phospt,-,tc1se eta 

Receptor-type tyrosine-ptotein phos.phatise gamma 

Recep:or-type tyrosine-ptotein phosphatase u 
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Replication protein A 70 kOa ONA-binding subunit 
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Rho GOP•d issoci.1tion inhib ito, 2 
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R; ude;ase UKl H 

Rib uc:leosid -diphosph.ate educ:tas lar su unit 
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Son.ill nuclear ribonucleoprotc:in Sm 0 1 

Snrlall nuclear ribonucleoprotein Sm 02 

S·tn.ethyl-S"•tt'lioadenos.ine pt1ospl'l0tytase 

So,dium/potassium-transportingATPasc suburlit bcta- 1 

So-dium-de.pe.ndent muHivH:amin transporter 

S..">lu-te carrier family 12 member 2 

Solute Ci1rrie.r fc1mily2, taci1itt1fed gh.icose frt1nsporter 

rnember 1 

S.'J'r1in,g nc,:in-1 

So,r1ing nexin-2 

SC> ins n l':in-3 

Sorting nexin-S 

S~ARC 

SP'ARC-relaled m odular Cill::::ium-bindinH p<otein 1 

Sp,ermine synth;,se 

Sphingomyclin phosphodi~l crasc 

So,licing factor 1 

~ !icing factor 3A s1.1butIit 3 

Splicing factor 38 subunit l 

Splicing factor 38 subu,,it 2 

Sp,lieinR factor 38 subunit S 

SJ)licing factor U2AF 35 kOa subunit 

Splicing factor, p,-oline- and glutami,"te-rich 

Sric s1.1bstri1te corti'lctin 

St.:.nniocalc:i,1-2 

Str uctural maintenance of chromosomes protein 1A 

Stf'1.1ct1mII m;.'linte.nance of criromosomes protein 3 

Str uctural mainte.mincc of chromosomes protein 4 

Sutf<Jtase-modifying fi1ctor 1 

Su:lfatase-modifying factor 2 

Su:lfotr,1nsfcr.isc lAl 

SUMO--actNating eni:yme subunit 2 

Su:perkilltr vir.:ilicidic :ictivity 2•1ike 2 

Su:pe1Q11.ide dismutile [Mnl1 mitcx::hond,itil 
Suppressor oft umoriRenicity 14 protein 

Sushi domain-containing p<otein 2 

Svnaptogyrin-2 

Syndeccin-t 

Syota .. in -3 

Synhi:icin -7 

SyntaKin-binding protein 2 

Syot.l 11.in •binding p rotein 3 

TEJC:l domain family member 4 

Te:rnncio 

Tetraspi1nin• l S 

TGF• eta rcoopi.or t e•l 

Thi:>redoxin domain-containing protein 12 

THO complex subunit 4 

l h ymid ine phosph yl.lSC 

Thy mo sin betii-10 

Tissue factor pattlway intlibitor 

Tissue-type p l,1smi1logcn acti ator 

TOMl-likeprotein 2 

Tninsaiption cloog~tion factor A protein 1 

Tr41maiption elongation factor SPT6 

T1<1nsaiption intermedia,y factor l ·tte.ta 

Transaiptionill ilCtivatOf' p<otein Put•bcla 

Tr-.rnsforming ;11:;ictic c:oiled-coil-contillining protein 2 

Tr.ans.forming 8fowth factor beta•l 

Tr.insfotming g,owth f.Jctor bct.1""2 
Transgelin 

Trans-L-3-hydro,;yprotine dehydtatase 

Tnnslat ion initiation factor elf ·2B subunit alpha 

Tr.:insIatio I 3Ctivator GCN l 

Trcrnslin-assoc:ialcd p rotein x 

Transmembrane glycoprotein NM6 

Tninsportl n•3 

Trefoi l factor l 

Tref°'I factor 3 

Tri peptidyl•peptidase 2 

tRNA {cytosine(34J-C(SJJ•mett1yI1rans.1e, a-se 

I RNA (gua11 i11C•N(7)•)•methyltrJnsfer ,lSC 

tRNAmethyttr;1nsfer;1se l l l homolog 

tRNA~plicing ligase fltc8 homolog 

Troptiobl,nt gli,,coprotein 

r ,opomodulin-3 

TubYlin-specific chapero1te D 

Tubulin--tvrosine liR;,se-like protein 12 

SNRPDl 
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MTAP 
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SLCUA2 

SLC2A1 

SNXl 
SNX2 

SNX 

SNX5 

SPARC 

SMOCl 

SMS 

SMPO l 

SFI 
SF3A3 

SF3B1 

SF3B2 

SF3B5 

U2AF1 

SFPQ 

ffiN 
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Tumor necro5is fc1cto, receptor so pe.rfi'!mily member IA 

Tumor sosc;;ept ibilitygene 101 pr(Jtein 

Tvrosine-p,otein kinase rec:eptor UFO 

i vrosine-p,otein phosphatase non-rec::ep1o r t ype 1 

i vrosine--tA.NA tigase. c:vtoplasmic:: 

U I sm itll noc::hrnr ribonuchmprorein 70 kOit 

U t small nudeilr ribonucleopratein A 

U2 small nodeilr ribonuc::hmpratein A" 

U4/U6.US tri-sn RNP-associated protein 2 

Ubi41,.1itin a rbo11.yl-term ini1I hydrolase I S 

Ubit:,uitin oonjug;,tio,, f.JC!Of E4A 
UbiQl.li tir'I d OIYlillir'I-COl'lli)lirl il'lg ptO!e i11 U8F01 

UbiQuitin thioestetise 0 TU81 

UbiQuitin-coniu{tiling eru:vrne E2 H 

UbiQuitin-fold modifict-con jugati~ cnzvrnc 1 

UbiQuitin•likc modilicr-,1c1iv;1ting cmymc 6 

Ubiquitin•like protein 15515 

Ubiquitin-protein l igase HA 

UOP-GlcNAc;bctJG.JI bct~•l ,3•N• 

aoe1ylglvcosam inyhr.i nsferase l 

UOP-~h.JCX>se 6-<lehydrogenase 

UOP-N-acetvlhexosc1mine pyro pl,osphorvlc1se 

Unconventi oo• I mvosin -lb 

unconvcnti oo,11 my0sin -1d 

Unconventi Of'l.-1 mvosil'I-VI 

Uru:onventi Of'l.-1 myosil'I-XVl llill 

UPFOSS.3 l)(Olein C9otf64 

UPFOSS6 1)(01Cin Cl9orl10 

UPF0687 Pf'OICill C20orl27 

UPF0696 Pf'OICill Cl l orl68 

u ro kin,1se: plasminoge:n ac-tivalO( surlac:e re:c:ept0< 

u ro kin,1se:-1ype pl.ismi,,o8en activator 

u,oporphrtinoge:n dtct1rb01cyl.1se: 

Uttophin 

v acuolar ptote:in sotting•associat~ p,-ottin 28 tiomolog 
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APPENDIX 2: List of identified membrane proteins 
MW O molecular weigrt· BC O breast cancer· NSAF O normalized spectral abundarce factor· Nil expression indicated by grey-shaded box 

Identified membrane proteins present in all four breast epithelial cell lines 
BC MW Average NSAF 

Identified Proteins. Gene database (kDa) HMEC MCF7 SKBR3 MDA231 

26S protease regJiatory subunit 7 PSMC2 No 49 2.798E-04 2.654E-04 1.895E-04 1.951E-04 

26S prote;,se reg,.r;,tory subunit 8 PSMC::J Na 46 3.219,-04 UJ88l-04 2.b00l-04 8.442,-0a 

26S proteasoT1e 1on-ATPase regL.latory sub:Jr.it 2 PSMD2 Yes 100 2.156E-04 1.406E-04 1.202E-04 2.979E-04 

26S protcaso11c 1on-ATPasc n~gL.latory· subunit 3 PSMD3 No 61 S.757E-04 2.750E-04 1.533E-04 2.l 72E-04 

28S ribosomal prote·r, S29, rnitochond(al DAP3 No 46 1.813 E-04 2.849E-04 2.404E-04 1.972E-04 

40S ribosornc1I prote·r, S11 RPSll No 18 1.961E-03 7.259E-04 5.398E-04 6.164E-04 

40S ribosomal prote·n S13 RPS13 No 17 1.993 E-03 l.733E-03 1.702E-03 l.162E-03 

40S ribosornc1I prote·n S14 RPS14 Yes 16 3.140E-03 1.013E-03 3.468E-03 8.986E-04 

40S riboson'al prate n Sl::Ja kPSloA No la 9.889,-04 2.913,-03 l.18bl-03 2.218,-03 

40S ribosomal prote·n SlG RPSJG Yes 16 1.449E-03 1.821E-03 1.406E-03 2.lSlE-03 

4US ribosomal prate n S18 RPS18 Yes 18 2.542E-03 2.008E-03 3.471E-03 3.949E-03 

40S ribosnrn;,I prote·r, S2 RPS2 No :n 8.209F-04 2.G22F-0.1 9.:i2.'lF-04 2.4G0F-O'l 

40S ribosorral prote·r. S20 RPS20 ~Jo 13 9.408E-04 7.118E-04 1.209E-03 5.028E-04 

40S ribosorr;,I prote·r, S24 RPS24 No la 2.0a8l-03 S.lbll-03 l.8/bl-03 6.0a9l-03 

40S ribosomal prote·r. S3 RPS3 \lo 27 2.850E-03 1.202E-03 3.771E-03 1.035E-03 

405 ribosomal protc·r. S3a RP53A No 30 3.868E-04 9.381E-04 2.212E-03 8.038E-04 

40S ribosorral prote·r. S5 RPSS No 23 .l.797F-0.3 2.43.IF-0.1 3 . .16.IF-03 2.7.IIF-03 

