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Abstract 

The aim of this thesis is generate prototype-tests suitable for randomized prospective 

validation of auto-antibody based diagnostic testing using serum samples. Tumours can 

stimulate the production of auto-antibodies against autologous cellular proteins known as 

TAAs (tumour associated antigens). This discovery has lead to a possibility of using the auto-

antibodies as serological tools for the early diagnosis and management of breast cancer.  

The recombinant proteins expressed by the SEREX clones, identified from screenings of brain 

and lung tumour, were used for the production of the protein microarrays and macroarrays. 

The protein microarrays showed better correlation between the replicates of the serum 

samples used. The optimized protocols were used for the subsequent experiments. A sizable 

panel of 642 clone-proteins was selected by marker-screening on protein macroarrays with 

38000 clones. These 642 clone-proteins were used to generate protein microarrays that 

differentiated serum samples from breast cancer patients and controls. Antigenic peptide 

motifs were identified by in-silico analysis of 642 clone-proteins and peptide arrays were 

generated using synthetically generated peptides. Comparative studies between protein 

microarrays and peptide microarrays were done using breast cancer and healthy control 

samples. 

Simultaneously, SEREX strategy was used for the identification of the immunogenic TAAs. I 

identified 192 cDNA expression clones derived from breast cancer tissue samples and the 

selection was done using breast cancer sera. The genes corresponding to these clones were 

found over-represented for the pathways that are known to be associated with cancers. 

These genes showed typical features of TAAs, like over-expression, mutations and fusion 

genes.  
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Background  

In 2008 alone an estimated 12.7 million new cancer cases and 7.6 million cancer related 

deaths were reported worldwide. The most commonly reported cases were lung cancer 

(1.61 million, 12.7% of the total), breast cancer (1.38 million, 10.9% of the total) and 

colorectal cancer (1.23 million, 9.7% of the total). Among the most common causes of cancer 

deaths, lung cancer is the leading form of cancer (1.38 million, 18.2% of the total) followed 

by stomach (738,000 deaths, 9.7% of the total) and liver cancers (696,000 deaths, 9.2% of 

the total) [1-3]. The estimated age-standardized worldwide incidence rate of the main four 

types of cancers, breast, prostate, lung and colorectal cancer are shown in the figure 1 [1]. 

Breast cancer is the leading tumour type in women in sense of occurrence with an estimated 

1 million new cases each year [4,5]. It is well accepted that early diagnosis can improve 

survival, thus, there is great need and anticipation to identify novel biomarkers for cancer 

diagnostics at the earliest stage as possible. Auto-antibodies are well known for their 

pathological role in autoimmune diseases, such as rheumatoid arthritis or lupus 

erythematosus. Mutated- or aberrantly expressed proteins, acting as antigens, evoke 

immune response resulting in the production of auto-antibodies. The onset and progression 

of various cancer types often associated with the appearance of these proteins with 

unnatural conformations or epitopes. Since auto-antibodies could be detected months or 

years before the clinical diagnosis of cancer [6-8], tumour-associated antigens (TAAs) and 

their corresponding auto-antibodies could be used as biomarkers for early diagnosis and 

prognosis of cancer [9-11]. These tumour-induced antibodies might also give an insight 

about the host-tumour interactions and the dynamics of carcinogenesis since most of the 

auto-antibodies are immunological fingerprints of pathological processes [10,12,13].  
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Figure 1: Incidence and mortality rates of breast cancer cases in 2008. The image shows the 
estimated numbers (thousands) of incidences (black) and mortalities (grey) observed in various parts 
of the world (Data from GLOBOCAN, IARC, Lyon, France 2010) [14]. 

 

Standard diagnostic methods of Breast cancer 

Breast cancer diagnosis is proved to improve women’s chances for survival and could 

provide 100% cure if the diagnosis of the breast cancer is done while the cancer is still 

confined to the breast. The current screening techniques which widely employed for the 

breast cancer diagnosis are mammography, ultrasound (US) and magnetic resonance 

imaging (MRI). Although mammography is one of the most common techniques for breast 

cancer screening, it is associated with low sensitivity problem [15,16], which varies from 

about 68 to 93%. This may be attributed to variations in both practitioners’ skill and 

experience as well as patient characteristics. This sensitivity is up to 50% less in women who 

are on hormone replacement therapy, young, Asian, and/or have dense breasts. 

Additionally, it is also less sensitive for the detection of invasive lobular carcinomas (ILC) and 

small or diffuse tumours [17]. X-rays are used in mammography, which may lead to 

radiation-induced mutations. As the image quality from the mammography depends on the 
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breast structure, this technique may not be suitable for the screening of young women with 

family history of breast cancer and women with dense breast tissue [18].   

Novel protein based analyses  

The development of proteomic technologies provides an unprecedented ability to identify 

novel bio-signatures to diagnose, classify and guide therapeutic decision making in patients 

with cancer. The novel biomarker candidates and biomarker signatures, which are ready for 

the use in clinical settings, have proven to require detection steps similarly complex as in 

their discovery. This complicates their widespread usage in the screening of large 

populations despite recent improvements in separation techniques based on High-

performance liquid chromatography (HPLC) separation, mass spectrometry (MS) and 2D 

electrophoresis (2DE) [19-24]. Identification of marker molecules that can be targeted in 

specialized assays using proteomics based techniques relies on antibody or aptamer 

technology. The development of specific capturing agents for the candidate markers 

requires expensive production process and thorough validation to ensure high avidity for the 

target while minimizing the risk of unspecific binding [25-27].  

Tumour-associated antigens 

It has been found that tumours can stimulate the production of auto-antibodies against 

autologous cellular proteins known as tumour-associated antigens (TAAs). This discovery has 

lead to a possibility of using the auto-antibodies as serological tools for the early diagnosis 

and management of cancer [10]. Tumour-associated antigens have been described in 

reference to several cancer types, such as lung-, liver-, breast-, prostate-, ovarian-, renal-, 

head and neck cancer, oesophageal cancer, lymphoma and leukaemia [28-38]. The tumour 

suppressor gene, p53, is one of the most frequently mutated genes with regards to human 

tumours and the gene product of it results that this protein could act as TAA [39-41]. Anti-

p53 antibodies are known to be associated with many cancer types and were observed prior 

to the onset of breast -, lung- and prostate cancer [6-8].  

The immunogenicity of TAAs is conferred to mutated amino acid sequences, which then 

exposes an altered non-self epitope [42]. Other explanations are also implicated of this 

immunogenicity, including alternative splicing, expression of embryonic proteins in 
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adulthood, deregulation of apoptotic or necrotic processes, abnormal cellular localizations 

(e.g. nuclear proteins being secreted) [43]. There have been found a few examples when 

epitopes of the tumour-restricted antigens that were encoded by intron sequences (i.e. 

partially unspliced RNA were translated) making the TAA highly immunogenic [44]. The 

meta-analysis of Backes and colleagues [43] revealed that the protein motif with strongest 

immunogenic potential were Zinc-finger DNA-binding domains. Post-translational 

modifications, like proteolytic cleavage, phosphorylation or glycosylation, may also attribute 

to the immunogenicity of TAAs [45-49]. 

In the diagnostic point of view, a single auto antigen lacks the adequate sensitivity and 

specificity which can be overcome by using a panel of TAAs where multiple auto-antibodies 

being detected simultaneously [10,16,50-53]. For example, antibodies against SOX families 

B1 and B2 are found in the patients with small cell lung cancer. However, the presence of 

anti-SOX antibodies in benign diseases leads to an insufficient specificity [54-56]. Koziol et 

al.[57] employed a panel of 7 TAAs namely c-myc, p53, cyclin B, p62, Koc, IMP1 and survivin, 

which could discriminate between healthy individuals and patients with breast-, colon-, 

gastric-, liver-, lung- or prostate cancers, with sensitivities within a range of 77 to 92% and 

specificities ranging from 85 to 91%. An increased antibody response was found to the panel 

of p53, HER2, MUC1, TOPO2α, IGFBP2, CCND1, and CTSD in breast cancer patients with 

specificity and sensitivity up to 75% [52]. Antibodies specific to the TAA panel of PIM1, 

MAPKAPK3, and ACVR2B showed 73.9% and 83.3% of specificity and sensitivity for 

diagnosing colon cancer [58]. A list of TAA panels used for diagnosis of various cancer types 

can be found in the table 1.  
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Table 1. TAA panels used for diagnosis of breast-, prostate-, lung- and colon cancer 

TAAs Cancer type Sensitivity (%) Specificity (%) Reference 

SOX1 
SOX2  
SOX3   
SOX21 

 
Small cell lung cancer  

 
67 

 
95 

 
[59,60] 

CAGE  
GBU4–5  
NY-ESO-1  
MUC1 

 
Small cell and 
Non-small cell lung 
cancer 

 
64-92 

 
92-100 

 

 
[61] 

IMPDH 
PGAM1 
UBQN 
ANXA1 
ANXA2 
HSP70-9B 

 
 
Non-small cell lung 
cancer 

 
 
 

94.8 

 
 
 

91.1 

 
 
 

[62] 

BRD2 
eIF4G1  
RPL22  
RPL13a   
XP_373908 

 
 
Prostate cancer 

 
 

81.6 

 
 

88.2 

 
 

[63] 
 

Imp1  
p62  
Koc  
p53  
c-myc 

 
 
Colon cancer 

 
 

60.9 

 
 

89.7 

 
 

[64] 

MAPKAPK3  
ACVR2B 

Colorectal cancer 83.3 73.9 [65] 

ASB-9 
SERAC1 
RELT 

 
Breast cancer 

 
80 

 
100 

 

 
[15,53] 

p16  
p53 
c-myc 

 
Breast carcinoma 

 
43.9 

 
97.6 

 
[15] 

PPIA 
PRDX2  
FKBP52  
MUC1  
HSP60 

 
 
Breast cancer 

 
 

73 

 
 

85 

 
 

[66] 

 

Identification of TAAs 

Tumour specific antigens are of high importance with regards to diagnosis since many of 

them are restrictedly produced against specific tumour; hence act as ideal biomarkers [47]. 

However, some auto-antibody species are rather generic than specific thus appropriate 

selection methods and stringent statistical criteria must be applied. The most commonly 
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employed methods for the discovery of TAAs are protein macro- and microarrays, peptide 

microarrays, SEREX, phage display and SERPA (Fig. 2). 

 

Figure 2: Schematic summary of the methods used for tumour-associated antigen discovery. 

 

Protein macroarrays 

Protein macroarrays are the low-density protein arrays which play significant role in 

identifying auto-antibodies in a various autoimmune diseases and cancers [67]. Protein 

macroarrays are polyvinylidene fluoride (PVDF) membranes consisting of cDNA expression E. 

coli clones. Recombinant proteins are expressed on these membranes which are released 

upon lysis of the cells. These recombinant proteins are recognised by antibodies in the 
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serum. Protein macroarrays have been used for the identification of highly specific 

antibody–antigen interactions [68]. Protein macroarrays possess the ability to screen an 

immune response to a large number of proteins, thus, providing improved diagnosis and 

identification of auto-antibody signatures that may represent disease subgroups [69]. 

Protein macroarrays immobilized with disease-associated antigenic proteins obtained from 

body fluids are used for the detection of circulating antibody repertoires from the patients 

with autoimmune diseases like chronic obstructive pulmonary disease (COPD) and cancers 

like ovarian and lung cancer [67,70-73]. The detection of the antibodies reacting to the 

antigens immobilized on the membranes is done by secondary antibody, anti-human 

IgG/M/A conjugated with horse radish peroxidase. The images of the processed membranes 

can be captured by a scanner like Storm 860 (Amersham/GE) or FujiFLA3000 (Raytest).  

Protein microarrays 

Protein microarrays offer a potent tool to study interactions between proteins and peptides 

on a large scale. It is the advanced, high-throughput form of immunoassays such as 

Radioimmunoassay (RIA) described by Yalow et al [74] and the enzyme-linked 

immunosorbant assay (ELISA) by Engvall et al [75]. Initially, Ekins et al [76] proposed that a-

few-micron scale solid support antibody assays could yield high sensitivity comparable to 

that of macroarrays. Advances in studies on DNA microarray technology, such as spotting 

machinery, support surface chemistries, detection methods, data analysis and principles, 

have been successfully applied to protein microarray technology. One of the earliest 

examples of implementation of DNA microarray experience to protein arrays is the use of 

standard inkjet printer to apply 200μm diameter monoclonal antibody spots onto a 

polystyrene film. Silzel et al. [77] were able to reduce reagents, capture antibody, analyse 

molecule per zone with equal sensitivity and specificity as that of ELISA. 

At present, protein microarrays denote recombinant-, fractions- or purified proteins. 

Proteins of interest are immobilized onto a microscope slide coated with various surfaces in 

a planar or 3D platform or captured by affinity beads in a micro-well plate setting. Planar 

surface coating chemistries are categorized into 4 main groups based on the binding 

principle: non-specific covalent and non-covalent, specific covalent and non-covalent. The 

first group includes nitrocellulose and poly(L-lysine), the second, aldehyde and epoxy, the 
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third, certain affinity interaction molecules like streptavidin–biotin, His-tag–nickel-chelates, 

and the last self-assembly monolayers (SAMs) on gold coated surfaces [78]. Coating 

chemistries are vital in the overall performance of the protein microarray and should offer 

low background, maintain proper orientation and reduce the effect on the sensitive 3-D 

structure of the proteins The most commonly used surface chemistries in antibody 

microarrays are nitrocellulose, amines, aldehyde or epoxy. However, there has been only 

limited number of studies comparing surface chemistries published so far [78-83]. Due to the 

highly complex nature of protein interactions, new technologies to improve performance of 

protein microarrays are developed, like the so-called 3D surface setups based on: agarose 

hydrogel, hydrogel and more recently nanoparticles and beads in micro-well plate formats. 

These approaches aim to overcome the difficulty of limited spot density, detecting low 

abundance proteins, increase signal to noise ratio, avoid non-specific binding and cross-

reactivity [83-90]. Furthermore, for TAA profiling or detection of TAA diagnostic signatures, 

spotted protein arrays are hybridized with cancer patients’ and/or control individuals’ serum 

samples and detected using methods that avoid cross-reactivity, enabling high-resolution 

signals in high throughput format with good reproducibility and are cost effective [78]. The 

same strategies as in immunoassays (sandwich-, antigen capture- and direct), do also apply 

to protein microarrays [91-96].  

Different approaches to produce the protein analytes for tumour biomarker discovery and 

validation exist, ranging from immobilization of recombinant proteins to protein tumour 

tissues fractions. TAA biomarker discovery initially begins with screening, subsequently 

narrowing down to sets of proteins that best distinguish the tumour type to be diagnosed. 

Several studies have demonstrated the use of different liquid chromatography fractioning of 

proteins from tumour [97,98] or tumour-derived cell lines [80,99-101]. Using such native 

proteins for functional analysis have the advantage of having accurate post-transcriptional 

modifications but has drawback with the likelihood of manifold proteins present in spots, as 

well as to depend on the tissue sample [52].   

Recombinant proteins from cDNA libraries can be expressed via bacterial, insect or 

mammalian expression systems avoiding the limitations. An example of proteins produced 

by insect expression system is the commercial product Human ProtoArray manufactured by 

Invitrogen. In this system proteins are expressed as N-terminal GST (Glutathione-S-
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Transferase)-fusion protein using a baculovirus expression system. The over expressed 

proteins are then purified from insect cells, and printed in duplicate on a modified glass 

slide. Compared to bacterial expression systems, protein folding in insect cell expressed 

proteins is improved [102,103] and is similar to that of mammalian cells. Although 

mammalian cells are the most suitable expression system for human proteins, in regard to 

correct folding, the technique lacks in ability to scale up, give good yield and is time and cost 

effective [104].   

Several cancer types have been addressed for biomarker discovery using protein microarray 

approach. For instance in colon cancer, Nam et al [80] identified an antigenic target by using 

a protein microarray containing 1760 solubilised protein fractions obtained from human 

colon adenocarcinoma cell line (LoVo). Proteins fractions were immobilized onto 

nitrocellulose-coated slides and hybridized with 15 plasma samples each from colon and 

lung cancers and healthy controls. From the total of 1760 fraction, 39 exhibited higher 

reactivity to colon cancer samples. One fraction was reactive to 9 out of 15 colon cancer 

sera, which was identified by mass spectrometry as ubiquitin C-terminal hydrolase isozyme 3 

(UCH-L3). Antibody to UCH-L3 could be detected in 19/43 sera from patients with colon 

cancer, but none of the 54 sera of lung cancer, colon adenoma or healthy subjects.  

By using commercial protein microarrays containing 8000 human proteins, Babel et al. [58] 

tested sera from colorectal cancer (CRC) patients and healthy subjects. They were able to 

identify 43 proteins that were recognized by tumoural sera but not the control ones. From 

these 43 different proteins, 5 immunoreactive antigens, PIM1, MAPKAPK3, STK4, SRC, and 

FGFR4 were shown to be highly prevalent in cancer samples. By using an ELISA with PIM1, 

MAPKAPK3, and ACVR2B they showed specificity and sensitivity values of 73.9 and 83.3% 

(area under the curve, 0.85), respectively. From a 37,830 clone recombinant human protein 

array, Kijanka et al [69] could identify 22 antigens that were able to distinguish between 43 

colorectal cancer patients and 40 non cancer patients. Expression of the antigens (p53, high 

mobility group B1 (HMGB1), TCF3, tripartite motif-containing 28 (TRIM28), longevity 

assurance gene homologue 5 (LASS5) and zinc finger protein 346 (ZNF346)) were also 

assessed using quantitative reverse transcription PCR (Q-PCR). Results showed that these 

proteins are involved various cellular processes. 
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Prostate cancer is one of the most extensively screened cancer potential TAA markers. In 

one instance, a panel of 12 proteins, including several heat shock proteins, Prostate Specific 

Antigen (PSA) and alpha-methylacyl-CoA racemase (AMACR), immobilized on a nitrocellulose 

coated microarray slides were analysed using 48 prostate cancer patient and 28 control 

subject serum samples. This study by Sreekumar et al [105] aimed at elucidating the 

performance of AMACR in assisting PSA as a diagnostic biomarker for prostate cancer. The 

AMACR protein showed significantly higher immune-reactivity in patient sera than controls. 

By immunoblot and ELISA tests, a sensitivity and specificity of 78.1% and 73.1% respectively 

were found. With the attempt to screen for classifier proteins between prostate cancer and 

non-cancer samples, Taylor et al [106] tested protein microarrays comprising of 2300 protein 

fractions, obtained by liquid-phase protein fractionation of localized and metastatic prostate 

cancer tissue lysates and tested their performance with 18 biopsy positive prostate cancer 

and 16 neoplasm negative prostatic hyperplasia patient sera. Twenty fractions were top 

predictors having 75% specificity and 78% sensitivity (with 4 samples misclassified) in 

discriminating between cancer and hyperplasia. Mass spectrometry of the constituents of 

these 20 fractions revealed 359 unique proteins and 29 of these associated to the humoral 

immunity. Massoner et al. [107] generated microarrays for prostate cancer specific 

biomarkers by spotting antigenic proteins on nitrocellulose-coated slides, after identifying 

these antigens on expression clone macroarrays containing more than 37,000 recombinant 

human proteins. A panel of 15 TAA was found to discriminate between 40 prostate cancer 

patients and 40 benign disease patients with an ROC curve AUC of 0.71. 

In a recent study concerning Breast cancer protein biomarkers, Anderson et al. [108] 

presented a novel protein microarray approach termed Nucleic Acid Programmable Protein 

Array (NAPPA), containing 4988 candidate tumour antigens. Performance was tested using 

53 early stage breast cancer samples, 1,102 benign breast disease samples (group 2 and 3), 

140 pre-treatment patient in stage I-III breast cancer and 64 healthy control subject serum 

samples (group 4), depending on the disease state of patients. After 3 rounds of detection of 

antibody in samples, and eliminating un-informative clones in each step, finally deduced 28 

antigens with 80.8% sensitivity and 61.6% specificity 

A protein microarray is a microscopic slide with immobilised proteins and the immobilisation 

is done using contact or non-contact spotter. The contact spotter (Fig. 3) uses hollow pins for 
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the deposition of the protein solution on the microarray slides. On the other hand, the non-

contact spotter (Fig. 4) uses the same principle as inkjet printing technology. Droplets of the 

protein solution are fired onto the slides. The spotting is done in a humidity-controlled 

environment. A variety of slide surfaces, like amines, aldehyde and epoxy are used to 

prepare a protein microarray. The coating of the slide surface enables the proteins to adsorb 

covalently to the slide surface [45]. The advantage of protein microarray over macroarray is 

the miniaturization of the assay which largely reduces the amount of the sample and 

reagents to be used [52]. DNA microarrays do not provide information about the nature of 

the protein they are coding for. Protein microarray helps in overcoming this problem. Clinical 

diagnostics has become an easy task with the advent of protein microarrays. Protein 

microarrays immobilized with antigens capture and quantify specific antibodies and thus 

have the capability of serving as a platform for diagnosis [11]. Apart from clinical diagnostics, 

protein microarrays are extensively used to study biochemical activities of proteins like 

protein-protein interactions and protein-phospholipid interactions.  

 

 

Figure 3: Print head of contact spotter. Capillary pins arranged in the allotted slots are used for the 
deposition of protein solution onto the microarrays. Image from Arrayit corporation. 
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Figure 4: Print head for non-contact spotter. Small droplets of protein solution are fired onto the 
microarray slide surface. Image from Eisenstein [109]. 

 

There are various kinds of protein microarrays basing on the function and the immobilized 

molecule onto the microarray surface. Analytical protein microarrays help in measuring the 

binding affinities, specificities and expression levels of a protein. It enables the profiling of a 

complex protein mixture. Protein solution is used as probe on a glass slide arrayed with a 

library of antibodies [45]. This technique helps in not only diagnosing certain diseases but 

also monitoring protein expression levels and protein profiling [110]. Another type of protein 

microarray is the functional protein microarray. It enables the studying of the biochemical 

activity of the whole proteome in a single experiment. Reverse phase protein microarray is 

yet another type of protein microarray where the lysates from various tissues are arrayed 

onto a nitrocellulose slide which is probed with labelled antibodies specific for target 

proteins. Using reverse phase protein microarray one could detect the altered proteins with 

different post translational modifications when compared to that of normal proteins [45]. 

Analysis of multiple proteins and non-soluble proteins are few of the advantages of reverse 

phase protein microarray [111]. However, if in an experiment, antibodies are immobilized 

onto the substratum and used as bait molecules then this kind of microarray could be called 

as forward phase protein microarray [112]. There are few setbacks for forward phase 

protein microarray. Detection using protein tagged with fluorescent dyes was performed 

which has been a common practice. If these tags are placed within the epitope regions, they 

might sterically interfere with the antibody binding [113]. 
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There are mainly two types of assays designed for the protein microarrays. They are label-

based assay (direct labelled) and sandwich assay (indirect labelled). Label-based assays 

involve flourophores such as Cy3 and Cy5. These flourophores are tagged to a protein 

(antibody or protein antigen) which is targeted onto to the immobilized protein (antibody or 

protein antigen). Co-incubation of two different samples is possible. Being a competitive 

assay, this assay has advantages over non-competitive with reference to linearity of 

response and dynamic range. However, limited sensitivity and specificity are the noticeable 

drawbacks of this assay. Sandwich assay is non-competitive assay as co-incubation of 

different samples is not possible. In sandwich assay, an immobilised protein (antibody or 

protein antigen) captures another protein (antibody or protein antigen) which is unlabelled. 

This unlabelled protein (antibody or protein antigen) is targeted by a labelled antibody. 

Sandwich assays have higher sensitivity and specificity when compared to that of 

competitive assays [11,45]. The fluorescence intensity values from the processed arrays are 

captured using scanner and are used for the statistical evaluation. 

Peptide microarrays 

Like protein arrays, peptide arrays enable the screening of large number of binding events in 

a high throughput way. The information deduced from the peptide microarrays can 

contribute to the development of substrates and inhibitors which can be used for diagnostic 

or therapeutic purposes. While the protein arrays give insight to the protein-protein 

interaction peptide arrays provide the information on characterization of molecular 

recognition events at the amino acid level. Peptide arrays enable antibody epitope and 

paratope mapping, protein–protein interaction mapping in general [114,115]. Epitopes are 

smaller compared to the full proteins and represent the immunogenic portions of the 

protein. Peptide arrays generated with such epitopes can serve as durable and cheap 

platform for diagnostic purposes and can be used as alternative to protein microarrays [116]. 

Apart from the ability to mimic the biological activities of proteins, synthetic peptides are 

stable and are rather easy to synthesize and manipulate [114,116]. Just like protein 

macroarrays, peptide macroarrays have low density of 20 spots per cm2. On the hand, the 

protein microarrays can accommodate 200 spots per cm2 [115]. 
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The concept of peptide microarray was first conceived in 1984 by Geysen et al. [117] for 

mapping the B-cell epitopes by immobilizing different peptides using solid-phase peptide 

synthesis. Later on, a technique called SPOT-synthesis, developed by Frank [118], made 

possible for the synthesis of large number of peptides directly on cellulose membranes. The 

same principle has been applied for the generation of peptide microarrays. Glass slides 

coated with amino, epoxide, aldehyde and sulfhydryl groups are used for the immobilization 

of the peptides onto the glass surface [115]. The immobilization is done using a non-contact 

printer. Peptide microarrays have been used for the identification of auto-antibodies against 

autoimmune diseases and cancers [119,120]. The processing of the peptide microarray is 

rather similar to that of protein microarray. There are not so many studies published 

describing the usage of peptide microarrays in the field of cancer diagnosis. This gives one an 

opportunity to explore and develop a platform for early diagnosis of cancer using peptide 

microarrays. 

SEREX 

The mostly used technique, which allows exploring tumour’s antigen repertoire, is SEREX 

(Serological Analysis of Recombinant cDNA Expression Libraries). The SEREX method was 

originally developed by Michael Pfreundschuh and his colleagues in 1995 [121]. The first step 

of this technique is the construction of lambda phage cDNA library from fresh tumour 

samples. Using primary tumour samples instead of cancer cell lines also helps to eliminate 

the in vitro artefacts associated (e.g. altered ploidity and DNA methylation status) with the 

numerous passaging of the cells upon a DNA expression library generation. Subsequent 

steps are include plating phages, transfer onto nitrocellulose membrane and induction of 

protein expression. In the screening step membranes must be blocked with phage- and 

bacterial lysates to reduce reactivity against host antigens. Immune-reactive clones with 

antibodies from autologous- or allogeneic sera of cancer patients can be identified with a 

secondary antibody-coupled enzymatic (colorimetric) reaction. Identified clones are 

sequenced and can be validated with an independent method, such as ELISA or protein 

macro- or microarray. Though this method is quite laborious, more than 2700 immunogenic 

antigens were identified so far as listed in the Cancer Immunome Database developed by the 

Ludwig Institute of Cancer Research (www.Ludwig-sun5.unil.ch/CancerImmunomeDB).  
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SEREX defined antigens can be classified as Cancer-testis antigens, differentiation antigens, 

mutated genes derived antigens, chimeric proteins as a result of chromosomal 

translocations, products of over-expressed genes, spliced variants’ products and products 

having a retroviral origin [122,123]. Cancer-testis (CT) antigens have salient features, which 

make these antigens an interesting group of immunogenic proteins. The CT antigens show 

tissue-specific expression in normal testis and embryonic ovary and highly expressed in 

various human tumours. Increased expression levels of CT antigens in other than tumour 

tissues can be a good indication of malignant transformation. More than 40 CT antigens or 

antigen families have been discovered using the well-established SEREX method. CT antigens 

can be ideal for the development of cancer vaccines as they have high immunogenicity and 

restricted expression [122]. Differentiation antigens are those, which are showing lineage-

specific expression pattern in tumours. These antigens are also expressed in normal cells 

that have the same origin, like melanocyte-specific tyrosinase and glial fibrillary acidic 

protein GFAP. Both of these proteins are found to be antigenic in malignant melanoma and 

glioma besides their expressions in melanocytes and brain cells, respectively [121,124]. 

Identification of over-expressed HER-2/neu by SEREX approach demonstrates the 

immunogenicity of over expressed gene products [125]. Another example which can be cited 

under this category is HOM-RCC-3.1.3 found in renal cancer cells [126].  

Mutated gene products have also been identified by SEREX and these are frequently relevant 

in cancer. The tumour suppressor protein p53 isolated from a case of colon cancer is an 

example for this class of SEREX-defined antigens [127]. Hodgkin’s disease-associated splice 

variant of restin (CLIP1) and gastric cancer-associated splice variants of TACC1 serve as 

example for splice variants of known genes which become immunogenic in cancer patients 

[121,128].  