40S ribosorrc1I protc·r. S6 RP56 No 29 1.975 E-03 1.734E-03 1.573E-03 3.359E-03 

40S ribosorral prote·r. S8 RPS8 No 24 3.692E-03 5.714E-03 4.719E-03 7.431E-03 

40S ribosomal prote·r. SA RPSA No 33 1.554E-03 3.658E-04 7.366E-04 5.645E-04 

s·- ·1 Jcleotidase NT.IE No 63 1.943 E-03 4.257E-05 2.723E-04 3.291E-03 

605 ribosomal prote·r, L10 RPLJO No 25 4.47SE-04 1.469E-03 9.183E-04 1.664E-03 

6US ribosmral prate 1·, L12 RPL12 No 18 3.117E-03 8.236E-04 4.757E-03 8.239E-04 

GOS ribosorral prote·r. L13 RPL13 No 24 7.300E-04 1.00SE-03 1.750E-03 2.262E-03 

60S ribosomal prote·r, L13a RPL13A No 24 1.881E-03 3.997E-03 4.825E-04 3.912E-03 

60S ribosorr;,I prote·r, L14 kPL14 No 23 8.833 l-04 o.938,-03 4.48/l-04 S.lb8l-03 

60S ribosomal prote·r, L18 RPL18 No 22 3.116E-03 9.122E-03 3.002E-03 1.168E-02 

6US ribosomal protc·ri L18a Rl'Ll8A No n 1.Sb3l-03 1.219,-04 1.114,-03 2.S02l-03 

60S ribosomal prote·r. L23a RPL23A Yes 18 l.231F-03 l.0G4F-03 l .4G2F-0.3 l.2BF-0.3 

60S ribosomal protc·r. L28 RPL28 No 16 6.685 E-04 1.600E-03 1.952E-03 2.504E-03 

60S ribosorr;,I prote·r, L1 RPL3 'Jo 46 fi.196F-04 9.34.IF-04 l .319F-03 l .666F-03 

60S ribosorrc1I prote·r, L32 RPL32 No 16 6.675 E-04 5.338E-04 1.746E-03 1.012E-03 

60S ribosomal prote·n L4 RPL4 No 48 l.2]1E-03 8.137E-04 4.549E-04 l.l 75E-03 

60S ribosomal prote·n L6 RPL6 ~~o 33 1.410E-03 3.886E-03 2.181E-03 5.187E-03 

60S riboson'al prote·r. L7 RPL7 No 29 8.491E-04 1.ll 7E-03 5.793E-04 2.311E-03 

60S ribosomal prote·r. L7a RPL7A \lo 30 1.034E-03 1.214E-03 4.517E-04 1.518E-03 

6-phosphotrl-ctokinase type C PFKP \lo 86 3.639E-04 2.043E-04 1.667E-04 3.520E-04 

78 kD;:i glur.osP-rPgu ;,tpd rrotPin HSPAS No 12 6.0a8HJ4 9.191,-04 4.:10/l-04 l.3a4l-03 

Acyl-CoA dehydroge7ase ta77iV me77ber 9, n-itochondrial ACAD9 ~Jo 69 1.088E-04 2.462E-04 2.499E-04 8.113E-05 

Ade11osine ::l'-phospho :J'-phosphosulfate t:ansporte~ 1 SLC3S~2 No 48 g.,bll-04 1.03Sl-03 /.218,-04 3.414,-04 

Adipocyte plasma me11b-ane-associated proteir. APMAP No 4r, 5.2.'i.'i F-04 :i.81.'JF-0:, 1.129F-03 7.87:JF-04 

AIJP-dcpcr.dcr.t giucoki:1asc ADPGK \lo a4 2.aaH-04 3.102,-04 1.92Sl-04 S.920l-0a 

All-tr;::ins-rPtinol -i.:~, ·14-~pd .Kt<1sP RFTSAT No 67 3.06.1 F-04 2.4.I0F-04 .S.317F-04 2.987F-04 

Alpha-cnolasc ENO! Yes 47 5.466E-04 8.962E-04 2.201E-04 7.719E-04 

Alpha-r1ar11osidase 2 MAN2Al No 131 1.15 lE-04 2.706E-04 2.714E-04 1.662E-04 

Amir,oacyl tRNA synthase complex-lnteracti:1g multifl-r,ctior.al 

:Yotcin 1 AIMPl No 34 3.126E-04 1.551E-04 4.262E-04 9.378E-05 

Arnyloid hpt;::i A4 protPin APP No 87 .l.90.1F-0.I 2.·1.s2F-0S 2.64.IF-04 l .280F-04 

Annexir. A2 ANXA2 No 39 2.722E-03 1.294E-03 9.609E-04 1.l 70E-02 

Antigen peptide transporter 1 TAPl Yes 87 2.723E-04 3.093E-04 6.251E-04 4.650E-04 

Apoliooprotein O APO□ No 22 5.498E-04 2.445E-04 4.259E-04 4.230E-04 

Apoptosis '"egulator BAX BAX Yes 21 4.054E-04 5.135E-04 5.566E-04 5.072E-04 

Apoptosis-inducing factw 'J, '1litor.hondr";:il Alf\111 No bl 1.809,-04 6.313,-04 4.lSH-04 2.Sl9l-04 

Arginine--tRNA igase, cytoplas!1lic RARS No 75 3.526E-04 2.213E-04 5.636E-04 2.071E-04 

Aspartate--tRNA ligase, cytopiasmic DARS No 57 2.466E-04 2.531E-04 9.679E-05 1.814E-04 

Atlasti n-2 ATLZ No 66 3.698E-04 2.870E-04 3.939E-04 9.403E-05 

Atlastin-3 ATL3 No 61 l.588E-04 3.065E-03 l.184E-03 S.725E-04 

ATP synthase F{0) com pie• subunit Bl, mitochondrial ATP5Fl No 29 9.258E-04 5.594E-03 l.l0lE-03 6.286E-04 

ATP synthase subunit alpha, mitochondrial ATPSAl No 60 8.974E-04 4.446E-03 l.334E-03 3.678E-04 

ATP synthase subunit beta, mitochondrial ATP5B No 57 l.020E-03 6.359E-03 l.490E-03 2.876E-04 

ATP synthase subunit g, mitochondrial ATP5l No 11 3.785E-03 2.644E-03 3.482E-03 1.896E-03 

ATP-binding cassette sub-family D member 3 ABCD3 Yes 7S 3.018E-04 3.363E-04 9.7S9E-04 7.779E-04 

ATP-dependent RNA helicase A DHX9 Yes 141 2.127E-04 2.056E-04 8.032E-04 l.996E-04 

ATP-dependent RNA helicase DDX3X DDX3X No 73 9.256E-04 2.961E-04 4.107E-04 2.888E-04 

Basal cell adhesion molecule BCAM No 67 l.000E-03 4.444E-04 l.525E-03 2.466E-04 

B-cell receptor-associated protein 31 BCAP31 No 28 6.058E-04 9.614E-03 7.382E-03 6.232E-03 

Bifunctional glutamate/proline--tRNA ligase EPRS Yes 171 3.637E-04 2.904E-04 6.994E-04 2.943E-04 
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Brain acid soluJie prote·n 1 BASPl No 23 5.573E-04 8.006E-04 2.141E-03 2.976E-04 

CAD protein CAD Yes 243 3.478F-04 2.680F-04 .).423F-0.S 3.290F-04 

Cale! u m-bindini:_; n· itoci1ond ~ial carrier protein Ara la r2 SLC25A13 No 74 3.270E-04 4.956E-04 5.114E-04 3.737E-04 

Calcium-binding rTitochond~ial carrier protein SCaMC-1 SLC2SA24 No 53 3.462E-04 7.42SE-04 2.832E-04 7.152E-04 

Calci1J11,-transporfng ATPase type 2C 11,ember 1 ATP2C1 Yes 101 2.303F-04 2.10.IF-04 6.9'l1F-04 2.386F-04 

Calt"rlodu in CALMl No 17 5.839E-04 2.581E-04 1.810E-03 3.652E-04 

Calnexin CANX Yes 68 4.lS0E-04 1.172E-03 1.278E-03 7.342E-04 

cAMP-depPr,Gent protei:1 kinase typP. ll-<1 pha regulatory subur,it PRKAR2A No 46 2.7SSF-04 l.118F-04 1.819F-04 7.242F-0I 

Car11itine O-pa n·1itoyltra11sferase 1, liver :soform CPTlA No 88 2.023E-04 1.472E-03 2.105 E-03 3.037E-04 

Carr,ltine O-pa rnitoyltransferase 2, m;tochondrial CPT2 No 74 4.389E-04 1.352E-04 4.680E-04 3.0lOE-05 

Catenin celta-1 CTNND1 No 108 S.089F-04 2.4.3.3F-04 1.114F-04 1.791 F-04 

Cat;1epsln D CTSD Yes 45 1.162E-04 6.082E-04 3.2SIE-04 1.574E-04 

CD::i9 glycop-otein CDS9 No 14 4.921E-03 8.406E-04 7.337E-03 1.176E-03 

CDG3 antigen CDG3 Yes 2G 1.029E-03 9.538E-04 7. 768E-04 4.769E-04 

cog ;:intigen CD9 1,0 25 1.SSSE-03 5.466E-04 6.323E-04 4.232E-04 

CDGSH lron-su ltu rd onain-contai7i ng p-otein 2 CISD2 No 15 1.330E-03 1.986E-03 2.982E-03 2.184E-03 

CDKS regulatory s1_..:bu nit-associated protein 3 CDKSRAP3 No :::;7 2.GGGE-04 2.782E-04 4.G88E-04 1.G00E-04 

CDP-diacylglyce ro 1--innsito I 3-phos ph<1ticiyltr ;:insfo r<1s f' CDIPT No 24 2.977E-04 3.153E-03 9.578E-04 8.671E-04 

Charged 11ultivesicular body protein 6 CHMP6 No 23 5.939E-04 1.97SE-04 1.303E-03 3.602E-04 

Choli1e t~anspo:ter-lii<e protein 1 SLC44Al No 73 1.S22E-04 1.972E-04 1.GSIE-04 4.340E-0S 

Cleft lip and pai<1te t~;msrrembrar,f' proteir, ·1 CLl'I Ml No /6 Lo25c-04 4./84c-U4 6.848c-U4 2.344c-04 

Cluster ot 14-3-3 prottcinthctc1 YWHAQ Yes 28 6.254E-04 5.886E-04 1.496E-03 1.320E-03 

Cluster of 40S ribosomal protein S27 RPS27 No 9 2.290E-03 1.168E-03 ::i. 786E-03 2.211E-03 

Cluster of fi0S ribosomal protein L 11 RPLll No 20 1.83Uc-03 4.o2oc-U4 L918c-03 j.49.Jl:-04 

Cluster of Acti7, cytoplasmic 1 ACTB Yes 42 2.SS9E-02 7.42SE-03 1.832E-02 7.812E-03 

Cluster of ADP/ATP transiocase 2 SLC2SAS No 33 1.400E-03 2.399E-02 8.749E-04 :i.838E-03 

Cluster of Alpha-acfnin-4 ACIN4 No 10'., 4. /94c-04 4.48bc-U4 1.l/;Jl:-0:l /.431c-U4 

Cluster of AP-2 com:Jlcx SJbunit beta AP2B1 Yes 105 7.630E-05 1.566E-04 3.627E-04 1.990E-04 

Cluster of ATP synthase subJnit f, rTitochondrial ATPSJ2 No 11 1.296E-03 2.690E-03 1.230E-03 8.332E-04 

Cluster of ATPase fam-ly AAA domain-containing Jrotein 3B AIAD3b No /3 2.obUc-04 3.306c-U4 2.b02c-U4 4.1 /2c-U4 

Cluster of Cd I division control protc'.r, 42 homoiog CDC42 No 21 1.947E-03 7.962E-03 L 769E-03 1.917E-03 

Cluster ofClat7rin heavy chain 1 CLTC Yes 192 1.367E-04 8.466E-04 1.234E-03 8.758E-04 

Cluster of El- domai1-contai:1ing protein 1 lH Dl No 61 l./4H-04 4.o /bl-0o Loo8c-04 2.244c-04 

Cluster of tukaryotic initiatio ri factor 4A-I W4Al Yes 46 4.ll0c-04 'd4oc-U4 2.10.J 1:-04 6.60/c-04 

Cluster of Glyceraldehyde-3-p1os phate dehyd rogenase GAPDH Yes 36 2.196E-03 2.154E-03 1.754E-03 1.634E-03 

Cluster ofGTPase NRas NRAS Yes 21 2..142HJ'l u .12, -o:; 1.//9f-lH L041Jf-03 

Cluster ofGuariir,e nucleotide-bind!rig protein G(i) su:.:iun:t alpha-2 GNAIL No 40 1.88/c-O, 4.3obc-U4 Ll09c-03 3.llH-03 

Cluster ofGuanlr,e nucleotide-binding protein G(l)/G(S)/G(T) 

subunit beta-1 GNB1 No 37 4.97.SF-03 1.270F-0'l 2.118F-0'l 2.9'l2F-03 

Cluster ofGuar1ir,e nucleotide-binding prnteir1 sub1.,nit al:Jha-1::1 GNALJ No 44 3.492c-04 'l.398c-U4 8.306c-U4 4.140c-04 

Cluster of Heat shock cognate 71 kDa prote'.r, HSPA8 No 71 1.012E-03 1.610E-03 1.599E-03 2.357E-03 

Cluster of t-;eat shock protein HSP 90-alpha HSP90AA1 No 8.) 8.487F-04 1.411F-03 6.329F-04 1.400F-0.3 

Cluster of rete roge1·,e ou s nuc ear ribor,ucleoprote in Al HNRNPAl No 39 3.96/c-04 L4ooc-U3 4.Uooc-U3 L9,8c-04 

Cluster ofHeteroger,eous nuc ear ribor,ucleoprotein H HNRNPHl No 49 1.631E-04 3.528E-04 6.623E-04 9.609E-0S 

Cluster of Heterogeneous nuc ear rlbor,ucleoprotein U HNRNPLI No 91 5.461 F-04 1..S87F-0'.1 1.719F-03 1.'.10.SF-0'.1 

Cluster of Heterogeneous nuc ear ribonucleoproteins Cl/CL Hl,RNPC Yes 34 6.6o2l-04 3.o89c-03 l.9/Sl-03 4.041,-03 

Cluster of Hstone H2Btype 1-S H2srs No 14 2.054E-03 9 .999E-03 7.207E-03 1.437E-02 

Cluster of lmoortin subl- nit aloha-5 KPNA1 No 60 2.219F-04 6.104F-0.I 1.106F-04 8.26.SF-0S 

Cluster of lsoform 2 of 1:.xte nded synaptotagm 11~,-2 lSY 12 No 99 2.0U/c-04 4.82ol-04 6./4oc-04 6.lo8c-U4 

Cluster of lsoform 2 of Reticulon-4 RTN4 Yes 40 1.71 ?E-04 2.508E-04 1.521E-04 7.216E-04 

Cluster of lsoform 2 of Unconventional 11yosin-lc MYOlC No 118 l.759E-03 3.485E-04 1.980E-03 1.963E-03 

Cluster oflsoform Gnas-2 of Guanine 1Jclcotidc-bincinf, protein 

G{s) subun-t alpha isoforrrs sho-t GNAS Yes 44 2.56'.JE-04 7.G39E-04 7.0G3E-04 5.304E-04 

Cluster of Keratin, iypP I cvtoskelet;,114 KRT14 Yes 52 6.353E-02 7.618E-03 8.517E-03 9.455E-03 

Cluster of la11ina-assoc·ated polypeptide 2, lsotorn alpha TMPO No 75 1.841E-04 4.933E-04 3.741E-04 9.276E-04 

Cluster of\1yosi1 regul;,tory light chain 12B MYL 12B No 20 6.668F-03 2.828F-04 4.164F-03 4.6'l0F-04 

Cluster of \'lyosi1-9 MYH9 Yes 227 8.236E-03 6.413E-04 9.SSIE-03 1.498E-03 

Cluster of Nuc ear mitotic appa:atus protei7 1 NUMAl Yes 238 S.160E-0S 5.433E-04 4.Gl!E-04 j.3S7E-04 

Cluster of Plectin Pll:.C 1,0 Y:32 2.443c-m 4.o84c-U4 s.uo6c-04 Ll84c-03 

Cluster ot Polyacenylate-bir,ding protein 1 PABPCl No 71 5.713E-04 G.4GGE-04 2.103 E-04 3.708E-04 

Cluste1· of Protei·i lin-7 honrnlog C LIN7C No 22 'l.21 SF-04 2.418F-04 4.280F-04 1.222F-04 

Cluster of Protein transport protein Sec61 subunit alpha isoform 1 SEC61A1 No 52 8.723E-04 1.295E-03 1.236E-03 9.327E-04 

Cluster of Putative pre-mRNA-splicing factor ATP-dependent RNA 

he licase D HXlS DHXlS No 91 7.042E-05 1.620E-04 4.535E-04 7.392E-0S 

Cluster of Ras-related C3 botu linum tmdn substrate 1 RACl No 21 2.244E-03 1.036E-03 1.066E-03 3.086E-03 

Cluster of Ras-related protein Rab-10 RABlO No 23 l.132E-02 1.986E-02 2.739E-02 1.62SE-02 

Cluster of Ras-related protein Rab-2A RAB2A No 24 2.779E-03 1.126E-02 8.137E-03 9.637E-03 

Cluster of Ras-related protein Rab-6A RAB6A No 24 3.831E-03 4.135E-03 3.876E-03 3.569E-03 

Cluster of Ras-related protein Rap-lA RAPlA No 21 2.541E-03 8.024E-03 3.798E-03 3.685E-03 

Cluster of RNA-binding motif protein, X chromosome RBMX No 42 4.46SE-04 l.357E-03 2.778E-03 8.181E-04 

Cluster of Serine/threonine-protein phosphatase 2A 65 kDa 

regulatory subunit A alpha isoform PPP2R1A No 65 1.878E-04 1.046E-04 8.204E-05 5.973E-05 
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Clustf'r ofSPrirw/thrPoninP-rrotf'in phosrhr1tr1sf' pp·J-hpt;, 

catalytic s1.,bunit PPPlCB No 37 3 .799E-04 1.994E-04 1.478E-04 3.38SE-04 

Cluster ot Sodi u m/potassiurT-tr<F1sporting ATPasc subL.:nit aip ha-1 ATPlAl No 113 3.075E-03 1.253E-03 6.174E-03 1.076E-03 

Clustf'r ofTr;:msforT1i1g :Yotf'·r, RhoA RHOA Yf's 22 3 .704F-04 1.3.I.IF-03 2.3fi8F-03 .3.172F-0.3 

Cluster of I rariSportin-1 TNPDl No 102 3 .330E-04 5.914E-05 1.855E-04 1.313E-04 

Cluster ofTubulin aipha-4A chain TUBA4A No 50 9.302E-03 1.222E-02 2.099E-03 7.9S0E-03 

Cluster otTubulin beta chain TUBB No 50 1.475E-02 7.284E-03 2.269E-03 7.61SE-03 

Cluster ofTyrosir,e-protein kinase ry7 FYN No G1 7.33:iF-04 UG2F-04 3.811F-l]4 1.2'i'iF-04 

Cluster of U1convcnt'onal rnyosin-I:.:i W/OlB No 132 2.c,4c,E-03 3.lc,ic-04 2.o14E-U4 4.U68E-04 

Cluster of Very long-chain specif c acyl-CoA dehyd roge7ase, 

1"1·tochondria ACADVL No 70 3.56SE-04 3.468E-04 7.341E-04 1.852E-04 

Coatomer subur,it alo1a COPA No 138 2.642E-04 4.020E-04 1.759E-04 2.873E-04 

Coatomer subur,it ::ieta COPBl No 10/ 2 ./86E-U4 3.906E-U4 2.420HJ4 1.8',4E-04 

Coatomer subunit :.:ieta' COPB2 Yes 102 9.872E-05 2.471E-04 4.902E-04 1.041E-04 

Coiled-coil-he I x-coiled-coil-heiix dot·nain-contain:ng protein 3, 

r-i"tochondria CHCH03 No 26 3.321E-04 1.109E-03 6.886E-04 7.277E-04 

C1.llir,-;,ssor.·;,tpcJ NFDD8-rlissor.;;,tpcJ rrotp;n ·1 CANLll No 136 1./:)91:.-04 2.SC,2E-U4 6.%2E-0c, 1.4o6E-04 