Several SEREX studies have been conducted for the identification of TAAs against sera from 

breast-, prostate-, colon- and lung cancers [33,127-136]. Jäger and colleagues [130] analysed 

a breast cancer library and a normal testicular library using autologous and allogeneic breast 

cancer sera and identified 3 novel antigens, two CT antigens namely NY-ESO-1 and SSX2 and 

a candidate breast cancer suppressor gene, ING1. In another study, Jäger et al. [129] isolated 

p33ING1, which is an immunogenic breast cancer antigen and is encoded by a putative 

tumour suppressor gene. During a SEREX study performed on prostate cancer, Fossa and 
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colleagues [131] isolated 3 CT antigens, namely NY-ESO-1, LAGE-1, and XAGE-1. Zhou et al. 

[137] identified an antigen PARIS-1, reacting to the sera from prostate cancer patients, which 

might play a role in regulation of cell differentiation and growth. Scanlan et al. [127] 

identified 48 antigens (NY-CO-1 to NY-CO-48), which were found reactive to the sera from 

colon cancer patients. Of the 48 antigens, one of them (NY-CO-13) was found to be a 

mutated form of the p53 tumour suppressor gene. Three out of 48 antigens were found to 

have a differential mRNA expression pattern. One such antigen is NY-CO-27 (galectin-4), 

which is usually expressed in gastrointestinal tract and the other two (NY-CO-37 and NY-CO-

38) exhibited a pattern of tissue-specific isoforms. In another study, anti-CDX2 serum 

antibodies against CDX2 with a frame-shift mutation in the repetitive G sequences 

(microsatellite) in the coding region were identified by Ishikawa and colleagues [134]. Line et 

al. [128] isolated 8 antigens reacting to the serum from colon cancer patients. Of these 8 

antigens, RHAMM and AD034 have a differential tissue distribution. AD034, which carries a 

frame-shift insertion, along with NAP1L1 and RHAMM showed over expression in tumours 

when compared to the neighbouring non-cancerous tissue. Güre et al. [135] identified 

Aldolase 1 (ALDOA) in a SEREX screen, which gene is known to be over expressed in lung 

cancer [138,139]. In another study, Güre et al. [136] isolated SOX1, SOX2, SOX3, SOX21 and 

ZIC2 which elicited immune response in sera from small cell lung cancer (SCLC) patients. 

Although SEREX has been widely employed for the identification of TAAs, there are few 

practical problems associated with SEREX. An inherent bias can be observed in the selection 

of highly expressed antigens in the particular tumour that was used for the construction of 

cDNA library, as these antigens are overrepresented in the library It is also possible that 

majority of those auto-antibodies detected by SEREX might not have anything to do with 

cancer. It is therefore crucial to investigate the functionality of each of the found genes 

thoroughly [123].  

Phage display 

Phage display was established back in 1985 by Smith [140] as a method that displays 

polypeptides on the surfaces of phage particles. The most frequently employed phage 

strains are usually the members of Ff filamentous phage family, such as M13, f1, Fd and ft. 

Alternatively, lytic phages like T7 are also used for phage display [141]. Practically, 
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polypeptides from cells lines or tumour tissues are expressed as fusion to the phage coat 

proteins and hence exposed or displayed on their external surface [63]. Alternatively, 

random peptide libraries are utilized to map antigenicity of large number of epitopes. During 

this method, phages are immobilized and a process of affinity purification is used to identify 

and isolate phages carrying peptides with high affinity and specificity to a given target 

molecule like IgG. Unbound phage particles are washed away while the bound phages are 

eluted, and this process is repeated several times (biopanning rounds). In this way, the 

library is enriched for phage-peptides that bind to IgGs specifically associated with the tested 

cancer serum samples and not those found in control serum [142]. The resulting phages 

clones are sequenced for identification [120] and then arrayed onto membranes or glass 

slides were screening/validation takes place.  

Phage display has been used for the identification of cancer-associated antibodies. Panels of 

TAA markers for colon-, prostate-, ovarian- and non-small cell lung cancer (NSCLC) have been 

found by phage display technology [63,71,143-145]. For instance, Ran et al [146] built a 

phage cDNA expression library of colon cancer, based on a modified SEREX screening. They 

achieved with a training set combination of 6 markers using the logistic regression model 

leave-one-out validation, 91.7% sensitivity and 91.7% specificity. They also found that the 6 

antigen sequences in their phage display system are relatively short peptides, with only 2 of 

them showing homology to known protein sequences.  

With a phage-display library derived from prostate-cancer tissue, Wang et al. [63] developed 

and used phage protein microarrays. . Using a 22 phage-display derived peptide detector, 

obtained 88.2 percent specificity (95 percent confidence interval, 0.78 to 0.95) and 81.6 

percent sensitivity (95 percent confidence interval, 0.70 to 0.90) in discriminating between 

patients with prostate cancer and the control group.  

Another study exploiting a breast cancer cDNA T7 phage library for the identification of 

tumour-associated proteins using biopanning enrichment yielded 100 putative tumour-

associated phage clones. Sequencing of clones revealed that 6 phage proteins were in-frame 

and unique, and phage protein ELISAs were developed to measure the reactivity of these 

proteins. ELISA results demonstrated that 3 of the phage clones had proved statistical 

significance in discriminating patients from healthy individuals, and Basic Local Alignment 
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Search Tool (BLAST) search gave high similarity scores to proteins like ankyrin repeat and 

SOCS box-containing 9 (ASB-9), serine active site containing 1 (SERAC1), and RELT tumour 

necrosis factor receptor . Measurements of the 3 predictive phage proteins were combined 

in a leave-one-out validation achieved 77.0% sensitivity and 82.8% specificity [53].  

Similar work was performed by Zhong et al. [145], starting from a T7-phage NSCLC (non-

small lung cancer) cDNA library. The screening procedure was performed with patient 

plasma to identify phage-expressed NSCLC derived proteins recognized by TAAs. Altogether 

212 immunoreactive phage-expressed proteins were selected and spotted in duplicates onto 

FAST slides for generation of targeted protein microarray. Combining the measurement of 

the 5 most predictive TAA, a logistic regression model yielded an area under the receiver 

operating characteristics curve (ROC) of 0.99, while leave-one-out validation achieved 91.3% 

sensitivity and 91.3% specificity respectively. Also working with NSCLC, Wu and collaborators 

achieved with a logistic regression model (leave one-out cross validation) that the sensitivity 

and specificity of a panel of a 6 phage peptide clone detector were 92.2% and 92.2%, 

respectably [147].  

Although panels of TAAs have been found using this technique, the technique does have 

some limitations. For example, a limitation associated with phage display technique includes 

the need to sequence each and every immunoreactive phage clone. Additionally, only 

proteins that can be displayed on the surface of the phages are expressed, which lack 

mammalian post-translational modifications and may not be in the native configuration [9].  

SERPA 

Another proteomic based approach which allows the exploitation of the B-cell repertoire of 

patients with cancer is the serological proteomics analysis (SERPA), also known as 

Proteomex [148] or serological and proteomic evaluation of antibody response (SPEAR) 

[149]. This technique takes advantage of the classical 2-D PAGE. A further step involves a 

MALDI–TOF MS, which analyses and identifies the nature and abundance of total proteins in 

tissues [150]. This method was developed by Klade et al. [151], where they compared the 

proteomes of non-tumourous kidney and renal cell carcinoma (RCC). Using this technique, 

they were able to identify two antigens in kidney cancer patients, SM22-alpha and CAI.  
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The 2-D electrophoresis comprise separation of the proteins in the gel by their isoelectric 

point (IP) then a further separation based on the molecular mass [152]. Usually three gels 

are run simultaneously. Two of the gels are electro-blotted onto membranes and then 

probed with patient or control samples. The third gel is stained with Coomassie. Comparison 

between the spots obtained in the patient blot against the control blot is performed. The 

differentially expressed protein spots are identified on the blot and cut out from the 

Coomassie blue stained gel. Proteins are then extracted from the gel and identified by 

MALDI–TOF MS [150].  

In 2003, Unwin et al. [149] used this method to screen RCC patients for naturally occurring 

antitumour antibody responses and thus, identified six immunogenic candidates, namely 

ANXA1, ANXA4, TIMP, CA1, SOD2 and MVP in the patients with high-grade disease. A related 

work was performed with the aim to identify tumour antigens that commonly induce a 

humoral immune response in patients with infiltrating ductal breast carcinomas [153]. Sera 

from 40 patients with invasive breast cancer and 42 healthy controls were screened 

individually for the presence of IgG antibodies to MCF-7 cell line proteins. Immunoreactive 

proteins were isolated and subsequently identified by MALDI-TOF mass spectrometry. A 

total of 26 antigens were identified, from which a significantly higher frequency was 

observed against the molecular chaperone HSP60, beta-tubulin, HPR and PRDX2. 

Additionally, PHB was also included, which is an oestrogen-regulated gene and frequently 

mutated in sporadic breast cancer [154]. Using SERPA, Suzuki et al. [155] were able to 

identify five proteins, namely EEF2, ENO1, ALDOA, GAPDH and HNRNP from the patients 

with melanoma. Tumour proteins that elicit humoral response in colorectal cancer (CRC) 

were also identified by SERPA. In a study, the protein source for the 2-DE and subsequent 

Western blot analysis came from the CRC cell line HCT116. An auto-antibody against HSP60 

identified by MS was detected in patients with CRC and from one control individual. Results 

showed that both the expressions of HSP60 in tumour tissue and serum antibody titre to 

HSP60 were significantly higher in patients with CRC than in healthy controls [156].  

One of the advantages of the SERPA method, in comparison to the SEREX method is the 

reduced time required to complete an experiment. The construction of a representative 

cDNA library in phage requires numerous days of work, while using SERPA, proteins can be 

prepared from tumour cryosections in matter of hours [152]. Also, 2DE is a very good 
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method to achieve separation of a complex mixture of proteins. Additionally, the proteins 

used for the 2-D gel contain their post-translational modifications intact, allowing a 

comprehensive view of the antibody-TAA interaction [66].  

On the other hand, drawbacks of this technique are mainly due to the use of 2-DE. Excising 

proteins from the 2-DE gels can be a cumbersome task, and the reproducibility of the gel is 

quite weak [113]. Another disadvantage is that proteins which have the same molecular 

weight but different post translational modifications may not be able to separate 

adequately, which has consequences on the quantification of the visualized spot [157].  

Objectives 

There is great anticipation to identify novel biomarkers for further diagnostic improvements. 

The development of proteomic technologies provides an unprecedented ability to identify 

novel bio-signatures to diagnose, classify and guide therapeutic decision making in patients 

with cancer. The aim of this thesis is to develop a platform for the early diagnosis of breast 

cancer using protein biomarkers. Proteomic approaches like protein and peptide arrays and 

SEREX were used for the identification of potential protein biomarkers. Protein arrays help in 

the profiling of the autoantigens presented by the cDNA expression clones by treating the 

arrays with patient sera. Antigenic peptides sequences were identified within the proteins 

expressed by the cDNA expression clones. These antigenic peptide sequences were 

synthesized and immobilized onto glass surfaces and treated with patient sera. A 

comparison is done between the performance of protein and peptide arrays. This 

comparison helped in drawing the conclusion as to which platform suits better for the 

autoantigen profiling. On the other hand, SEREX technique was used to deduce set of sero-

reactive cDNA expression clones derived from the cDNA library made from the RNA of breast 

cancer tissue samples. These clones were selected on the basis of immunoscreening done 

with autologous serum sample. To find if the genes expressed by the clones cluster into 

certain biological categories, gene set enrichment analysis was performed. This analysis 

helped in deducing the information on the categories in which the sets of genes/proteins 

cluster and their relevance with cancer.      
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Abstract 

The simplicity and potential of minimal invasive testing using serum from patients make 

auto-antibody based biomarkers a very promising tool for use in diagnostics of cancer and 

auto-immune disease. Although, several methods exist for elucidating candidate-protein 

markers, immobilizing these onto membranes and generating so called macroarrays is of 

limited use for marker validation. Especially when several hundred samples have to be 

analysed, microarrays could serve as a good alternative since processing macro membranes 

is cumbersome and reproducibility of results is moderate.  

Candidate markers identified by SEREX (serological identification of antigens by recombinant 

expression cloning) screenings of brain and lung tumour were used for macroarray and 

microarray production. For microarray production recombinant proteins were expressed in 

E. coli by autoinduction and purified His-tag (histidine-tagged) proteins were then used for 

the production of protein microarrays. Protein arrays were hybridized with the serum 

samples from brain and lung tumour patients.  

Methods for the generation of microarrays were successfully established when using 

antigens derived from membrane-based selection. Signal patterns obtained by microarrays 

analysis of brain and lung tumour patients’ sera were highly reproducible (R=0.92-0.96). This 

provides the technical foundation for diagnostic applications on the basis of auto-antibody 

patterns. In this limited test set, the assay provided high reproducibility and a broad dynamic 

range to classify all brain and lung samples correctly.  

Protein microarray is an efficient means for auto-antibody -based detection when using 

SEREX-derived clones expressing antigenic proteins. Protein microarrays are preferred to 

macroarrays due to the easier handling and the high reproducibility of auto-antibody testing. 

Especially when using only a few microliters of patient samples protein microarrays are 

ideally suited for validation of auto-antibody signatures for diagnostic purposes. 
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Background  

The idea of early diagnosis of the onset of a disease via biomarkers has inspired several 

molecular biological approaches. In the past decade, since the unravelling of the human 

genome to a large extent, genomics technologies have been used to identify disease 

biomarkers. For cancerous diseases recently the most promising results were obtained by 

gene expression profiling. Excellent results have been achieved with these techniques in 

terms of improved patient stratification and increased potential of a clearer prognosis by a 

more detailed initial diagnosis. However, the true challenge is to develop techniques which 

are suitable for early diagnosis and prophylactic screening. These techniques should be 

minimally invasive, cost effective and ideally they indicate several diseases of the screened 

patient [1].  

Proteomics techniques have shifted biomarker identification and validation research to the 

level of the main actual biological agents of health and disease, the proteins. Despite recent 

improvements in separation techniques based on HPLC (High-performance liquid 

chromatography) separation, mass spectrometry and 2D electrophoresis, so far the novel 

biomarker candidates and biomarker signatures which are ready for the use in clinical 

settings have proven to require detection steps similarly complex as in their discovery and 

thus complicate their widespread use in the screening of large populations [1].  