Cytochrome b-cl comp !ex su bL. r,it 1, mitoc hor.d rial UQCRCl No 53 1.945E-04 8.939E-04 6.209E-04 1.416E-04 

Cytochron1e b-cl cOl'np iex su bL. nit 2, n1ltoc hand rial UQCRC2 No 48 5 .309E-04 1.406E-03 1.457E-03 5.69SE-04 

Cytochrome c oxidase protein 20 homolog COX20 No 13 8.116E-04 8.224E-04 1.916E-03 7.926E-04 

Cytochromf' r. oxici:,sp <;1, bun it 4 isoforrr ·1, r.,-tochond (;,I COX4I1 Yf'S 20 .I .8.ISF-04 2 582F-03 U72F-03 2.107F-03 

Cytopiasr.,-c dynein 1 heavy chain 1 DYNClHl No 532 2 .867E-04 3.236E-04 2.336E-04 3.833E-04 

Cytooiasr-i"c dynein l lig1t lnterr1ediate chain 1 DYNClll 1 No ':JI 1.009'-04 1.00ll-04 1.402'-04 Ul/E-04 

Cytooic1srn'c FMR1-17tcractir.g protein 1 CYFIPl Yes 145 l.4!3E-04 2.171E-04 1.25/E-04 1.764E-04 

Cytoskf'lf'to1-e1ssod.-1tf'd protf'ii 4 CKAP4 No f,6 1 .. 311 F-04 4.67.SF-04 2.182F-04 1. J 4gF-03 

DDRGK domair,-containi1g o~otc:r, 1 DDRGKl No 36 4.107E-04 5.324E-04 6.873E-04 7.098E-04 

Dedicator of cytokinesis proteir. 7 DDCK7 No 243 S.92SE-0S 9.S81E-0G 2.2GGE-05 2.9G9E-0S 

Dehyd roge r.ase/n:d uctase SOR family rnem ber 75 DHRS7B No 35 2 .698E-04 4.753E-04 6.342E-04 1.068E-03 

Desrnoplakin DSP No .3.32 8.394F-04 1.41.SF-04 2.3fi8F-04 3.802F-0.S 

Disintcgrin 21nd mctalloprotcinasc domain-containing protein 10 AllAMlU No 84 b.63/E-Uc, 2.6691:.•0J 4.30~E-04 9.8::i6l:.-0:) 

mJA-dependent protei1 kinase catalytic subunit PRK0C ~Jo 469 1.202E-03 3.619E-04 1.l00E-03 G.923E-04 

DnaJ hOl'rolog subfatrily A tren·1ber 1 DNAJAl No 45 3.262E-04 1.922E-04 1.499E-04 1.768E-04 

Dolle hyl-di :.:i hosp hool· gosacc 1aride--protei n glycosyltrar,sfe rase 48 

kDa subu 1't IJDOSl No S 1 8.32:)1:.-04 6.4o6HJ3 2.c,13E-03 1./ /8E-03 

Doi ic hyl-di :J hosp hooI· gos ace 1aride--protei n glycosyltranste rase 

subunit 1 RPNl Yes 69 :1.230,-03 S.o/4l-03 4.14/l-03 3.423,-03 

Doi ic hyl-di :.:i hosp hool· gosacc 1aride--protei n glycosyltransfe rase 

subunit 2 RPN2 Yes 6~ ~.36c,E-U4 3.lc,4E-03 1.130E-U3 ~.334E-04 

Doi ic hyl-di :.:i hosp hooI· gos ace 1aride--protei n glycosyltrar,sfe rase 

subunit DADl DADl No 12 5.74SE-03 3.442E-03 2 .276E-03 2.936E-03 

Doi ic hyl-di :J hosp hool· gosacc 1aride--protei n glycosyltransh: rase 

subunit STT3A STBA No 81 6.fi0.SF-04 8.648F-04 fi.079F-04 fi.084F-04 

Dolle hyl-di :.:i hosp hool· gosacc 1aride--protei n glycosyltrar,ste rase 

subunit STT3B STT38 No 94 1.470E-04 4.817E-04 S .483 E-04 3.S48E-04 

Doi ic hyl-phos oh ate bcta-gl ucosy itransfo rasc ALGS No 37 1.653E-04 5.626E-04 2.602E-04 4.386E-04 

F.3 ubiquitin-rrotf'in lig;,sp LJR.R4 URR4 No .S74 4.fiWF-0.S .S . .3S5F-0S .i.009F-0.S 8.8gQF-0S 

1:3 Ul-11/11-protcin lie;asc: 1 U,Ll No 90 1.308E-04 3.902E-04 1.532E-04 4.112E-04 

EH domain-cor.taining protein 4 EH 04 No Gl 2 .017E-04 3.063E-0.i 1.538E-04 1.SG2E-04 

Eior,gat'on tactor I-delta EEFlD Yes 31 1.906E-04 1.020E-04 2.920E-04 1.898E-04 

Eior,gat'on factor 1-gamrra EEFlG No so l.320E-03 6.169E-04 1.482 E-03 5.074E-04 

Eior,gat' or, factor Tu, m!tocho1d rial TUFM No 50 1.528E-04 1.141E-04 8.778E-04 7.491E-0S 

Fiong;,f on of vr ry long ch;fr, fatty ;,c!ds rrotf'i n ·1 FLOVL1 No 33 g_\87F-04 1..138F-03 2.637F-03 2.0g3F-03 

l:.mcrin EMD rJo 29 4.923E-04 9.644E-04 1.079-E-03 1.401E-03 

Fnrlon1;clp;:isp 0om;:iin-cont;,·r.ing '\ rirotf'iri FNDODl ~~o :::: 1.DllllF-03 3_g7\F-04 3 .. =rn:: F-04 1.77gF-04 

Endoplasmic reticui1.,n netaliopeptidase 1 ERMPl No 100 4.571E-04 5.72SE-04 1.242E-03 4.282E-05 

Eridoplasmic reticuiun-Golgi Intermediate compartment protein 1 ERG I Cl No 33 4.093E-04 1.539E-03 1.880E-03 4.600E-04 

Erid oplasm in HSP9081 No 92 2 .699E-04 3.254E-04 1.0S0E-04 3.121E-04 

Eooxide hydro ase 1 EPHXl No 53 1.533E-04 2.46SE-04 1.127E-03 1.20SE-04 

FR rrf'11br;,r,f' protf'in complf'X subunit ·1 FMC! No 112 1.29.SF-04 .SM4F-04 8..109F-0.I 3.m4F-04 

ER rre11brar,e protein complex subunit 4 EMC4 No 20 9.811E-04 4.599E-04 1.099E-03 7.567E-04 

Erlin-2 ERLIN2 No 38 l.4SSE-03 8.433E-04 S.712E-04 S.076E-04 

Eryihrocyte band? Integral membrane protein STOM No 32 l.009E-03 4.622E-04 1. 722E-03 3.202E-04 

Estradiol 17-beta-dehydrogenase 12 HSD17B12 Yes 34 4.289E-04 9.943E-04 6.242E-04 3.019E-03 

Eukaryotic Initiation factor 4A-III EIF4A3 No 47 l.884E-04 5.405E-04 l.521E-03 2.618E-04 

Exportin-1 XPOl No 123 8.187E-05 7.240E-05 4.528E-05 8.733E-05 

Exportin-2 CS Ell Yes 110 l.731E-04 2.282E-04 l.971E-04 l.887E-04 

Extended synaptotagmin-1 ESYTl No 123 4.709E-04 6.720E-04 2.942E-04 6.149E-04 

F-actin-capping protein subunit alpha-1 CAPZAl No 33 6.056E-04 l.830E-04 l.290E-03 l.SSSE-04 

Far upstream element-binding protein 3 FUBP3 No 62 2.389E-04 2.249E-04 3.541E-04 5.891E-05 

Fatty acid synthase FASN Yes 273 l.851E-04 7.040E-04 l.592E-03 1.274E-03 

Fatty aldehyde dehydrogenase ALDH3A2 Yes 55 4.939E-04 2.994E-04 2.992E-04 2.459E-04 
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Fila77in-A FLNA Yes 281 1.184E-04 3 .48SE-04 2.911E-04 4.433E-04 

Flotillin-1 FLOTl No 47 2.515E-04 7 .3 lOE-04 6.9LiE-04 S.967E-04 

rlotillin-2 FLOT2 Yf'.s 47 3.□7r,F-04 9 .037F-04 :i.8:J3F-04 7.09,F-04 

f-odrin alpha chain SPIANl No 28j 2.89,l-0c 9.blOl-0S S.949E-04 9.802E-0S 

Fructose-bis phosphate aldolase A ALDOA No 39 3.636E-04 l.7G2E-04 3.202E-04 1.210E-04 

Glutamlne--tRNA ligase QARS No 88 1.455E-04 l.218E-04 S.444E-04 1.133E-04 

Glutathione S-transferase kappa 1 GSTKl l"o 25 3.802E-04 l.770E-04 1.323E-03 1.29SE-04 

Glycerol-3-phosphate dehydros;enase, mitochoncrial GPD2 No 81 4.6o6l-04 US'il-03 3.4sH-04 S.03H-04 

Glycosyl;nosphatidiinosltol anchor attachment 1 protein GPAAl No 68 1.123E-04 1.597E-04 1.35.=iE-04 9.423E-0S 

Golgi apparatus o~ote·:n 1 GLGl No 135 3.562E-04 3.916E-04 3.907E-04 3.771E-05 

Golgin subfamily A rnen:Je-7 GOLGA7 No 16 8.272 E-04 2.076E-04 6.072E-04 S.2SSE-04 

GPI t r;::ins;::i71id;:isf'. corn por,P r,t PIG-T PIGI Yes 66 1.262 l-04 Ulll-04 2.289E-04 1.884E-04 