Ideally the proteomics based techniques result in the identification of marker molecules that 

can be targeted in specialized assays relying on antibodies or aptamers [2-4]. The 

development of specific capturing agents for the candidate markers requires a costly 

production process and thorough validation. This ensures high avidity for the target while 

minimizing the risk of unspecific binding. 

In the auto-antibody approach these issues are sophisticatedly avoided. The need to identify 

aberrant nucleic acid sequences, disease related biochemical compounds, disease affected 

cells or their debris is reduced by making use of a highly sensitive detection system closest to 

the patient, the human immune system. Mutated, modified and aberrantly expressed 

proteins evoke an immunological response leading to the production of auto-antibodies 

[5,6]. The auto-antibody based biomarkers could be used as serological tool for the early 
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diagnosis and prognosis of cancer as auto-antibodies are specific to each kind of cancer 

[5,7,8]. Most of the auto-antibodies are immunological finger prints of pathological 

processes which are involved in the development of autoimmunity [5]. Such a molecular 

finger print of auto-antibodies which is produced against certain disease states can be called 

auto-antibody signature [7]. Assays for the detection of auto-antibodies at present are 

mainly ELISA (enzyme linked immunosorbent assay) and fluorescence immunoassays. 

However, protein microarrays have great potential to characterize auto-antibodies [9]. 

Strategies like the SEREX have been developed for the serological definition of immunogenic 

tumour antigens [10-13]. A similar approach has been used successfully for the identification 

of tumour endothelium associated antigen genes from human liver cancer vascular 

endothelial cells by generating a cDNA expression library. For the identification of auto-

antibodies against pancreatic ductal adenocarcinoma-associated antigens that could be 

useful for early cancer diagnosis and therapy, a proteomics approach was followed up 

[14,15]. Proteins from pancreatic ductal adenocarcinoma cell lines were separated by 2D 

electrophoresis, and the serum IgG (immunoglobulin G) reactivity was tested by Western 

blot analysis. Spots specifically reacting with auto-antibodies from the sera of pancreatic 

ductal adenocarcinoma patients, which were analyzed by mass spectrometry, corresponded 

to metabolic enzymes or cytoskeletal proteins which proved to be specific targets of the 

humoral response to pancreatic ductal adenocarcinoma.  

Over recent years most approaches have used so called macroarrays for autoantigen-

profiling. These macroarrays are generated by spotting cDNA expression clones on 

membranes. Expression clones are grown on these membranes and recombinant proteins 

over-expressed upon induction are directly immobilized on the reactive membrane surfaces. 

Because entire colonies are lysed directly on the membranes and proteins of interest are 

immobilized in the background of the proteins of the expression-host bacteria, the targeted 

proteins are accessible for detection only after removal of the reactive anti-E. coli-Ig 

(immunoglobulin) from the analyte. This can be achieved either by masking of the anti-E. coli 

antibodies in human sera by addition of saturating concentrations of E. coli crude protein 

extracts and by blocking unwanted reactivity against E. coli by repeated incubation of 

membranes with the human serum. In this latter approach reactive Ig’s from sera are 

captured by the macroarrays, sera are collected upon this primary incubation  and after 
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washing/stripping the membranes the sera are applied again onto the membranes obtaining 

then the signal from the Ig’s specific for the reactive over-expressed antigens. Handling 

membranes and processing sera is cumbersome, and sensitivity and reproducibility of these 

macroarrays are limiting. Signals derived from    membranes are not dynamic. In analogy to 

western blotting different strategies exist to enhance sensitivities and to extend the dynamic 

range of membrane-based measures, but are rather limiting compared to the 16 bit (0-216) 

dynamic range of standard microarrays.  

In this study, the methods for the generation of protein microarrays were optimized. This 

experiment provided an optimized protocol for generation of biomarker profiles with high 

reproducibility using 10µL amounts of patient serum samples. The provided data do also 

confirm that clones derived from SEREX membrane screens can be successfully transferred 

onto microarray slides retaining reactivity and gaining dynamic signal measures suitable for 

class-comparison to elucidate and validate protein-biomarkers. 

Methods  

Candidate marker screening 

The candidate markers were identified by previous SEREX screenings of brain and lung 

cancer, and screening macroarrays of a foetal brain cDNA expression library. Potential 

tumour associated antigens derived from SEREX screens were isolated and sub cloned in the 

expression vector pQE30NST for production of His-tag (histidine-tagged) fusion proteins [16-

20]. Marker candidate screening involved testing of serum from lung tumour patients and 

from brain tumour patients as well as control sera under the patients’ informed consent. The 

local ethics committee (Ärztekammer des Saarlandes, Kenn-Nr. 213/08) approved the study 

and the research was carried out in compliance with the Helsinki Declaration. 

E. coli culturing and induction  

E. coli culturing techniques were adapted and modified after [19,20]. Deep-96well micro 

titre plates were filled with 1200 μL 2xYT medium (per L: Bactotryptone 16 g, yeast extract 

10 g, NaCl 5 g) supplemented with 2% glucose, 100 μg/mL ampicillin, and 15 μg/mL 

kanamycin. Plates were inoculated with 3μL from master plates of 96 E. coli cultures (using 
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vector constructs of the SEREX library) each, sealed with gas permeable film and incubated 

overnight at 37°C while shaking at 1000 rpm. For the glycerol daughter plates, in each well 

20 μL glycerol were combined with 50 μL of the overnight cultures and stored at -80°C.  

Deep-96well microtiter plates were filled with 100 μL 2xYT medium with the 

aforementioned supplements. Media were inoculated with 3 μL of the glycerol stocks. Plates 

were sealed with gas permeable film and shaken overnight at 37°C. In the morning, 900μL SB 

(Sabouraud broth) medium pre-warmed to 37°C were added to each well.  One litre of SB 

medium consisted of: bactotryptone 12 g, yeast extract 24 g, glycerol 4 mL, potassium 

phosphate buffer 50 mL (consisting of 2.4 g KH2PO4 and 12.15 g K2HPO4 in 50 mL) were 

added per litre medium; upon autoclaving the medium was supplemented with stock 

solutions obtaining final concentrations of 100 μg/mL ampicillin, 15 μg/mL kanamycin, and 

20 μg/mL thiamine.) Plates were sealed with gas permeable film and shaken at 37°C at 

1000rpm until an OD600 of 0.5-0.8 was reached for the IPTG (isopropyl-β-D-

thiogalactopyranosid) induction. Then, 100 μL 11 mM IPTG in distilled water was added and 

cultures were shaken for 3h at 37°C at 1000rpm. E. coli cells were pelleted for 10min at 

3500rpm, and the supernatants were discarded. Pellets were washed in PBS (phosphate 

buffered saline, pH 7.0) and the washed pellets were frozen at -80°C pending protein 

extraction. Alternatively, for the autoinduction protocol, the SB medium was additionally 

supplemented with 0.5% glycerol, 0.05% glucose, and 0.2% lactose. Upon addition of SB 

medium, plates were shaken overnight at 30°C at 1000rpm and then pelleted.  

Comment on induction-strategies for protein-expression 

In order to determine the ideal time-point for induction of the E. coli culture with IPTG, the 

OD had to be controlled tightly with a set of test clones over a course of 0.5 to 3h. Since 

these test clones may not ideally represent all the clones, and measuring the OD of all clones 

simultaneously is not feasible, the optimum time-point of induction may not be met by 

several clones. The autoinduction principle of William F. Studier [21] has been modified and 

adapted for the use in complex media to overcome this issue of having to choose the ideal 

time for the addition of an inducer. The minute amounts of glucose in the medium prevent 

untimely induction by the present lactose until high cell densities are reached. Then, when 

all of the glucose is metabolized, and with no other nutrients limiting, the less attractive 
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nutrient lactose is taken up by the cells and then causes induction. With IPTG induction, 

protein concentrations after the Ni-NTA affinity purification on average reached 0.26 mg/mL 

while with the auto-induction concentrations of 0.21 mg/mL were achieved. These similar 

yields in protein concentration point towards similar effectiveness in protein expression. 

Considering the rate of clones expressing His-tagged protein of 41% of the IPTG-induced 

clones as determined by the Penta-His antibody detection on chip and the expression rate of 

40% of the auto-induced clones as determined by the His-tag ELISA, it becomes clear that 

both methods of induction of recombinant protein expression were equally successful.  

Protein extraction 

Bacterial pellets were thawed and resuspended in 100 μL lysis buffer (50 mM Tris-HCl, pH 

8.0, 0.3 M NaCl, 0.1 mM EDTA, 0.02 % NaN3). Lysozyme was added to a final concentration 

of 50μg/well in a 1% Brij58 solution. Pellets were resuspended and incubated on ice for 

30min to yield the whole cellular extract. To each well 25 μL of benzonase mixture were 

added containing 0.3 μL 1 M MgCl2, 0.1 μL benzonase grade 11, and 24.6 μL 50 mM Tris-HCl. 

Lysates were mixed, incubated at RT (room temperature) for 30min and centrifuged for 

30min at 6200rpm at 4°C for removal of cell debris. The supernatant was transferred to a 

small-pore filter plate (Millipore GmbH) to remove any remaining particles. Filter plates were 

placed on top of capture plates and supernatants were filtered by centrifugation at 1000g 

obtaining the clarified protein extracts.  

Protein purification  

The filtered protein extracts were transferred to small-pore filter plates (Millipore GmbH) 

placed on top of a capture plate. Then, 15 μL of 0.1 M imidazole were added to each well to 

reach an end concentration of 10 mM. Upon addition of 25 μL of 20% Ni-NTA agarose 

(Qiagen) equilibrated in 50 mM Tris-HCl, pH 8.0, samples were shaken for 30min at RT. 

Liquid was removed by centrifugation of the filter plates at 1000 g followed by three washing 

steps with sodium phosphate wash buffer (50 mM monobasic and 50 mM dibasic sodium 

phosphate mixed together to produce a solution with pH 8.0), 0.3 M NaCl, and 20 mM 

imidazole. Upon the last wash protein was eluted with 50 μL of the elution buffer (sodium 
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phosphate buffer as abovementioned, pH 8.0 containing 250 mM or 500 mM imidazole, 

0.01% SDS and 0.01% NaN3).  

Electrophoresis 

Purified protein samples of 5 μL were resolved on NuPAGE Novex 4-12% Bis-Tris gels 

(Invitrogen) in the MES SDS running buffer system (Invitrogen). PageRuler prestained protein 

ladder (Fermentas GmbH) was used as a standard. Gels were stained first with the 6xHis 

Protein Tag staining kit (Pierce Biotechnology) according to manufacturer’s instructions, and 

then according to the conventional protocol of the PageBlue protein staining solution 

(Fermentas GmbH).  

Determination of protein-concentrations in microtiter plate  

The DC Protein Assay from kit II (Bio-Rad) was adapted for the use in microtiter plates. BSA 

(bovine serum albumin) standards were prepared in elution buffer. Pipetting volumes of the 

protein assay were scaled according the manufacturer’s instruction for using 5 μL of sample-

volumes for the measurements. Absorbance at 630nm was read on an ELx800 automated 

microplate reader (Bio-Tek Instruments, Inc.) and protein-concentrations calculated based 

on the BSA standard measures.  

ELISA-measurement of His-tagged proteins 

For the relative quantification of His-tagged proteins an ELISA assay was established 

employing the Penta-His HRP (horseradish-peroxidase) conjugate detection antibody. 

Samples were diluted in immobilization buffer (50 mM sodium carbonate buffer; 100 mM 

sodium carbonate and 100 mM sodium bicarbonate mixed together to produce a solution 

with pH 9.6) to a total protein content of 10 μg/mL. 100 μL of the samples were transferred 

to high-binding Nunc MaxiSorp 96well plates (Nunc GmbH & Co. KG, Thermo Fisher 

Scientific) and incubated overnight at 4°C. The solution was removed and 200μL blocking 

solution (50 mM Tris, pH 8.0, 0.14 M NaCl, 1% BSA) was added for an incubation of 30min at 

RT. The solution was removed and 100μL HRP-conjugated antibody were added to each well 

in the required dilution of 1:100,000 in conjugate diluent (50 mM Tris, pH 8.0, 0.14 M NaCl, 

1% BSA, 0.05% Tween 20) for an incubation of 60min at RT. Plates were washed 5 times with 
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ELISA wash buffer (50 mM Tris, pH 8.0, 0.14 M NaCl, 0.05% Tween20). Equal volumes of the 

two-substrate reagents TMB peroxidase substrate (Kierkegaard & Perry Laboratories, 

Gaithersburg, MD) and of solution B (Kierkegaard & Perry Laboratories, Gaithersburg, MD) 

were mixed and 100 μL of this mixture were added to each well. Plates were incubated at RT 

for 5-30min until colour development and stopped by the addition of 100 μL 2 M H2SO4 to 

each well, added in the same order as the enzyme substrate. Plates were read at 450nm on 

the ELx800 automated microplate reader (Bio-Tek Instruments, Inc.). 

Protein Microarray production  

 E. coli culturing and induction was performed in 96well format with slight modifications 

[19]. Recombinant protein expression was induced either by IPTG (Isopropyl β-D-1-

thiogalactopyranoside) or by cultivation of bacterial clones in autoinduction medium (1mL) 

[21]. Upon cultivation His-tagged recombinant proteins were purified using Ni-NTA (nickel 

immobilized onto agarose resin via nitrilo triacetic acid) agarose and chosen elution 

conditions were adopted warranting protein-binding onto ARChip Epoxy coated slides [22]. 

Elution of His-tag protein was done using 500 mM imidazole.  

Purified proteins were electrophoresed and analyzed using standard procedures. Protein 

eluates from Ni-metal-chelate purification were controlled for specificity via a His-Tag 

antibody ELISA. Protein antigens were printed in triplicates on ARChip Epoxy glass slides. 

Crude clarified protein extracts of the E. coli host was used for positive control spots, plain 

buffer spots were used as negative controls.  

Protein arraying  

Protein antigens were spotted using an Omnigrid arrayer (GeneMachines) with SMP 3 pins 

(TeleChem International Inc.) under adjusted air humidity of between 55% and 60%. Spots 

were printed in triplicates on ARChip Epoxy [22] glass slides. Crude clarified protein extract 

of the E.coli host was used for positive control spots, plain buffer spots were used as 

negative controls.  
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Quality control of the spotting process  

The recombinant protein expression, the spotting process and the immobilization of protein 

on the chip surface were controlled by binding of an anti-Penta-His Alexa Fluor 647 

conjugate antibody recognizing groups of five histidines in the Hexa-His-tag. To the blocked 

slides, detection antibody was added in a 1:50,000 dilution in blocking buffer. Slides were 

washed twice in wash buffer and blown dry with filtered air. 

Assay protocols 

Reactive groups on the slide surface were blocked for 2h in PBST (Phosphate buffered saline 

with 0.1% Tween 20) blocking buffer with 5% non-fat milk powder. Slides were washed 2 

times 5min in PBST wash buffer, rinsed with distilled water and blown dry with filtered air. 

Arrays were incubated for 1h with patients’ sera and control sera diluted 1:10 in blocking 

buffer. Upon washing twice for 5min in wash buffer, slides were rinsed with distilled water 

and blown dry with filtered air. Arrays were incubated for 1h with goat anti human IgG 

detection antibody fluorescently labelled with Alexa647 dye (Invitrogen), diluted 1:500 in 

blocking buffer. Following the final washing steps of twice 5min washing in wash buffer, 

arrays were rinsed with distilled water and dry-blown. Array images were captured using an 

Axon Genepix 4000A microarray scanner (Molecular Devices).  

Data analysis 

Fluorescence intensities - medians after subtraction of the local background - were 

calculated from the scanned array images with the Genepix software (Molecular Devices). 

Statistical data analysis was performed using R version 2.6.2 [23], BRB-ArrayTools Version: 

3.6.0 - Stable Release, limma software package [24] and nearest shrunken centroid 

algorithm. The nearest shrunken centroid algorithm is used to find out the clusters in the 

samples using hierarchical clustering methods on expression arrays [25]. 
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Results  

Methods optimization  

The bacterial wet biomass (30 mg/mL culture) obtained by autoinduction was twice when 

compared to that of obtained from IPTG cultures. Using Ni-NTA-metal chelate purification 

the amount of purified protein from 1mL of bacterial culture (autoinduced) was 7-70 ng at 

an average concentration of about 0.2-0.25 mg in 75 µL of elution-buffer. Protein yields 

were similar with both methods which points towards similar effectiveness in protein 

expression. The expression rate of recombinant proteins was 40% for both IPTG and 

autoinduction as determined by Penta-His antibody ELISA. Although there were some minor 

differences between different batches of 1 mL bacterial cultures grown in 96well plates and 

distinct runs of protein-purification it becomes clear that both induction methods of 

recombinant protein expression were equally successful. The repeated experiments did not 

show a great difference between the induction strategies. As autoinduction method was 

easier for technical handling, this method was chosen for the continuation of the 

experiments. It was found out that the amount of His-tag protein yielded upon elution using 

250 and 500mM imidazole to be more or less the same. Eventually, 500mM imidazole was 

used for elution of all proteins which were used for microarray printing. 

Optimizations for processing the protein-arrays covered the 1) blocking-reagent, 2) serum-

incubation time, and 3) detection of serum-auto-antibodies using anti-humanIg-Alexa647 

conjugate. Addition of 5% non-fat- dry milk into PBST was efficient when blocking slides for 

30 min at room temperature. Prolonged blocking did not significantly increase signal to noise 

ratios. Although bovine serum albumin has been described for blocking, milk powder is an 

efficient and an inexpensive alternative. Omission of the milk powder, however led to strong 

unspecific binding of serum-proteins to the microarray and thereby to high background 

signals.  

The serum-incubation time was tested with respect to signal intensities of microarray spots. 

Using a 1:10 dilution of sera from healthy controls in PBS (Phosphate buffered saline) signal 

intensities reached a plateau after 2h incubation at room temperature. Signal intensities 

upon 4h incubation were comparable to intensities after 2h incubation. Therefore, a 2h 
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serum-incubation step was used for all further tests and found to give sufficiently high 

signals to identify clear and distinct auto-antibody patterns from controls as well as from 

patient’s samples. Negative control experiments conducted without serum excluded 

unspecific binding of the anti-human Ig-Alexa647 detection antibody and indicate that the 

detection step is specific to human auto-antibodies. Thus, spot signals are derived from 

specific serum antibody-binding with the antigens presented on the chip. No direct 

correlation of the amounts of spotted protein with the yielded signal strengths could be 

detected. Hence, the yielded signals are due to the presence of antibodies specific to the 

target proteins and not to unspecific binding which would clearly correlate with protein 

mass. Positive control spots of E. coli crude protein extracts showed high signals indicating 

the presence of high levels of antibodies against E. coli proteins in the sera of all donors and 

patients, whereas buffer spots serve as controls were clearly negative. Thus, false positive-

signals derived from carry-over of reactive proteins from printing spots with the same set of 

pins during microarray fabrication can be excluded. Here, it has to be mentioned that 

recombinant proteins derived from single step Ni-His(6)-affinity protein purification are not 

pure and will contain several percentages of E. coli proteins, which could be problematic 

when covering specific signals. This, however, might be especially true for primary-screens to 

identify specific antigens from clone libraries. In this experimental setting, all clones used for 

antigen-purification and microarray fabrication were selected via several pre-screens within 

the SEREX procedure. Reactivity of the spotted proteins was not covered by serum-reactivity 

against remaining E. coli proteins, therefore, the microarray enabled a specific and clear 

differentiation between sera derived from lung cancer and brain cancer patients. 

Serum samples have been initially tested during the SEREX-membrane screen. Some subsets 

of clones which have been tested positive with several patient sera were used for evaluation 

of protein microarrays. On the chip, binding of auto-antibodies to the candidate marker 

proteins was observed as demonstrated in the initial SEREX screens (Fig. 1). Binding events 

detected in addition to the marker candidates that were expected from macro-membrane 

screens (in analogy to SEREX screens) indicate greater detection limit/signal intensity of the 

microarray when compared to the membrane method. This might be due to the smaller 

reaction surfaces and better distribution of the serum-sample over the array (Fig. 1). 

Moreover, this greater detection limit/signal intensity is achieved with a few microliters of 
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analyte i.e., 1:10 diluted sera (about 75 µL is sufficient for wetting the entire area of a 

standard slide).  
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Figure 1: Pair wise correlation of repeated protein microarray analyses. Pair wise correlation of 
repeated analyses of serum samples. Log2 transformed unnormalised intensities, with a threshold set 
to 512 intensity-units (derived from Genepix .gpr files) were used for analyses. Correlation coefficients 
are given in the paired scatterplots and were above 0.92 upon repetitive analyses. The “filled triangles” 
represent reactive clones from each individual serum found within membrane-based macroarray 
testing. Data from repetitive analyses (replicate-1 on x-axes; replicate-2 on y-axes) microarray 
analyses using serum from brain (left) and lung (right) tumour patients (identifiers of different patient 
sera on top of each scatter plot) are plotted.  

 

Performance of microarray based serum-auto-antibody testing  

Detection using anti-human Ig-Alexa647 conjugate upon application of patients’ sera to the 

blocked arrays yielded clearly visible binding patterns that already at an optical level 

displayed almost identical patterns. Also the control sera yielded specific patterns, yet 

different to the ones of patient’s sera. Pair-wise correlation plots of repetitive serum-testing 
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on different slides confirmed the high reproducibility of the signal patterns and results in 

correlation coefficients ranging from 0.92 to 0.96 of (Figure 1). Statistical data analyses of 

brain and lung cancer serum-microarray data was performed in analogy to gene-expression 

microarray data analysis using the limma software package. Figure 2 shows the normalised 

signal intensities of the three most differentially reactive clones between brain and lung. It 

shows that across replicate measurements the assay is capable of distinguishing these two 

biological classes. For these genes, both technical variances and within-group variances are 

small, compared to the between-group variances. Therefore it is not surprising, that when 

attempting to build a classification rule using the nearest shrunken centroid algorithm on 

replicate-1 and testing this rule on replicate-2, all samples are classified correctly. In the 

reverse case (building the rule on replicate-2 and testing it on replicate-1), one sample is 

misclassified. The good separation between the two classes is also visualised in Figure 3. 

 

Figure 2: Replicate measurements of the top three differentially reactive clones. Performance of 
the top three differentially reactive clones (B5, E7 and D11 with p-values less than 0.002, 0.01, 0.05, 
respectively) in replicate experiments. The normalized signal intensity values of these reactive clones 
across the replicate measurements (replicate-1 and -2) distinguishes between brain (n=5) and lung 
(n=5) cancer serum samples. 



SEREX clones on Protein microarrays 

    

49 
 

 

Figure 3: Multidimensional scaling of protein microarray data of brain and lung tumour 
patients’ sera. Multidimensional scaling using centered correlation of significant antigens derived from 
class comparison (using 10 most significant antigens). Microarray data as depicted in scatterplots 
(figure 1) of duplicate analysis of brain (black) and lung (gray) cancer patients’ serum samples were 
used for class comparison. 

 

Discussion 

Auto-antibodies are very potent biomarkers which would be useful for minimal invasive 

testing for early diagnosis of autoimmune and cancerous disease. Besides SEREX-based 

screening using immobilized expression clones on membranes, macroarrays with several 

thousand expression-clones derived from human cDNA libraries are suitable platforms for 

screening for determining reactive clones over-expressing proteins which are biomarker-

candidates [20]. However, the membrane based clones are not a versatile tool for validation 

of those candidate makers. Drawbacks of membrane based screening are low 

reproducibility, low dynamic range of signal intensities, and difficulties in handling 

membranes. In addition to these technically problems, several hundred microliters of patient 

serum for processing the membranes or macroarrays are required. Because sample size of 

clinically well documented samples is always limited, miniaturization of assays using 

microarrays would be a great option to save samples (about 75 µL of sample is sufficient to 

cover an entire 1x2 inch standard slide). As known from the performance of DNA-

microarrays, obtaining high reproducibility, high dynamic range of intensity-measures 

(usually in the range of 4-6 orders of magnitudes; derived form 16 or 20 bit microarray 
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scanners) and easy handling microarrays, protein microarrays would be a potential 

alternative for validation of disease specific serum-auto-antibody profiles.   

The aim of this experiment was to generate protein microarrays and evaluate their 

performance with respect to technical aspects like reproducibility and suitability using 

patient serum samples already used for candidate biomarker screening. Therefore, the 

establishment of techniques and the optimizations were done respect to 1) recombinant 

protein expression from candidate clones, 2) protein-purification in a 96well standard plate 

format and microarray printing, and 3) finding best conditions of serum-testing on antigen-

microarrays. It was found during optimization of protein microarray production that proteins 

concentrations of up to 0.5 mg/mL are well suited for spotting using a contact spotter. At 

that protein-/antigen-concentrations microarrays perform well (with respect to signal 

intensities and spot morphology) and at that concentration clogging of microarrayer-pins is 

also avoided.  

The protein concentrations were measured upon purification using His-tag/Ni-affinity and 

the determination of specific recombinant proteins was done using a His-tag-ELISA. 

Although, the comparison between the microarrays generated from different batches of 

protein-purification was not done, the ratio of His-tag-ELISA signals and protein-

concentration would be a practicable measure of “purity” which should be taken into 

consideration when using different protein-batches for microarray generation. The 

“different slide batch effect” is known also from DNA-chips, this would be clearly more 

critical using proteins derived from different batches of clone-cultivation, expression and 

purification. Therefore, while using (protein) microarrays for screening purposes defining 

biomarkers would be done best when using the same batch of microarrays avoiding these 

effects. When not avoidable that must be considered by proper experimental planning. It 

was observed that the membrane-blot derived classifiers (which enabled distinction of brain 

and lung tumour serum antibody profiles) did perform well also on the microarray-derived 

data set, confirming the reliability of the reactive markers. This is true even when data were 

derived from two entirely distinct methodologies. Membrane blots are generated by fixation 

of proteins upon growing E. coli clones on membranes and microarrays are spotted using 

proteins from distinct 1ml culturing of clones. Optimized conditions for obtaining maximum 

signal intensities on microarrays were achieved with 1:10 serum dilutions after 2h incubation 
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at room temperature. Thus arrays covering an entire standard slide can be processed with 

only 10µL of serum. This would enable paralleled detection of about 20000 different spots, a 

spot density usually achieved with standard microarray printing techniques. This experiment 

also elucidated a high reproducibility of protein microarray-data. Correlation coefficients of 

repeated analyses using patient sera were in the range of 0.919-0.971 (median 0.957). While 

the differentially reactive clones identified in this study need more independent testing to 

prove their usefulness as clinical markers, this experiment has shown that the assay is 

capable of detecting differences between biological groups which are stable and 

reproducible and are therefore suitable for class comparison and class prediction.  Thus, this 

kind of microarrays has several advantages over macroarrays and microarray based testing 

of patient samples is the method of choice for highly paralleled auto-antibody testing. 

Especially when many different samples have to be processed for validation of biomarker 

candidates, handling many microarrays is much easier and also for screening approaches 

microarrays are best suited and will replace membrane-based macroarray screens. 

Biostatistical analysis of high-dimensional data derived from microarray-feature intensities is 

also well established and can be used in the analysis of auto-antibody data.  

Conclusion 

In conclusion, this study successfully demonstrated the feasibility for auto-antibody 

identification technology by means of recombinant protein expression and arraying the 

proteins on microarray solid supports. Because panels of auto-antigens rather than 

individual antigens enhance the likelihood of detecting cancer antigens with diagnostic 

potential [26-28], highly paralleled detection of auto-antibody signatures yielded from this 

platform will be aiding disease diagnosis and improve patient stratification [20,29].  
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Abstract 

Aberrantly expressed proteins in tumours evoke an immunological response. These 

immunogenic proteins can serve as potential biomarkers for the early diagnosis of cancers. A 

candidate marker screening was performed on macroarrays containing 38,016 human 

proteins, derived from a human foetal-brain expression library, with the pools of sera from 

breast cancer patients (1 pool of benign samples and 3 pools of ductal carcinoma and 2 

pools of lobular carcinoma) and 1 pool of sera from healthy women. A panel of 642 sero-

reactive clones were deduced from these macroarray experiments which include 284 in-

frame clones. Over-representation analyses of the sero-reactive in-frame clones enabled the 

identification of the sets of genes over-expressed in various pathways of the functional 

categories (KEGG, Transpath, Pfam and GO). Protein microarrays, generated using the His-

tag proteins derived from the macroarray experiments, were used to evaluate the sera from 

breast cancer patients (24 malignant, 16 benign) and 20 control individuals. The PAM 

algorithm elucidated a panel of 50 clones which enabled correct classification prediction of 

93% of the breast-nodule positive group (benign & malignant) sera from healthy individuals’ 

sera with 100% sensitivity and 85% specificity. This was followed by over-representation 

analysis of the significant clones derived from class prediction.  
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Background 

Within the European countries, in 2008, there were estimated 3.2 million new cases of 

cancer and 1.7 million cancer related deaths. Out of the 1.7 million cancer cases, 129,000 

cases (7.5% of all forms of cancer) were diagnosed with breast cancer [1]. Therefore, there is 

a great anticipation to identify novel biomarkers for diagnosing breast cancer.  