Guanine n,Jcleotide-binding protein G(l)/G(S)/G( O) subunit garn ma 

12 G\JG12 No 8 6.73.\F-03 1.12.\F-03 7.274F-03 S.420F-03 

G1...cir'.inc: nuclc:otidc-bind!ng protein G(c) subu--ft alpha G'JAQ No 42 4.366E-04 9 .962E-0S S.435E-04 1.532E-04 

Gu;:ininf'. nuclf'.otide-binding protf'.in subunit ;:il:.1hr1-·n G'JAll Yf'.s 42 5.542 F-04 7.837F-0.S S.077F-04 3.4'l5F-04 

!-<EAT repeat-cor,taini7g o-otein 1 HEATRl No 242 1.497E-04 9 .32SE-0S 6.65.=iE-05 4.129E-05 

I-eat shock 70 kDa protein lA/1B HSPAlA Yes 70 6.278E-04 l.058E-03 9.696E-04 9.538E-04 

t-cc1t shock protein bc:ta-1 HSPBl Yes 23 3.338E-03 2.759-E-03 1.883E-03 1.02SE-03 

1-Ptf'.rngeneous nur.ip;:ir r!bonur.iroprotf'.ln M H'JRNPM No 78 7.818F-04 2 .043F-D'l I Ii8F-0.3 U98F-03 

t-eterogeneous nuciear ribor,ucieoprotein I{ H'JRNPR No 71 2.956E-04 3.lSlE-04 S.464E-04 4.739E-05 

1-eterogeneous nuciear ribor.ucieoprotelns A2/B1 H'JRNPA2B No 37 4.788E-04 l.778E-03 3.563E-03 G.822E-05 

t-isto1~ H4 HIST1H4A No 11 3.Sl □ E-02 6.3 l □ E-02 9.969E-03 9.718E-02 

t-LA class I histocorn patlbillty anf:gen, B-41 alpha chain HLA-B No 41 4.307F-03 7.201F-04 3.orgF-□4 1.82r,f-02 

bomerin HRNR No 282 /.06H-0S /.:::::Ul:-0j /./601:-0j S.624E-0S 

lmpo--tin subunit alpha-I KPNA2 l"o 58 2.211E-04 1.G8GE-04 2.483E-04 1.914E-04 

lmpo--tin subunit beta-1 KPN Bl No 97 S.348E-04 5 .068E-04 1.929E-04 7.SSSE-04 

lmpo--tin-7 IPO7 No 120 2.843E-04 7 .946E-0S 1.040E-04 2.718E-04 

Inositol 1,4,.':J-tr-isp hosp 1ate r-ece:.:itor ty:.:ie :I 11 PR3 Yes 304 /.68/1:-0::: l.84Sl-04 1.2.Dl:-04 1.90Sl-04 

Inositol mono phosphatase 3 IMPADl No 39 4.178E-04 .=i.675E-04 1.028E-03 2.429E-04 

lntegri1 alpha-V ITGAV No 116 5.669E-04 2 .409E-04 2.058E-04 2.779E-04 

lntegri1 beta-I ITGBl No 88 9.908E-04 7 .679E-05 1.057E-04 S.960E-04 

lnte~IP1Jkir, Pnh;,r,r.er-bindingfactor 2 IL\2 Yes 43 2.8o4l-04 2 .330,-04 6.1661:-04 1.016,-04 

lnte~leukir, enhancer-bindingtactor 3 1Lr3 Yes 95 6.655 E-05 l.810E-04 9.980E-04 3.898E-05 

lsoforr1 2 of 4F2 cell-surface antigen heavy chain SLC3A2 Yes 58 5.540E-03 2 .978E-03 1.997E-03 3.378E-03 

lsoforn 2 of Basigi n BSG l"o 29 2.601E-03 7 .654E-04 1.157E-03 2.060E-03 

lsoforr1 2 of NP:1Jtrr1! e1lph;:i-gl1,cosld;,sp AB GANAB No Jog I .828F-04 2 .022F-0'l 2.328F-04 r,.088F-04 

lsotorn 2 ot Protein t ightless-1 homolog FLII Yes 138 2.719E-04 3 .560E-0S 9.199E-0S 7.19SE-05 

lsoforr1 8 of Eu ka--..,1otic translation initiation factor 4 ga77rna 1 EIF4Gl No 176 3.l0SE-05 4.738E-05 7.443E-05 3.778E-05 

lsoforr1 8 of Filarrin-B FLNB Ye:r:; 282 1.492E-04 9 .056E-0S 7.368E-04 3.499E-04 

lsoforr1 B of Phosph;::ite c;,rrier J,.otf'.in, mitochondri;:il SLC:2:JA3 No 40 1.r,87F-03 3 .489F-0.3 2.8lfiF-fB G.'l02F-0.1 

lsolcue:r,c--tR.NA lig21sc, cytoplas11ic IARS Yes 145 2.978E-04 2 .588E-04 1.998E-04 2.068E-04 

Juncfor, pla<oglobin JUP No 82 1.814E-03 4.636E-04 1.329E-03 1.279E-04 

Keratin, type I cytoskeletal 18 KRT18 Yes 48 1.122 E-03 l.822E-02 1.S52E-02 6.14SE-03 

Keratin, tyoe I cytoskeletal 9 KRT9 No 62 1.071 F-02 1.817F-O'l 2.723F-03 2.:i94F-03 

Ker21tin, tyoe II cytoskeletal 8 KR 18 Yes ',4 3."J99l-0J 1./12,-02 8./ IH-03 8.S/4E-0"J 

Lam in-Bl LMNBl No 66 2.933E-04 l.527E-03 1.041E-03 1.318E-03 

Lan·,in-B2 LMNB2 No 68 3.822E-04 4.830E-04 4.778E-04 9.142E-04 

Lanoste~ol 14-alpha derTet7ylase CYP51Al Yes 57 S.495E-04 2 .596E-04 2.618E-04 3.49SE-04 

Lanostc'"ol synthase LSS No 80 1.31:,l-lJJ 8./ /2l-04 S.9s0E-04 1.1%E-03 

La:ge neutral ami7o acids transporter s77all subunit 1 SLC7A5 Yes 55 4.282 E-03 l.890E-03 3.967E-03 1.Sl □ E-03 

Le,Jcine-rich PPR motif-co1taining: protein. n-1 itoc'wnd rial LRPPRC No 1S8 2.o88l-04 2 .09 /l-04 l. /29E-04 6.403[-0:, 

Le,Jcine--tRf'-JA llgase, cytoplasmic LARS No 134 2.078E-04 6.771E-05 1.307E-04 3.732E-05 

Leu cyl-cysti nyl an, ino:.:ie otidas e LNPEP No 117 6.738E-05 1.103E-04 8.337E-0S 1.006E-04 

Long-cha:r, fatty aCld transport protein 4 SLC27A4 No 72 1.079E-04 4.847E-04 2.237E-04 3.633E-04 

Long-cha:n-fatty-ac!d--CoA 11gasc 1 ACSLl No 78 2.810E-04 l.256E-04 2.244E-04 1.321E-04 

Long-chair,-fatty-acid--CoA llgase 3 ACSL3 No 80 7.fi9.SF-04 4.fi78F-04 l.977F-0.1 I .. 59.SF-03 

Lysophosphatidylcholinc 21cylt-ansfe:asc 1 LPCAI 1 No jg 1.41/E-04 1.1 UE-03 9. /621:-04 4.268E-04 

Lysophospholipid acytransferase 7 MBOAT7 No 53 3.G95E-04 8.9G2E-04 8.177E-04 1.165E-03 

Lysosome membrar,e protein 2 SCARB2 No 54 4.648E-04 3.148E-04 S.282E-04 9.268E-05 

Lysosorne-associated rrer1:J:ane glycoprnteln 1 LAM Pl No 4S 8.329E-04 l.0GlE-04 G.918E-04 1.8G4E-04 

Malectir, MLEC No 32 3.391E-04 6.0S-8E-04 3.749E-04 7.054E-04 

Mannosyl-oligosaccharide glucosidase MOGS No 92 1.523E-04 3.637E-04 8.602E-05 4.438E-04 

Matrln-3 MATR3 No 95 1.730E-04 4.089E-04 9.166E-04 3.121E-04 

Membrane-associated progesterone receptor component 2 PGRMC2 No 24 8.826E-04 6.087E-04 1.486E-03 8.012E-04 

Metaxin-1 MTXl Yes 51 3.395E-04 3.344E-04 2.826E-04 2.286E-04 

Meth1onine--tRNA ligase, cytoplasmk MARS No 101 4.663E-04 2.148E-04 5.ll0E-04 1.331E-04 

Microsomal glutathlone S-transferase 1 MGSTl Yes 18 4.369E-03 4.325E-03 5.350E-03 1.722E-03 

Mimitin, m1tochondr1al NDUFAF2 No 20 7.486E-04 5.259E-04 8.510E-04 2.894E-04 

Minor hlstocompatibility antigen H13 HM13 No 41 9.911E-04 1.422E-03 3.145E-03 1.738E-03 

Mitochondrial 2-oxoglutarate/malate carrier protein SLC25All No 34 6.138E-04 2.929E-03 1.754E-03 1.878E-03 

Mitochondrial antiviral-slgnal"ing protein MAVS No 57 3.595E-04 3.747E-04 5.741E-04 3.339E-04 

Mitochondrial import receptor subunit TOM40 homolog TOMM40 No 38 2.672E-04 4.984E-03 8.350E-04 9.523E-04 
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IV1itochoridrial inrier r-iembrarie p~ote:1 IMMI No 84 3.B /c-04 1.:,1:,,.03 1.0/4,-03 l.U4l-03 

IV1ultid:ug resistar,ce-associated protein 1 ABCCl No 172 l.438E-04 l.013E-04 2.733E-04 1.056E-04 

IVlyb-b'.ndirig protein IA Mrn8P1A No 149 l.92H-04 6.198,-04 l.36H-04 2.982,-04 

IVlyc iri protein zero-like protein 1 MPZLl Yes 29 3.52SE-04 l.0SSE-04 4.0SlE-04 l.989E-04 