An immunological response can be evoked by a mutated or an aberrantly expressed protein 

resulting in the production of auto-antibodies. In the context of cancer, these immunogenic 

proteins are known as tumour-associated antigens (TAA). The corresponding tumour-auto-

antibodies could be used as biomarkers for early diagnosis and prognosis of cancer [2-4]. 

Proteins like ANXA11, p53, HIP1 and ECPKA are known to serve as TAA biomarkers for 

various cancers [5-8]. Tomaino et al. [9] used Western blot analysis to identify auto-

antibodies against pancreatic ductal adenocarcinoma (PDAC) associated antigens from the 

PDAC sera.  Various studies elucidated a range of TAAs in breast cancer, such as MUC1, 

HSP90, HER2/neu, c-myc, NY-ESO-1/LAGE-1 and Lipophilin B [10-13]. However, it has been 

shown that measurement of a single TAA is neither sensitive nor specific enough to be used 

as a diagnostic biomarker. Assessment of auto-antibodies to a tailor-made panel of TAAs 

may have a promising diagnostic potential [14]. Various studies have reported the panels of 

TAAs which differentiated the breast cancer patients from healthy controls with higher 

specificity but low sensitivity (Tab. 1). 
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Table 1. TAA panels identified in breast  cancer patients identified from various studies.  
TAA/panel of 
TAA 

Sensitivity (%) Specificity (%) Study size Ages                (Mean 
average in years) 

Method use Ref. 

ASB-
9SERAC1 
RELT 80 

100 
 

87 patients & 87 
controls 

n.a 

cDNA T7 phage 
library protein 

screening  with 
ELISA 

 

[15] 

p16 
p53 
c-myc 
 

43.9 97.6 
41 patients & 82 

controls 
n.a ELISA 

[15,16] 
 

PPIA 
PRDX2 
FKBP52 
MUC1 
HSP60 
 

73 85 

60 primary 
breast cancer 
patients, 82 
carcinoma in 

situ patients & 
93 controls 

 

 
55 (Patients) 

ELISA [17] 

p53 
c-myc 
HER2, 
NY-ESO-1 
BRCA2 
MUC1 

64 85 
97 patients  & 

94 controls 
 

Patients 
(59) 

Controls 
(54) 

ELISA [18] 

IMP1 
p62 
Koc 
p53 
c-MYC 
cyclin B1 
survivin 

70 95 

64  Chinese 
patients, 82 

healthy Chinese 
controls & 264 
healthy USA 

controls 

n.a ELISA [19,20] 

 

For TAA profiling both macro- and microarrays are used. Macroarrays, polyvinylidene 

fluoride (PVFD) membranes, are spotted with E. coli clones expressing recombinant proteins. 

Using macroarrays spotted with E. coli clones (hEx1 library), Ludwig et al. [21], could 

differentiate glioma sera from healthy controls with a specificity and sensitivity of 90.3% and 

87.3%, respectively. On the other hand, the microarrays are spotted with purified 

recombinant proteins. Babel et al. [22], used protein microarrays, containing 8000 human 

GST-tagged proteins, to differentiate sera from 20 colorectal cancer (CRC) patients and 

healthy individuals. They found that antibodies against PIM1, MAPKAPK3, STK4, SRC, and 

FGFR4 were found in high abundance in cancer samples and antibodies against ACVR2B 

were found in abundance in healthy controls [23].  

In this chapter, the identification of a panel of 642 sero-reactive clones from a collection of 

38,016 recombinant protein expressing clones (hEx1 library [24]) using macroarrays and sera 

from the breast cancer patients and healthy controls is discussed. After the identification of 

the panel of sero-reactive clones, “GeneTrail” gene set analysis toolkit was used to find the 

genes which are significantly over-represented and are accumulated into certain functional 

categories (Transpath, Pfam and GO). GeneTrail is an efficient software tool which enables a 
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statistical evaluation of high-throughput genomic or proteomic data sets with regards to the 

enrichment of functional categories. Furthermore, the genes expressed by the 642 sero-

reactive clones were compared to the SEREX (serological expression of cDNA expression 

libraries) database and their role in cancer is discussed. Using the recombinant proteins 

derived from the 642 sero-reactive clones, protein microarrays were generated which 

enabled distinguishing serum samples from breast-nodule positive patients (benign and 

malignant) and healthy controls. 

Methods  

Serum samples 

Serum samples were obtained after the approval from the patients and healthy women and 

were stored at -80°C. The study was approved by the Ethics Committee of the Medical 

University of Vienna and the General Hospital of Vienna (study number: 143/2007). For 

macroarray experiments, an aliquot (80 µL) of each serum sample was used for the 

generation of 7 serum pools. For microarray experiments, 60 serum samples (malignant 

n=24; benign n=16; healthy n=20) were used. The pathological and clinical cohort 

characteristics of the breast cancer samples can be found in the table 2.  
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Table 2. Clinical and pathological charecteristics of the sera used in macro- and microarray 
screenings. Pools 1-7 were used for the macroarray experiments. Pools 1 and 2 consist of sera from 
patients with benign fibroadenoma and healthy controls, respectively. Pools 3-4 comprise sera from 
patients with ductal carcinoma, while pools 6 and 7 contain sera from patients with lobular carcinoma. 
The data enlisted in the columns, Control, Benign and Malignant, are the samples used for microarray 
experiments. 
 Pool 1 Pool 2  Pool 3  

 
Pool 4  Pool 5  Pool 6  Pool 7  Control Benign Malignant 

Number of 
samples 

10 10 10 10 10 10 10 20 16 24 

Median age 
(years) 

43 73 71 57.5 65.5 54 63 77 45
a
 60 

Grading
b
  

G1   5   3    6 

G2   5 10  7 9   11 

G3     10  1   5 

P53 Positive   1 1 9 2 1    

Hormone 
receptor 
positive 

 

Her2/neu    2 3  2   8 

Oestrogen   10 10 1 10 10   18 

Progesterone   10 8  10 9    

pT stage
c
(%)  

Tx, Tis, T1; T1a, 
T1b, T1c, 
T1mic, T2, T3; 
T4b 

  0; 0; 0; 
20; 30; 
40; 10; 
0; 0; 0. 

0; 10; 
0; 0; 0; 
10; 0; 
60; 0; 

10. 

0; 0; 0; 
10; 0; 

30; 10; 
40; 0; 

0. 

0; 0; 0; 
0; 20; 
50; 0; 

10; 10; 
0. 

0; 0; 0; 
0; 0; 

20; 0; 
60; 20; 

0. 

  4.17; 4.17; 
16.67; 29.17; 
4.17; 12.50; 

0; 4.17 

pN stage
d
(%)  

Nx; N0; N1; 
N1a, N1biv; 
N1mi; N2a; N3 

  0; 90; 
0; 0; 0; 
0; 0; 0. 

10; 0; 
10; 20; 
10; 0; 
30; 10 

0; 60; 
0; 0; 0; 
0; 20; 

10 

0; 90; 
0; 0; 0; 
0; 0; 0. 

0; 0; 
10; 50; 
0; 10; 
0; 0. 

  20; 50; 10; 
10; 10 

Menopause 
status

e
 

 

Pre-menopause 5  3 2 2 3 1  5 3 

Peri-
menopause 

     1     

Post-
menopause 

1  7 7 7 5 9   18 

a
Data available for 14 patients. 

b
Data available for 22 malignant patients used in microarray 

experiments. G1 (low-grade), G2 (intermediate grade) and G3 (high-grade). Low-grade tumours are 
usually slow growing and are less likely to spread. High-grade tumours are likely to grow more quickly 
and are more likely to spread. 

c
Data available for 24 malignant patients used in microarray 

experiments. 
d
Data available for all patient of samples (40, Pools 3-6) samples and 9 samples from 

Pool 7; used in macroarray experiments and data available for 20 Malignant patients. 
e
Data available 

for 47 patient (Pools 3-7) and 6 benign samples (Pool 1); used in macroarray experiments and data 
available for 26 patients; used in microarray experiments.  
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Candidate marker screening 

Protein macroarrays, containing duplicates of 38,016 clones (hEx1 library) were purchased 

from RZPD (now Source Bioscience), Germany. The protein features were generated by 

expression of spotted E. coli clones, which harbour an expression vector, pQE30NST. The 

expressed recombinant proteins are His-Tagged. Duplicate clones are present on a set of 2 

macroarrays and the macroarrays were processed according the detailed protocol for 

membrane processing which can be found on the Source Bioscience homepage 

(http://www.lifesciences.sourcebioscience.com/media/290406/sbs_ig_manual_proteinarray

_v1.pdf). 

 In a pre-test, the reliability of auto-antibody screening on PVFD membranes containing 

38,016 foetal brain proteins was evaluated using the native-serum samples and the IgG 

purified serum fraction isolated by affinity purification of immunoglobulins. The purification 

of IgG from the serum was done using Melon™ Gel IgG Purification Kit (Thermo Scientific) 

and the procedure was followed as per manufacturer’s instructions. In this pre-test, an 

individual serum sample was tested against a pool of 10 healthy control serum samples 

(including also the single individual sample) with and without Melon™ Gel IgG Purification 

for making a decision for applying either serum or the affinity enriched Ig-fraction onto the 

macroarrays. 

Based on the results derived from the pre-test it was decided to use the pools of native 

serum samples to perform a candidate marker screen on PVFD membranes containing 

38,016 human proteins derived from hEx1, a human foetal-brain expression library.  For 

having a measure of the reproducibility of the macroarrays, all the membranes were 

hybridized with a male-serum sample (without any individual or familial breast cancer 

history). Then the membranes were stripped and blinded duplicates of each pool of patient 

sera (Pool 3-7) and non-malignant sera (Pool 1 & 2) were applied onto the macroarrays and 

the data was generated upon signal detection according to the protocol from RZPD, 

Germany. The selection of the clones was done on the basis of sero-reactivity in all the 

experiments. A total of 642 sero-reactive clones (after excluding the duplicates) from 

different screening experiments, were considered for the production of microarrays.  
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GeneTrail analysis 

GeneTrail analysis was done for 284 in-frame clones among the panel of 642 sero-reactive 

clones. A statistical approach of Over-Representation Analysis (ORA) was followed for the 

comparison of  test set with the reference set (“Heidelberg human foetal brain”), provided 

by the gene set analysis tool [25,26].  The analyses were performed with the following 

parameters:  Multiple testing adjustment method: false discovery rate (FDR), significance 

level threshold (α-level): 0.05. 

Protein microarray production and processing 

E. coli clones were cultured using the autoinduction protocol according to Stempfer et al. 

[27]. Recombinant protein expression was induced by cultivation of E. coli clones in 

autoinduction medium (SB medium) and purified using Ni-NTA agarose (Qiagen)  Elution of 

the His-Tag proteins was done using elution buffer (50 mM KH2PO4 and 50 mM K2HPO4,  pH 

8.0, 500 mM imidazole, 0.01% SDS and 0.01% NaN3). Purified His-Tag proteins were then 

spotted on ARChip Epoxy slides [28]. Each microarray consisted of 4 sub-arrays with protein 

antigens printed in duplicates. Clarified E. coli lysate with a concentration of 0.5 mg/mL was 

used as positive control and plain buffer spots as negative control. Processing of the protein 

microarrays was performed as described previously [27]. The processed microarray images 

were captured using an Axon Genepix 4000A microarray scanner (Molecular Devices, Union 

City, CA). Fluorescence intensity-medians after subtraction of local background were 

calculated from the scanned array images and used for the data analysis.  

Statistical analysis 

The statistical data analysis of the data from the scanned images of macroarrays was 

performed using R version 2.10.0 [29]. For microarray data analyses in addition to R, BRB-

ArrayTools Version: 3.6.0 - Stable Release [30] were also used.  

For class prediction, Prediction Analysis for Microarrays (PAM) algorithm was used. PAM 

algorithm uses “nearest shrunken centroid” method which identifies a subset of significant 

genes/clones for the best classification of the samples [31]. Cross-validation of the predicted 

class and the true class was done.  
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Results 

In brief, from the collection of 38,016 cDNA expression clones 642 clones were selected 

based on their sero-reactivity. Over-representation analysis was performed using 284 in-

frame clones. Protein microarrays were generated using the purified proteins from the 642 

sero-reactive clones. Using these protein microarrays breast-nodule positive samples could 

be differentiated from healthy controls. A schematic over-view of the results obtained 

during the course of the study is shown in the figure 1.  

 

Figure 1. An over-view of the number of clones and genes identified in this study.  

 

Evaluation of purified IgG versus serum for membrane screening 

Clones on the membranes which were reactive to native serum samples (Pooled serum 

samples and single serum sample) and purified IgG (Pooled serum samples and single serum 

sample) were compared. Signals of duplicate spots were counted as positive signals within 

the colour-range of 0-4 based on the staining intensity of the spots (Fig. 2).  A total of 170 

sero-reactive clones were found during this experiment. 32 and 67 clones reacted positively 
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to pooled purified IgG and native pooled serum samples, respectively. Whereas, 22 and 125 

clones were observed reacting positively to purified IgG and native serum sample, 

respectively (Tab. 3). Based on the number of the clones showing positive reaction, the 

decision was made to use native sera for the membrane screening. 

 

Figure 2. Purified IgG vs native serum Hierarchical clustering of the comparison between native 
serum (“Serum”- 3&4) versus the purified IgG (“IgG”- 1&2) derived either from a serum-pool (3: “Pool”; 
from 10 individual sera) or a single sample (4, “Indiv.”) also included in the pool. Number of clones 
showing positive reactivity to purified IgG and native serum sample of an individual were found to be 
22 and 125, While, for the purified IgG and sera of the pooled serum samples were 32 and 67, 
respectively.  
 
      Table 3. Number of clones with overlapping reactivity within different samples analysed.  

 Purified IgG- 

Single (1) 

Purified IgG- 

Pool (2) 

Native sera- 

Pool (3) 

Native serum- 

Single (4) 

Purified IgG- Single (1) 22 7 11 19 

Purified IgG- Pool (2) 7 32 21 11 

Native sera- Pool (3) 11 21 67 31 

Native serum- Single (4) 19 11 31 125 

      The numbers (1-4) in the brackets correspond to the lanes in the Fig. 1 
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Antigen Identification on Macroarrays  

Macroarrays were hybridized with pooled samples (pools 1-7) after being processed with 

single serum-control (reference) and then stripped. Hierarchical clustering results of 

reference serum sample on different membranes used for sample analysis are shown in 

Figure 3 (right part of the figure) and the number of the sero-reactive clone from each 

membrane can be found in the Table 4. The correlation coefficient values derived from the 

processed membranes with the same reference serum range from 0.68 to 0.98.Analysis of 

signal intensities derived from the membranes, processed with blinded duplicates (Pools 1-7) 

was done and sero-reactive clones were identified (Fig. 3 (left part of the figure)). The 

correlation coefficients of the two runs of each serum pool (Pool 1-7) on macroarrays were 

found to be ranging from 0.12 to 0.89.  

 

 

Figure 3 Heat map derived from hierarchical clustering. Macroarrays were treated with a single 
serum-control (reference) and then stripped and treated with patient serum sample pools. Signal 
intensities derived from membranes hybridized with sample pools and single serum-control 
hybridization are depicted in the heat map derived from hierarchical clustering. Duplicate analyses of 
serum samples and reference are clustering together and are depicted in the heat map as 
neighbouring lanes.   
 



Protein microarrays 

    

66 
 

Table 4: Comparison of sum of positive clones identified from macroarrays. Each membrane 
was processed with reference sample and these membranes, after stripping, were treated with patient 
and control serum pools. 

Serum Run Macroarray 1 Macroarray 2 

Reference 
Run 1 10 4 

Run 2 23 7 

Pool 1 
Run 1 21 31 

Run 2 36 42 

Reference 
Run 1 20 7 

Run 2 18 11 

Pool 2 
Run 1 16 4 

Run 2 1 8 

Reference 
Run 1 17 11 

Run 2 20 7 

Pool 3 
Run 1 63 25 

Run 2 64 17 

Reference 
Run 1 21 10 

Run 2 18 13 

Pool 4 
Run 1 22 3 

Run 2 26 3 

Reference 
Run 1 14 16 

Run 2 15 24 

Pool 5 
Run 1 6 1 

Run 2 2 2 

Reference 
Run 1 17 19 

Run 2 16 21 

Pool 6 
Run 1 8 2 

Run 2 5 2 

Reference 
Run 1 19 14 

Run 2 16 18 

Pool 7 
Run 1 6 7 

Run 2 10 15 

 

A total of 1691 sero-reactive clones were found, including the clones identified from the “IgG 

versus serum” pre-test. Of these 1691 clones, 642 clones were identified as unique clones 

showing sero-reactivity in all the macroarray experiments. 284 clones out of 642 clones were 

confirmed (based on DNA sequences of the clones) to be cloned in-frame. Out of the 284 in-

frame clones, 71 clones reacted positively to the serum samples from benign breast cancer 

patients, while 41 and 133 clones showed positive reaction to the serum samples from 

health control and malignant breast cancer patients, respectively.  

All the 642 clones found positive within all the experiments for protein expression were used 

and thereby using the subsequent proteins for the production of protein microarrays. 
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In silico analysis of sero-reactive clones 

Out of 284 in-frame clones, 181 code for unique proteins. Upon comparison of the 181 

genes with 1545 genes from the SEREX database [32], 34 genes were found which were 

over-lapping between the lists. These 34 genes were reported in the SEREX database from a 

variety of cancer studies. Among these 34 genes, 7 genes (ALDOA, CENBP, EEF2, GAPDH, 

MAZ, PRDX1 and TP53) are reported in various cancer studies as TAAs (Tab. 5).  
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Table 5. Comparison with the SEREX database. The genes encoded by the in-frame clones were compared to genes enlisted in the SEREX database and 
TAA related published literature 
Gene symbol Cancer study in SEREX db TAA study-Cancer Gene symbol Cancer study in SEREX db TAA study-Cancer 

ACTG1 Colon, Fibrosarcoma  MARK3 Prostate  

ALDOA* Breast, Lung Melanoma [33] MAZ* Squamous cell carcinoma, Colon 
adenomacarcinoma,  

Hodgkin’s disease [34] 

ANKHD1 Renal cell carcinoma, Glioma, Prostate  MRPS24 Prostate,   

ATP5B Malignant fibrous histiocytoma  PDAP1 Fibrosarcoma  

BAG5 Melanoma  PRDX1* Melanoma Oesophageal squamous cell  
carcinoma [35] 

CD320 Prostate cancer  PRKRA Testis   

CDC42BPB Renal carcinoma RCC, thyroid   RBM5 Renal cancer  

CENPB* Melanoma Breast cancer [36,37] 
Small cell lung cancer [38] 

RPL5 Colon cancer  

CKB Colon adenocarcinoma  RPS12 Renal cell carcinoma  

EEF2* Head neck cancer Melanoma  
Hepatocellular carcinoma [39] 

RPS13 Testis  

FDFT1 Fibrosarcoma  RUFY1 Prostate cancer, Stomach cancer,   

FKBP3 Stomach cancer, melanoma  SMARCA4 Melanoma, Prostate  

GAPDH* Breast cancer Melanoma  STUB1 Colorectal adenocarcinoma, Breast carcinoma, 
Prostate cancer, Ovarian cancer, Glioma 

 

HIST1H1C Testis  TP53* Colorectal adenocarcinoma, Breast cancer, 
Colon  cancer,  

Hepatocellular 
carcinoma [40] 
Ovarian cancer [41] 
Lymphocytic leukaemia [42] 
Breast cancer [43] 

HSPH1 Colorectal adenocarcinoma, Melanoma, 
Glioma, Lung, pancreas adenocarcinoma,   

 TRIM21 Breast cancer  

IDH2 breast   TTC3 Stomach cancer, Glioma, Prostate cancer  

IK Testis  ZNF232 Breast carcinoma  

*antigens against which auto-antibodies have been reported through various cancer studies
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Using GeneTrail, in silico analysis of the 284 in-frame clone-protein sequences (test set) was 

done to get the information about functional categories (KEGG, Transpath, Pfam and GO) 

and their sub-categories, protein families, domains and pathways. The number of genes 

annotated in the test set to the selected functional categories was found to be 168, out of 

284 sequences. While the number of genes annotated in the “Heidelberg human foetal 

brain” reference set were 3527 (out of 3553). It was found that the observed number of 

genes involved in cellular processes, various pathways was higher when compared to the 

expected number of genes. For example, the expected numbers of genes involved in the 

sub-category “cellular process” were 121 and the observed number of genes was found to 

be 139 when compared to the reference set, with p-value 0.03. This indicates the over-

representation of the genes involved in the respective functional categories in breast cancer. 

Some of the sub-categories which were enriched in the test set when compared to the 

reference set are cellular process (GO), wnt pathway (Transpath) and R3H domain (Pfam).  

Sum of the genes found over-represented in all the enriched subcategories of Transpath, 

Pfam and GO were found to be 3, 21 and 159, respectively. No sub-category pertaining to 

KEGG was found enriched in the test set compared to the reference set. A detailed list of 

sub-categories, the genes encoded by the sero-reactive clones and the number of expected 

and observed genes are shown in the table 6.  
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Table 6: Over-represented genes corresponding to the enriched functional categories. 
Functional 
category 

Subcategory  P-value Expected no. Of 
genes 

Observed no. Of 
genes 

Gene symbols 

Transpath 

CH000000251 0.004 0.11 2 PLK3, TP53 

CH000000255 0.004 0.11 2 PLK3,TP53 

wnt pathway 0.023 0.27 2 CUL1, TP53 

Pfam 

Zinc finger C2H2 type 0.0005 6.7 19 
ZNF33B, ZNF232, ZNF133, ZNF618, ZNF410, ZNF768, ZFP64, ZNF502, ZNF436, ZNF358, ZNF44, ZNF761, BCL11A, ZNF214, ZXDC, BCL11B, ZNF836, MAZ, 
ZNF238 

Iron only hydrogenase large 
subunit C-terminal domain 

0.02 0.09 2 NARF, NARFL 

Gene ontology 

Small ribosomal subunit 0.002 1 8 RPS12, RPS3, MRPS24, RPS4X, MRPS11, RPS8, RPS3A, RPS13 

Cell proliferation 0.009 8 21 
PDAP1, CUL1, CRIP2, PRDX1, TP53, COL18A1, SRRT, NOP2, AZGP1, HDAC2, RPS4X, RBM5, TP53I11, CCND2, FTH1, ING4, PRKRA, CDC25A, PTN, 
DCTN2, C19orf10 

Cytosolic small ribosomal 
subunit 

0.009 1 6 RPS12, RPS3, RPS4X, RPS8, RPS3A, RPS13 

Regulation of cell 
proliferation 

0.009 5 16 CUL1, CRIP2, TP53, COL18A1, NOP2, AZGP1, HDAC2, RPS4X, RBM5, TP53I11, CCND2, FTH1, ING4, PRKRA, PTN, C19orf10 

Regulation of cellular 
process 

0.028 63 85 

ZNF33B, ZNF232, ZNF133, ZNF618, PDAP1, TNC, CUL1, LPHN1, POU6F1, CRIP2, CDC42BPB, AHSG, TRAF4, ZNF410, C14orf153, SPTBN1, HES5, ARPC2, 
STUB1, NPTN, ZNF768, ZFP64, ZNF502, SARNP, ZNF436, ZNF358, ZNF44, EIF4EBP3, PRDX1, TP53, ARF1, ZNF761, TPT1, COL18A1, MED8, GLRX3, NOP2, 
PRKAG1, RPS3, BCL11A, PSIP1, SMARCA1, AZGP1, STK25, HNRPDL, HDAC2,ZNF214, FUT8, RPS4X, TTC3, SRP14, CD320, RBM5, TP53I11, CCND2, 
CAP1, ATP5B, ZXDC, HDAC6, CHMP5, NARFL, FTH1, SMARCA4, CENPB, YEATS2, ALDOA, ING4, PRKRA, BCL11B, TRIOBP, ZNF207, STMN4, SRI, GIT1, 
ZNF836, DBN1, CDC25A, PTN, MAZ, TANK, ZNF238, RPS3A, RPS13, JPH3, C19orf10 

Ribosomal subunit 0.03 2 9 RPL7A, RPS12, RPS3, MRPS24, RPS4X, MRPS11, RPS8, RPS3A, RPS13 

Regulation of biological 
process 

0.03 65 87 

ZNF33B, ZNF232, ZNF133, ZNF618, PDAP1, TNC, CUL1, LPHN1, POU6F1, CRIP2, CDC42BPB, AHSG, TRAF4, ZNF410, C14orf153, SPTBN1,HES5, ARPC2, 
STUB1, NPTN, ZNF768, ZFP64, ZNF502, SARNP, ZNF436, ZNF358, ZNF44, EIF4EBP3, PRDX1, TP53, PEX6, ARF1, ZNF761, TPT1,COL18A1, MED8, SRRT, 
GLRX3, NOP2, PRKAG1, RPS3, BCL11A, PSIP1, SMARCA1, AZGP1, STK25, HNRPDL, HDAC2, ZNF214, FUT8, RPS4X, TTC3, SRP14, CD320, RBM5, 
TP53I11, CCND2, CAP1, ATP5B, ZXDC, HDAC6, CHMP5, NARFL, FTH1, SMARCA4, CENPB, YEATS2, ALDOA, ING4, PRKRA, BCL11B, TRIOBP, ZNF207, 
STMN4, SRI, GIT1, ZNF836, DBN1, CDC25A, PTN, MAZ, TANK, ZNF238, RPS3A, RPS13, JPH3, C19orf10 

Negative regulation of cell 
proliferation 

0.05 2 9 CUL1, TP53, COL18A1, AZGP1, RBM5, TP53I11, FTH1, ING4, PRKRA 

Cellular process 0.028 121 139 

ZNF33B, PIN4, ZNF232, NDEL1, RPL7A, STX16, EEF2, ZNF133, TTLL1, ZNF618, PDAP1, TNC, CUL1, LPHN1, POU6F1, STK32C, RPS12, CRIP2, CDC42BPB, 
KIF5B, AHSG, TRAF4, UFC1, ZNF410, C14orf153, SPTBN1, HES5, ARPC2, STUB1, NPTN, ZNF768, ZFP64, IK, ZNF502, PLK3, SARNP, EXOSC10, 
EBNA1BP2, RUFY1, ZNF436, ZNF358, ZNF44, KIF18B, CLSTN1, NUMA1, EIF4EBP3, PRDX1, GPD1, TP53, MARK3, ZFYVE27, PEX6,  ARF1, COQ4, ACTG1, 
HIST1H1C, ZNF761, PDRG1, TPT1, COL18A1, MED8, SRRT, GLRX3, NOP2, PRKAG1, TUBA1A, RPS3, BCL11A, PSIP1, SMARCA1, AZGP1, STK25, MRPS24, 
HNRPDL, PSMD10, IDH2, ISY1, HDAC2, FKBP3, ZNF214, FUT8, RPS4X, TTC3, SRP14, EGFL6, EHD1, SNX5, CD320, CKB, RBM5, TP53I11, CCND2, FDFT1, 
CAP1, ATP5B, LMO7, ZXDC, HDAC6, CHMP5, NARFL, FTH1, SMARCA4, MRPS11, CENPB, YEATS2, PODXL2, TSPAN7, ALDOA, ING4, PRKRA, TRAPPC2L, 
SFRS4,BCL11B, BIRC5, TRIOBP, ZNF207, BAG5, RNF130, STMN4, SRI, GAPDH, GIT1, ZNF836, DBN1, RPS8, ELAVL3, CDC25A, PTN, MAZ, CCT4, TANK, 
GRINL1A, DCTN2, GTF3C1, ZNF238, RPS3A, RPS13, JPH3, C19orf10 
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Protein microarray analysis 

BRB-ArrayTools was used to analyze the data derived from the microarrays processed with 

patient and healthy control sera. Using the PAM algorithm, a panel of 45 significant clones 

was identified which enabled the classification of benign, malignant and the control samples 

(Tab. 7). Out of 16 benign breast cancer samples 13 were predicted as malignant and 1 as 

control samples. Out of 24 malignant samples, 15 were correctly identified as malignant and 

out of 20 control samples, 15 were identified as healthy controls (Tab. 8).  