IVlyoferl·r, MYOF Yes 235 1.38SE-03 G.931E-04 2.GGGE-04 2.321E-03 

IVlyosin ight polypeptce 6 MYL6 Yes l / o.32H-Oo :,.34ol-04 6.0o3l-03 1.332,-03 

IVlyristoylated c1larilr.e-(ch C-kinase suastrate MARCKS No 32 l.267E-03 2.210E-04 l.190E-03 7.684E-04 

N-acPtylgal;:ir.tosaminyltr;:i risforasP 7 GALNT7 No 75 7.824F-0:i 2.027F-04 'l.097F-04 2.0fiSF-04 

NADH dehydrogenase fub:q ulnone] 1 beta SL, bcmnplex subunit 10 NDUFBlO No 21 6.141E-04 l.239E-03 l.256E-03 8.137E-04 

NADH dehydrogenase [ubiqulnone] Iron-sulfur protein 3, 

IT itor.ho nd ria NDUFS'l No 'JO 'l.694F-04 1.001 F-0'l 'l.1.SH-04 S.8.i6F-04 

NADH-cytochrome b::> redL,ctase 3 CYBSR3 No 34 l.303E-03 4.842E-04 3.254E-04 l.295E-03 

NADH-ubiqui1or1e oxido:ed Jctase 75 kDa subunit, mltochondr"a NDUFSl Yes 79 2.728E-04 3.445E-04 1.983E-04 l.760E-04 

NADPH--cytochro1"1e P4.J0 reductase POR No II 6.o0ol-04 2.419,-03 2.43H-03 :,,886,-04 

Ncuroblast diffcrcntlat"or.-associatcd protein AHNAK AHNAK No 629 l.573E-05 4.S0SE-05 6.648E-04 2.724E-04 

Neut-al amino acid trans:Jorter B{0) SLClAS No 57 1.983E-03 2.021E-03 1.323E-03 2.572E-03 

Ncut~a1 cholcstc~o1 ester hydrolasc 1 NCErl No 46 l.0SlE-03 5 .696E-04 l.137E-03 l.050E-03 

Nica ir, NCLN No 63 1.376E-04 4.630E-04 3.402E-04 5.826E-04 

Nicast~lr, NCSTN No 78 4.98SF-04 1.640F-04 l .192F-04 2.474F-04 

Niemc1n1-Pick Cl prote·n NPCl No 142 4.SlSE-05 3 .088E-0S 5.634E-0S S.112E-05 

Noda! IT od u lat or 3 NOM03 No 134 8.24GE-0S 1.412E-04 5.985E-05 3.009E-04 

Nuciear oore co1·-,:Jlex protein Nuo155 NUP155 Yes 155 8.884E-05 4.439E-05 l.373E-04 3.835E-05 

Nuciear Jore con:Jlex protein Nup160 NUP160 Yes 162 2.771E-0S 5.910E-05 l.170E-04 3.7.=iSE-05 

Nuciear pore con:Jlex protein Nua205 NUP20S YPS 228 3.641 F-05 ., .0 l 9F-0.S 1.B6F-04 3.407F-0., 

N ucieo la r GI P-b ind i 13 :Jrote in 1 GI P8P4 Yes /4 6.004,-0o 3.246,-04 1.136,-04 4.260,-04 

Nucieolar protein 56 NOP56 No 66 4.792E-04 2.369E-04 5.828E-04 3.705E-04 

Nucieolar proteir1 58 NOP58 No 60 2.277E-04 l.228E-04 2.057E-04 l.849E-04 

Nucicolar RNA hclicasc 2 DDX21 Yes 87 l.070E-04 2 .848E-04 8.249E-04 S.514E-04 

Nucieolln NCL Yes 77 1.980E-04 1.809E-04 4.750E-04 7.698E-05 

OCIA rJoma·n-cor.t;:i·ning protrin 1 UCIAlll No 28 3./38,-04 6.094,-04 l.9/2l-04 4.408,-04 

Perice7t~:olar material 1 protein PCMl No 229 2.940E-0S 3.039E-0S l.586E-04 2.948E-QS 

Plasma rnembrar1e calcium-trar,sporting AT Pase 1 ATP2B1 No 139 5.285E-04 G.289E-04 2.783E-04 5.0lSE-04 

Pl;,srT1;,: 1:1rmbr;,:r,p r.alcium-transporting ATP,,se 4 ATP2B4 No 138 7.14SE-04 3.697E-04 2.821E-04 4.747E-04 

Plasrninogen activator inhi:Jitor 1 RNA-bind'ng protein SERBPl No 45 l.SS4E-04 5.958E-04 5.S0SE-04 2.578E-04 

Plexin-82 PLXN B2 No 205 3.141F-0.S 1.774F-0S 1.107F-04 S.107F-05 

Poly(rc)-bind rig proteir1 1 PCBPl Yes 37 4.025E-04 5.032E-04 6.823E-04 S.823E-04 

Poly(rC)-bind·ng protelr, 2 PCBP2 Yes 39 6.146E-04 4.635E-04 5.975E-04 4.429E-04 

Polypeptide N-acetylgalactosarrinftransfe~ase 1 GALN 11 No 64 2.199,-04 I .294l-0o UlH-04 l.o60l-04 

Polypeptide N-acctylf._;alactos.::ili'int(transk~ase 2 GALNT2 Yes 65 3.860E-04 3.635E-04 2.800E-04 5.514E-04 

Prelamlr.-A/C LMNA Yes 74 8.99GE-04 7.4G2E-04 2.S47E-03 1.960E-03 

Prcriylcystciric oxidasc 1 l'CYOXl No cl 4.133'-04 1.1/3,-03 /.//0l-04 6.13/l-04 

Probable ATP-deper1ce1t RNA helicase DDX17 DDX17 No 80 6.093E-04 2 .069E-04 8.403E-04 2.250E-04 

Prob;:iblP ATP-dPpPnce1t RNA hPlic;.c;e DDX:i DDX.'J YPS 69 8.037F-04 4.121Hl4 8.480F-04 'l.0 13F-04 

Probable cafon-transporti1g ATPc1sc 13Al ATP13Al No 133 l.006E-04 3.147E-04 l.103E-04 l.782E-04 

Probable rRMA-processing protein EBP2 EBNA1BP2 No 35 1.300E-04 2 .G90E-04 1.982E-04 3.352E-04 

Profilir.-1 PFNI YPS IS 6.84H-04 .~."12hF-04 l .099F-0.3 1 . .S94F-0'.1 

Prohibitin PHB No 30 l.868E-03 6.274E-03 l.77SE-03 S.594E-03 

Prohib!tin-2 PHR2 No 'l'l 2.0l 7F-03 7.G0.SF-0'.1 8.103F-04 fi.0fif)F-0.1 

Prostaglancin I: synthase PIGlS No 11 l.40H-03 4.80/l-04 9.462,-04 1.04/l-03 

Protein disulfide-isornerase A3 PDIA3 No 57 3.027E-04 7.361E-04 6.194E-04 1.475E-04 

ProtPin ,:fc;ulfidP-iS011PrrtSP AG PDIA6 No 48 2.800,-04 4.223l-04 1.916,-04 1. /6 /l-04 

Protein ERGIC-53 LMANl No 58 9.734E-0S 3 .400E-04 2.337E-04 4.433E-04 

ProtPin FM,BC FAM3C No 25 1.2.52F-03 6.720F-04 7.899F-03 1.16SF-03 

Protciri ur.apan, LNP No 48 5.859E-04 2 .084E-04 5.330E-04 S.108E-04 

Protein scri:Jble hor1olog SCRIB No 175 5.744E-05 1.441E-04 5.779E-05 9.691E-0'.:: 

Protein transaort :Jroteir1 Sec16A SEC16A No 234 6.0llE-05 8.SS0E-05 l.300E-04 l.803E-05 

Protein trans:Jort :Jroteir1 Sec61 subunit beta SFC6\ B YPS 10 4.128F-03 2.271F-03 .S.214F-0'l 3.S.~3F-0'.1 

Protein XR.P2 R.P2 No 40 4.024,-04 Ll90l-04 2.69H-04 3.48/l-04 

Putative riboso1Tai RNA methyitransferase NOP2 NOP2 No 89 1.293E-04 1.244E-04 4.1G8E-04 7.278E-05 

Pyruvate dehydrogenase El con·1ponent subunit a pha, sor11atic 

form. mltochondr"a PDHAl Yes 43 3.223E-04 7.273E-05 5.563E-04 6.407E-05 

Pyruvate dehydrof._;eriase E:.1 comporierit subunit beta, 

mitochondrial PDHB No 39 3.483E-04 4.401E-0S l.317E-03 6.S47E-0S 

Pyruvate kinase PKIV1 PKM No 58 9.770E-04 S.304E-04 2.901E-04 9.913E-04 

Rab3 GTPase-actlvating protein non-catalytic subunit RAB3GAP2 No 156 6.953E-0S S.832E-0S l.114E-04 6.703E-0S 

Ragulator compleK protein LAMTOR1 LAMTORl No 18 l.08SE-03 7.420E-04 2.228E-03 l.194E-03 

Ras GTPase-activating-llke protein IQGAPl IQGAPl No 189 2.791E-04 2.560E-04 4.93SE-04 3.049E-04 

Ras-related proteir. Rab-11B RABllB No 24 4.194E-03 l.169E-02 l.742E-03 7.883E-03 

Ras-related protein Rab-21 RAB21 No 24 l.21SE-03 l.443E-03 l.712E-03 l.899E-03 

Ras-related protein Rab-SA RABSA No 24 8.827E-04 8.357E-04 7.218E-04 l.442E-03 

Ras-related protein Rab-SB RABSB No 24 l.019E-03 9.030E-04 l.582E-03 l.498E-03 

Ras-related protein Rab-SC RABSC No 23 2.612E-03 l.8SSE-03 7.989E-03 4.691E-03 

Ras-related protein Rab-7a RAB7A No 23 3.64SE-03 9.868E-03 S.129E-03 4.567E-03 
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Ras-reiated protein Rab-9A RAB9A Yes 23 5.852E-04 4.985E-04 1.075E-03 4.895 E-04 

Ras-rciatcd protein R-Ras RMS No n 1.140,-04 2./~lt-04 :)_j43t-04 8./9H-04 

Ras-reiated protein R-Ras2 RRAS2 Yes 23 .::i.9S7E-04 1.780E-04 7.003E-04 1.124E-03 

RPrJox-rPgu lrttory protP!r, FAl\-121 ::iA FA \112BA No 26 I .04.1 F-01 7.741F-04 8.916F-04 9.407F-04 

Retinal dehydroger.ase 11 R □ bll No 35 9 .361E-04 1.094E-03 1.358E-03 1.275 E-03 

Ribonuclease i:11.bitor RNb1 No .10 1.680F-04 4.331F-0.I 2.0.SH-04 1.273F-114 

Riboso11al L1 domair.-containi1g :.:irntcir, 1 RSLl Dl No :,:, l.129HJ4 3.l/ll-04 3.948,-04 2./04,-04 

Riboso11e-bindi1g ;rote·r, 1 RRBPl Yes 1S2 7.022E-05 3 .S0GE-04 2.14GE-04 3.8G8E-04 

RNA-binding protein 14 RB\1114 No 69 7.581E-04 l.133E-04 7.555E-04 1.096E-04 

RRP12-like protein RRP12 No 144 4.888E-05 2.183E-04 9.163E-05 1.400E-04 

RcvB-like 1 RUVBLl No 50 7.063E-04 2 .657E-04 1.280E-04 4.077E-04 

RL,VB-likc 2 RUVBL2 No 51 3.969E-04 2.965E-04 1.817E-04 3.279E-04 

Sarcoo lasm!c/e1do piasmic ~eticulu 11 ca ici um ATPase 2 ATP2A2 Yes 1 lS 2.471E-03 2 .3G7E-03 3.009E-03 2.S9SE-03 

Seel family domain-containir,g protein 1 SCFDI No 72 3 .786E-04 l.364E-04 1.836E-04 1.134E-04 

Secretory carrier-associated memb~ane protein 1 SCA-~ Pl Yes 38 2.G38E-04 l.087E-03 1.2GGE-03 S.717E-04 

Secretory carrieh,ssoci.ated t1"1en1b~.ane protein 3 SCA\11 P3 No 38 l.236E-03 1.727E-03 5.074E-03 2.023E-03 

Ser:1e palmltoylt-ansferase 1 SPTLCl No S3 l.891E-04 2 .904E-04 4.988E-04 1.128E-04 

Se(1e/argi1:r,e repetitive matrix :Yotei1 2 SRR\112 No 300 l.86H-0S 1.938,-04 1.028,-04 S.S /St-OS 

Sc(1c/c:1rgi1:r.c-r"ch splicing factor 1 SRSFl No 28 6.375 E-04 8.009E-04 1.161E-03 1.203 E-04 

S!deroflexin-1 SFXNl No 36 1.373 E-03 4.076E-03 1.Gl □ E-03 2.033E-03 

Sign.al recognition part:cle receptor subJ'l:t alpha SRPR Yes 70 9.937E-05 4.094E-04 3.190E-04 1.008E-03 

Signal recognition particle receptor subJ1it beta SRPRB Yes 30 3.678E-04 3.413E-03 8.42SE-04 2.578E-03 

Sign.al recognitiO'"I particle subunit SR.P68 SRP68 No 11 l.0lH-04 l.S40l-04 l./S9l-04 1.813 t-04 

Snl-spec1ticdiacylg:i'{cerol lioase beta DAGLB No 74 6.183 E-05 l.070E-04 8.8SSE-05 9.319E-0S 

Sod·un/;iot;,s<;iurn-tr:mspwt·r,g ATP;,sp suh,J1t bPtr1-·1 ATPIBI ~~o :i.'i fi.042 F-04 fi.'128F-04 2.089F-0.1 tl.662F-04 

S□d-L,m/ootassiurn-transoo-t·r,g ATPasc subu1t betc:1-3 ATP1B3 Yes 32 3.257E-03 l.37SE-03 1.072E-03 1.289E-03 

Sortilin SORT! No 92 9 . .S77F-O.S l.114F-04 6.908F-04 3 .. 121F-0S 

Spectri11 beta chain, no1-erythrocytic 1 SPIBNl No 2 /S 6.19/1:-0:) / .0S6l-0S 2.638,-04 1.216,-04 

Spiiclr.g factor 3B subur.lt 1 SF3Bl No 146 1.002 E-04 4.170E-04 7.102E-04 1.863 E-04 

Spiiclr.g factor ::i8 s 1, b1mlt .'.3 Sf3B3 No 136 4.S4SHJS 6.391,-0S 3.o/2,-04 2./2H-0S 

Spiiclr.gtactorU2AF35 kDasJJur.lt U2AF1 Yes 28 1.995 E-04 4.079E-04 3.000E-04 3.178E-04 

Storn;,tlr,-li<P protPin 2, 'Tiitor:honr!rl;,I STO\IIL2 No .19 1.1.14F-ffl I .649F-0.1 U,8.SF-03 1.822F-m 

st-css-/0 o rote· n, rnitochond rial HSPA9 No 74 1.778E-04 4.418E-04 6.324E-04 3.793E-04 

Suifce:quir.one ox·:doreductase, mitochondrial SQRDL No so l.318E-03 l.l0SE-03 6.126E-04 3.655E-04 

Su1cit locus protein 4 SURF4 No 30 l.137E-03 4.483E-03 2.979E-03 2.138E-03 

Synaptic ves:cle nembrane protein VAT-l 1omolog VATl No 42 9 .917E-04 1.767E-04 3.024E-04 2.727E-04 

Syn;,ptogyrin-2 SYNGR2 No 25 1.03.1 F-03 I .099F-03 1.824F-03 7.004F-04 

Synaptosomai-associated :i-otei1 23 SNAP23 No 23 5.191E-04 3 .898E-04 8.186E-04 S.874E-04 

Syntaxi n-12 STX12 No 32 7.668E-04 2.793E-04 3.960E-04 3.314E-04 

Syntaxi n-4 SIX4 No 34 2.1.'::J /1:-04 2 .S //l-04 2.004,-04 1.6S2l-04 

Syntaxi n-7 STX7 No 30 1.383 E-03 2.812E-04 1.203E-03 1.235 E-03 

T.ap.asin TAPBP No 48 9.275E-05 8.929E-0S 2.136E-04 1.009E-04 

TAR DNA-binding proteir, 43 TARD BP Yes 45 l.786E-04 3 .878E-04 6.338E-04 8.458E-0S 

T~conpiex ~:otPi1 1 sln.Jnit alpha TCP1 Yes 60 1.6.ISF-03 2 .490F-04 6.244F-04 3.487F-04 

T-conoicx orotci11 suoJ11t betel CCT2 Yes S7 4.942E-04 4.090E-04 1.022E-03 1.403 E-04 

T-conoiex :Jrotei1 l suJJnit delta CCT4 Yes 58 l.500E-03 8.872E-04 9 . .::i37E-04 4.238E-04 

T-conoicx orotci1 l suoJ1it epsiion CCT.::i Yes 60 4.224E-04 3.988E-04 6.933E-04 2.780E-04 

T-conoiex :i:otei1 l suJJnit eta CCT7 ~~o :i9 1.00.1 F-03 2.893F-04 G.382F-04 2.071 F-04 

T~co1~1oiex orntei·11 suoJnit g.an-11~1.a CCT3 No 61 2.349E-03 4.811E-04 l.114E-03 7.137E-04 

T-conoiex :,rotei1 l SUJJ'littheta CCT8 No 60 1.419E-03 4.377E-04 9.818E-04 3.781E-04 

Th'.orPdoxir,-rpl;,tpd t-;:insmPmh-;,np protPir. ·1 IMXl No 32 8.US4l-U4 1.236,-03 4.344,-04 2.046,-03 

To~sin-lA-interacting 0-ote·r.1 TORlAIPl No 66 6.419E-04 .::i.155E-04 4.49SE-04 7.053E-04 

Tr;,nsforri1 rei":Pptor protPin 1 TFRC Yes 8.1 7.989F-04 2.417F-03 2.961F-03 1.440F-03 

Tra:1s'.tional cndooiasm1c rctculJ'TI ATrase VCP No 89 6.644E-05 l.481E-04 2.SSSE-04 3.517E-04 

Transiational activator GCNl GCNlll No 293 3.371E-04 3 .846E-04 1.lllE-04 1.347E-04 

Tra:1siocatio1 protein SEC63 honolog SEC63 No 88 1.622 E-04 4.479E-04 1.89SE-04 3.534E-04 

Transioco1-associated protein subL.r,it delta SSR4 No 19 1.8.12 F-03 1..143F-03 2.682F-0.1 3.477F-03 

I ra:1smem bra1c 9 superfami v member 2 l\119Sl2 No /6 3 .S /9l-04 9.109,-04 l.6/H-03 6.9S8l-04 

Tra:1s11embra1e 9 superfami y member 4 T\119SF4 No 75 2.G22E-04 .i.413E-04 G.706E-04 4.030E-04 

Transn·1en1bra'1e a,1d TPR 1·epeat~contai'1ing protein 3 T\IITC3 No 104 1.039E-04 2 .046E-04 1.822E-04 1.134E-04 

Tra1srnembra1e emp24 dornain-containi1g p-ote·r, 10 T\IIEDlO No 25 l.807E-03 2.763E-03 1.248E-03 1.680E-03 

Ira1smembra1e emp24 domain-containi1g p-ote r, 3 l\lllll3 No 2S 3.668,-04 1.04/l-03 1.o68l-0"J 1."J4H-U4 

Transmembrane emp24 domain-containing protein 7 TMED7 No 25 6.762E-04 l.190E-03 6.971E-04 8.233E-04 

Transmembrane protein 214 TME\11214 No 77 2.126E-04 1.408E-04 8.802E-0S 1.578E-04 

Transmembrane protein 245 TME\11245 No 101 1.704E-04 2.033E-04 2.8S3E-04 3.275E-04 

Transmembrane protein 43 TME\1143 No 45 1.102E-03 1.081E-03 5.518E-04 1.472E-03 

Tumor-associated calcium signal transducer 2 TACSTD2 Yes 36 7.631E-04 S.672E-04 2.894E-03 1.071E-04 

Tyrosine-protein phosphatase non-receptortype 1 PTPNl Yes so 8.677E-04 1.890E-03 1.066E-03 1.504E-03 

UBX domain-containing protein 4 UBXN4 No 57 3.114E-04 3.lOlE-04 1.446E-04 2.53SE-04 

Ufml-specific protease 2 UFSP2 No 53 1.697E-04 l.206E-04 1.801E-04 1.062E-04 

Unconventional myosin-VI MY06 Yes 150 4.216E-04 4.911E-04 8.026E-04 8.448E-0S 

Up-regulated during skeletal muscle growth protein 5 USMGS No 6 2.77SE-03 2.526E-03 2.270E-03 7.567E-04 

Valine-tRNA ligase VARS Yes 140 4.114E-04 5.409E-05 5.749E-04 9.259E-05 
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Vesicle·associated membrane protein 3 VAMP3 No 11 4.012E-03 6 .814E-04 2.956E-03 2.lOOE-03 

Vesicle.associated membrane protein.associated protein A VAPA No 28 1.349[-03 3 .233[-03 5 .S34E-03 3 ,729[-03 

vesicle-associated membrane protein-associated protein 8/C VAP8 No 17 l.5l2E-03 2.22lE-03 3 .607E-03 l .67SE-03 

Vesicle-fusing ATPase NSF Yes 83 9.373[-05 1.714[-04 9 ,876[-05 6 .573E-OS 

Vesicle-trafficking protein SEC22b SEC22B No 2S ).620[-03 3 .0SlE-03 3 .404E-03 3.l9JE-03 
Vesicular integral.membrane protein VIP36 LMAN2 No 40 5.346[-04 2.298E-03 l.839E-03 2.32JE-03 

Voltage -dependent anion-selective channel protein 1 VOACl No 31 5.704E-03 5 536E-03 l .J05E-03 3 .2JOE· 03 

Voltage•dependent anion•selective channel protein 2 VOAC2 No 32 4.086E-03 2 076E-03 2.860E-03 1.531E-03 

X-ray repair cross-complementing protein 5 XRCCS No 83 2.136[-04 1.538[-04 3.S62E-04 7 .972E-OS 

X•ray repair cross<omplementing protein 6 XRCC6 NO 70 7 .234E-04 l.923E-04 4.343E-04 J.068E-04 

Zinc finger CCCH•type antiviral protein 1 ZC3HAV1 No 101 1.319[-04 5.888[-05 1.469[-04 l.142E-04 

Ident ified membrane proteins present In breast cancer cell lines only 
BC MW Average NSAF 

Identified Proteins Gene database (kOa MCF7 SKBR3 MOAZ31 

116 kOa us small nuctear rib-onucleoprotein component EFTUD2 No 109 L 548E-04 l.490E-04 l.671E-04 

14•3·3 protein gamma YWHAG No 28 2.259E-04 4.326E-04 4.349[-04 

14-3-3 protein zet a/delt a YWHAZ Yes 28 6.l66E-04 l .364E-03 J .5J7E· 03 
39S ribosomal protein L49, mitochondrial MRPL49 No )9 3.849E-04 8 .743E-04 5 .92lE-04 

40S ribosomal protein 515 RPSlS No 17 5.826E-04 1.937E-03 1.036E-03 

405 ribosomal protein 517 RPS17 No 16 S.966E-04 l.803E-03 1.880E-03 

605 ribosomal protein LI S RPLlS No 24 l.6SOE-03 l.424E-03 l.612E-03 

60S ribosomal protein L23 RPL23 No 15 S.4SOE-04 7 .795[-04 S.806E-04 

60S ribosomal protein L27 RPL27 No 16 S.299E-04 8 .l08E-04 l .408E-03 

605 ribosomal protein L35 RPL3S No 1S 7.59SE-04 9 ,768[-04 2.343[-03 

605 ribosomal protein L8 RPL8 No 28 S.027E-04 l .J07E-03 l .662E-03 
6 •phosphofructokinase, liver type PFKL Yes 85 8 .636E-05 l.035E-04 2.518E-05 

Acetyl•coenzyme A transporter 1 SLC33A1 No 61 J .484E-04 l .7l6E-04 9.79IE-OS 

Actin·related protein 2 ACTR2 No 45 1.348E-04 5 .198E-04 8 .740E-OS 

Actin-related protein 2/3 complex subunit 3 ARPC3 Yes 21 2.940[-04 J ,401E-03 2.498[-04 

Actin•related protein 3 ACl'R3 No 47 l.707E-04 4.546E-04 9 .438E-05 

Acyl-CoA desat urase SCD Yes 42 l.654E·03 7.574E-04 8.31JE·0S 
Acyl-CoA-binding domain-containing protein S ACBDS No 60 l .217E-04 2.675E-04 l .752E-04 

ADP•ribosylation factor 3 ARF3 No 21 J.037E-03 3 .34lE-03 J.323E-03 

AFG3-like protein 2 AFG3L2 No 89 I .770E-04 l.37lE•04 J .48l E-04 

Alpha-J ,2-mannosyltransferase ALG9 ALG9 No 70 1.390E-04 1.773E-04 1.074E-04 

Ancient ubiquitous protein 1 AUPl No 53 1.912E-04 3 .798E-04 3 .137E-04 

AP-2 complex subunit a lpha-I AP2Al NO 108 l.183E-04 l.978E-04 l.447 E-04 
Apollpoprotein L2 APOL2 No 37 1.084[-04 6 .702[-04 8.8S3E-05 

Aspartyl/asparaginyl beta-hydroxylase ASPH No 86 7 .4S4E-05 6 .397[-05 1.762[-04 

ATP.binding cassette sub.family D member 1 ABCOI No 83 J.l37E-04 3 .68SE-04 J.l26E-04 

ATP-binding cassette sub-fami ly E member 1 ABCEl No 67 4.260E-05 2.0llE-04 4.98lE·OS 
ATP-citr.Jte synthase ACLY No )21 2.62SE-OS J .828E-04 5 .429E-04 

Autophaey-related protein 9A ATG9A No 94 7 .708E-05 8 .737E-05 1.599E-04 

CAAX prenyl prot ease J homolog ZMPSl'E24 No 55 S.S79E-04 l.809E-03 6 .2SOE-04 

carcium uniporter protein, mitochondrial MCU No 40 1.S44E-04 2.TilE-04 6.860E-OS 

carcium•binding m itochondrial carrier protein Aralarl SLC25Al2 No 75 3 .389[-04 2.638[-04 2.691E-04 

cati on-dependent mannose-6-phosphate receptor M6PR Yes 31 4.l 32E-04 l 648E-03 S.068E-04 

cati on -independent mannose-6-phosphate receptor IGF2R No 274 2.343E-05 l.189E-04 4.141E-05 

CCR4•NOT t rilnsr.ript ion r.omplex subunit 11 CNOT1 No 267 S.979F-OS 2.041F-05 3.103F-OS 

Charsed mult ivesicular body protein 4b CHMP46 No 25 l.655E-04 5 .871E-04 2.374E-04 

Chitobiosyldiphosphodolicho1 beta-mannosyltransferase ALGl No 53 2.075E-04 4.386E-04 9 .334[-05 

Chloride channel CUC-like protein 1 CLCCl No 62 2.766E-04 3 .449E-04 9 .710E-05 

Clathrin interactor 1 CLINTl No 68 3 .467E-04 1.728E-04 1.991E-04 

Cluster of 2-oxog:lutarate dehydrogenase, mitochondrial OGDH No 116 1.273E-04 2.126E-04 2.426E-05 

Cluster of 60S ribosomal protein L26 RPL26 No 17 1.418E-03 J.770E-03 l.041E-03 

Cluster of 60S r ibosomal protein L36a-like RPL36Al No 12 3 .374[-04 l.380[-03 4.962[-04 
Cluster of AD.,·nbosylat1011 factor-like protein ~8 ARL8B No 22 7 .57SE-04 7 .812E-04 4.45UE·U4 

Cluster of Afadin MLLT4 Yes 207 4.657[-05 7 .210[-05 4.317E-OS 

Clust er of E3 SUMO-prot ein ligase RanBP2 RANBP2 No 358 6.12SE-05 8 .816E-OS 2.950E-05 

Cluster of ER lumen protein ret aining receptor 2 KDELR2 No 24 1.641[-03 l .S96E-03 S.478E-04 

Cluster of Hexokinase-1 HKl Yes 102 9.529E-04 2.502E-04 8 .098E-04 
Cluster of lsoform B of Protein SON SON Yes 250 7 .644E-05 2 .004E-04 5.24JE-05 

Cluster of l<inesin•l heavy chain KIF5B Yes llO 1.652[-04 5 .035[-05 2 .102[-04 

Cluster of M itochondri.JI glutamate carrier l SLC25A22 No 34 l .613E-04 J .848E-04 J .221 E-04 

Cluster of Nucleoside diphosphate kinase A NMEJ Yes )7 7.023E•04 J.013E·03 3 .304[•04 

Cluster ofSWI/SNF-related matrix-associated actin"dependent 

regulator of chromatin subfamily A member 5 SMAR(.AS No ) 22 J .324E-04 J .376E-04 l .883E-05 

Cluster ofTalin-J TLNl No 270 3 .191E-05 7.039E-05 2.580[-04 

Cluster of Transcription activator BRG1 SMARCA4 No 185 9.889[-05 l .262E-04 S.973E•OS 

Cluster of Ubiquit in•40S ribosomal protein S27a RPS27A No 18 3 .783E-03 l.705E-02 2.967E-02 

Coiled-coil domain-containing protein 47 CCOC47 NO S6 6.832E-04 2.958E-04 l.683E-04 

Coiled·coil-helix·coiled·coil•helix domain·containing protein 6~ 

mitochondrial CHCH06 NO 26 3 .S72E-04 4 .666E-04 2.245E-04 
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