Table 7. Significant clones which gave 53% correct classification of benign, malignant and 
control samples. 

Clone Mean of 
intensities-
Benign 

Mean of 
intensities-
Malignant 

Mean of 
intensities-
Control 

Clone Mean of 
intensities-
Benign 

Mean of 
intensities-
Malignant 

Mean of 
intensities-
Control 

MPMGp800O19569 771 873 2350 MPMGp800C12577 4612 6308 9372 

MPMGp800A04578 661 988 2089 MPMGp800D07572 2779 3842 5680 

MPMGp800B23591 3413 6361 8182 MPMGp800J03569 2577 3938 5595 

MPMGp800C05534 2620 3276 6120 MPMGp800K23566 1159 1388 2249 

MPMGp800J12588 2811 4769 7704 MPMGp800K09596 486 803 931 

MPMGp800P03549 713 1251 1824 MPMGp800B14547 4080 6496 7714 

MPMGp800E06562 1821 3146 4255 MPMGp800E07573 1070 1455 2322 

MPMGp800N08514 2117 2684 5100 MPMGp800J14559 1241 1816 2795 

MPMGp800C13512 6892 11924 14827 MPMGp800M16590 633 987 1310 

MPMGp800M18568 3546 5284 10265 MPMGp800B07542 3237 4954 6160 

MPMGp800G21543 582 1036 1178 MPMGp800H10585 2021 3191 3776 

MPMGp800P10579 2721 5109 5867 MPMGp800A04595 962 1231 1891 

MPMGp800D20603 5286 7078 10918 MPMGp800C23586 2583 3625 5031 

MPMGp800P20514 1056 1685 2472 MPMGp800L24584 1432 2119 3074 

MPMGp800C17586 2674 3354 5335 MPMGp800M08589 2304 3599 4731 

MPMGp800B14528 3876 5321 8507 MPMGp800D21597 1291 1624 2542 

MPMGp800D08553 5203 5688 9919 MPMGp800C08590 3648 5139 7301 

MPMGp800C09514 3077 4065 6247 MPMGp800C23548 5102 7799 9416 

MPMGp800P21572 529 908 1009 MPMGp800C06602 9398 9864 16845 

MPMGp800A09563 5505 8596 11100 MPMGp800C18590 2327 3270 4706 

MPMGp800O17527 470 790 882 MPMGp800E01587 1156 1817 2295 

MPMGp800G21537 708 1016 1513 MPMGp800L04581 2651 2609 4436 

MPMGp800H01584 650 1130 1258         
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Table 8. Prediction of classes (Benign, Malignant and Control) using the classifier from PAM 
algorithm. A cross-tabulation of the classes in rows (true) versus columns (predicted) and the 
corresponding sensitivity, specificity, positive predictive value (PPV) and negative predictive value 
(NPV) is shown in the table 
Class Benign Malignant Normal Sensitivity Specificity PPV NPV 

Benign 2 13 1 0.125 0.932 0.4 0.745 

Malignant 2 15 7 0.625 0.556 0.484 0.69 

Normal 1 4 15 0.75 0.8 0.652 0.865 

 

Since majority of the benign samples were classified as malignant samples, the decision was 

made to compare the breast-nodule positive samples with the healthy controls. This 

comparison yielded 50 significant clones which enabled classification of breast-nodule 

positive samples and healthy controls (Tab.9). These significant 50 clones gave 93% correct 

classification prediction of breast-nodule positive sera from normal sera with 100% 

sensitivity and 85% specificity. 4 out of 16 control samples were predicted as breast-nodule 

positive, while all the 40 breast-nodule positive samples were correctly predicted as breast-

nodule positive (Tab. 10).   
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Table 9. Classifier clones derived from PAM which correctly classified breast-nodule samples from healthy controls. 
Clone  Gene E value Control- 

Intensities 
Breast-
nodule 
intensities 

Ratio of  
intensities 

Clone  Gene E value Control- 
Intensities 

Breast-
nodule 
intensities 

Ratio of  
intensities 

MPMGp800O19569 YBX1 0 1793 853 2.1 MPMGp800E07573 NUBP2 0 1772 1321 1.3 

MPMGp800A04578 HIP1R 0 1594 865 1.8 MPMGp800K01579 YBX1 0 1626 2150 0.8 

MPMGp800I19548 YBX1 0 1747 2831 0.6 MPMGp800M08528
#
 PODXL2 0 983 1353 0.7 

MPMGp800F12540 PRPF19 0 975 1405 0.7 MPMGp800F17571 RDBP 0 1500 1940 0.8 

MPMGp800H22523 RBM10 0 684 1043 0.7 MPMGp800G17568 RNF187 5E-119 818 1040 0.8 

MPMGp800P06511 YBX1 0 1303 2006 0.6 MPMGp800K23566 H2AFY 0 1716 1326 1.3 

MPMGp800I18557 CPLX2 0 898 1524 0.6 MPMGp800L15517*   680 837 0.8 

MPMGp800C05534*   4670 3077 1.5 MPMGp800B14528
#
 LPHN1 0 6491 4815 1.3 

MPMGp800N23548 YBX1 0 1684 2591 0.6 MPMGp800D08553 EIF3C 0 7569 5638 1.3 

MPMGp800P01595*   514 744 0.7 MPMGp800K10577
#
 JUP 0 1280 1624 0.8 

MPMGp800J06581 YBX1 0 2020 2966 0.7 MPMGp800F05518
#
 SPAG7 0 3939 5041 0.8 

MPMGp800H22512
#
 CENPB 0 2616 3923 0.7 MPMGp800C17586 EEF2 0 4071 3146 1.3 

MPMGp800K07565 YBX1 0 1993 2936 0.7 MPMGp800K22574
#
 SNX5 0 979 1175 0.8 

MPMGp800H05540 OSBPL7 0 6652 9692 0.7 MPMGp800H22541
#
 HIST1H1C 0 1910 2449 0.8 

MPMGp800I15594 ARPP21 0 1873 2618 0.7 MPMGp800M24582 PRDX1 0 1323 1004 1.3 

MPMGp800I07520
#
 SRRT 0 1743 2575 0.7 MPMGp800O02506

#
 SPAG7 0 5536 6937 0.8 

MPMGp800P13536 H2AFY 0 4062 6036 0.7 MPMGp800O13595
#
 PKM2 0 725 608 1.2 

MPMGp800P08541
#
 TANK 0 846 1187 0.7 MPMGp800C06602 CKB 0 12854 9937 1.3 

MPMGp800N08514 MAZ 0 3892 2507 1.6 MPMGp800H07541 MAZ 0 6275 4741 1.3 

MPMGp800L16562
#
 SPAG7 0 6575 9168 0.7 MPMGp800M05558 PIM3 0 4082 3033 1.3 

MPMGp800G16536*   968 1283 0.8 MPMGp800J24571 CBLL1 0 1175 1354 0.9 

MPMGp800M18568
#
 MAZ 0 7833 4627 1.7 MPMGp800N11538 C16orf13 1.63E-135 1043 1211 0.9 

MPMGp800N14581
#
 RPS3A 0 576 774 0.7 MPMGp800E06542

#
 MAZ 0 16454 13877 1.2 

MPMGp800J12588
#
 SMARCA1  5879 3965 1.5 MPMGp800M08567 EPB41L3 0 1042 920 1.1 

MPMGp800G05508 AKR7A2 0 1315 1736 0.8 MPMGp800K16540*     7281 6380 1.1 

#
In-frame clones.

 
*Clones whose sequences were not available
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Table 10. Prediction of classes (Breast-nodule positive and Control) using the classifier from 
PAM algorithm. A cross-tabulation of the classes in rows (true) versus columns (predicted) and the 
corresponding sensitivity, specificity, positive predictive value (PPV) and negative predictive value 
(NPV) is shown in the table 

Class Control Breast-nodule 

positive 

Sensitivity Specificity PPV NPV 

Control 16 4 0.8 1 1 0.909 

Breast-nodule 

positive 

0 40 1 0.85 0.93 1 

 

From the lists derived from PAM algorithm, 12 clones were found significant in both the lists. 

These lists of significant clones were compared to the list of positively reacting clones to 

breast-nodule positive sera and healthy control sera. 40 clones were found reacting 

positively to the breast-nodule positive sera and 9 clones were reacting positively to the 

healthy control sera, exclusively. 14 clones reacted positively to the sera from the patients 

and the controls.   

GeneTrail was used to find the set of genes, among the 34 genes encoded by the 50 

significant clones (which gave 93% correct classification prediction), which are over-

represented in the functional categories like KEGG, Transpath, Pfam and GO, with 

“Heidelberg human foetal brain” as reference sets. The parameters for the analyses were 

the same as used for the analysis of the 284 in-frame clones. The number of genes found 

annotated within the test set of 43 genes for KEGG, Transpath, GO and Pfam were found to 

be 7, 1, 27 and 26, respectively.  However, no genes related to any of the KEGG, Transpath 

and GO were found to be over-represented in the test set when compared to the reference 

set. 2 genes, ARPP21 and SPAG7 were found to be over-represented in R3H domain sub-

category of Pfam (p-value 0.001). The expected number of genes was 0.05 while the 

observed number of genes was 2. 

Discussion 

Over the years, macroarrays spotted with cDNA expression clones, have been used for TAA 

profiling. Macroarrays, spotted with hEx1 cDNA expression library clones, have been used 
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for the identification of auto-antibodies patients with glioma, chronic obstructive pulmonary 

disease (COPD) and Wilm’s tumour [44,45]. Auto-antibodies are known to be observed in the 

serum prior to the onset of breast cancer, lung cancer and prostate cancer [46-48]. This gives 

possibility of using the auto-antibodies as serological tools for the early diagnosis and 

management of cancer. 

These macroarrays were used for identifying a panel of 642 sero-reactive clones from a 

collection of 38,016 cDNA expression clones. An initial experiment was conducted to check 

the performance of the macroarrays when hybridized with purified IgG and native serum.  It 

was observed that the number of positive clones was higher when using native sera, 

compared to purified IgG. Based on the number of clones on the macroarrays, reacting 

positively to the sera/serum and purified IgG the decision was made to use native serum 

samples for TAA profiling. 

To check the reproducibility of the macroarrays, a reference serum was hybridized on the 

macroarrays which were then stripped and hybridized with blinded duplicates of serum 

pools from breast cancer patients and healthy controls (Pools 1-7). Blinded duplicates of the 

serum pools were used to avoid the experimental biasness. Signal intensities derived from 

the sero-reactive clones were used for hierarchical clustering. Although, the results from the 

single control serum analysed on every single membrane did cluster in a distinct tree, the 

sum of the positive-clones detected from each pool in both of the repeated analyses did not 

cluster with respect to the sample groups “normal”, “benign”, and “5 different pools of 

ductal and lobular breast tumour” (Pools 1-7) (Fig. 2). A total of 642 clones were found 

positive within all the macroarray experiments (including positive clones detected along the 

pre-test). 

Out of the panel of 642 sero-reactive clones identified from macroarray experiments, 284 

clones are cloned in-frame. 181 proteins were found to be encoded by the 284 clones, out of 

which 34 protein encoding genes were found to be enlisted in the SEREX database. These 

genes were reported in the database basing on various cancer studies. Through literature 

search, 7 (ALDOA, CENPB, EEF2, GAPDH, MAZ, PRDX1, and TP53) out of 34 genes were found 

to be reported as TAAs against variety of cancers (Tab. 5). In a study, conducted by Suzuki et 

al., on melanoma antigen identification by serological proteome approach found that 5 
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genes ALDOA, EEF2, GAPDH, ENO1 and HNRNP showed high reactivity in patient sera with 

G361 cell line protein spots compared to melanocytes [33]. In another study antibodies 

against ALDOA were identified in the sera from patients with Hepatocellular carcinoma [49]. 

Genes CENPB were mentioned to be significantly expressed in autoimmune diseases [50] 

and several studies have shown CENPB along with TP53 to be markedly associated with 

breast cancer survival and prognosis [51]. Over-expression of the genes CENBP, MAZ and 

PRDX1 was postulated to be linked to regulation of tumour progression, proliferation and 

metastasis [52,53]. PRDX1 was over-expressed in human oesophagus squamous cell 

carcinoma and MAZ protein isolated from cerebellar expression library showed significant 

reactivity against Hodgkin’s disease patient sera [54].  

Information of the molecular mechanisms is important to understand cellular behaviour and 

to predict the reasons for dysregulation, which may lead to cancer [55]. In silico analysis was 

done with the aim to find any sets of genes, among the genes expressed by the sero-reactive 

clones, which cluster together in accordance with certain functional categories like 

Transpath, Pfam and GO and are over-represented in breast cancer. Transpath is a database 

which provides information on signalling molecules, their reactions and the pathways these 

molecules are involved in [56]. KEGG is a collection of databases related to genomes, 

enzymatic pathways and biological chemicals of a cell [57].  Pfam is a database of protein 

families based on multiple sequence alignments and profile hidden Markov models [58,59]. 

GO is an initiative which helps standardizing the representation of a gene and gene product 

attributes across species and databases [60]. GO provides structured ontologies which 

classify the gene products with regards to biological process, cellular components and 

molecular functions irrespective of species [61]. In a meta-analysis study, conducted by 

Chopra, global cancer maps for KEGG, GO and Pfam were created based on 23 breast cancer 

microarray expression data sets. These maps revealed “hotspots” of activation/de-activation 

of breast cancer [62]. 

For having a better understanding of the genes/proteins, encoded by the sero-reactive 

clones, and their over-expression in various pathways, a web based toolkit called GeneTrail 

was employed.  The 284 in-frame clones (test set) were compared with a reference set, 

“Heidelberg human foetal brain”.  No genes were found to be over-represented in any of the 
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KEGG pathways in the test. A significant over-representation of the genes involved in various 

enriched sub-categories of Pfam, Transpath and GO were observed.  

Although the reproducibility of the macroarrays was not good enough to draw conclusions, 

this study enabled the identification of a sizable panel of clones which was used for 

recombinant protein expression and purification. Protein microarrays serve as very good 

alternative to protein macroarrays. Protein microarrays do have certain advantages over 

protein macroarrays. One of them being the signals derived from macroarrays are not as 

dynamic as compared to 16 bit (0-216) dynamic range of standard microarrays. Only few 

microliters (approximately 10 µL) of serum sample are enough for the validation of auto-

antibody signatures. In another experiment, it was observed that the signal patterns 

obtained by microarrays analysis of brain and lung tumour patients' sera were highly 

reproducible (R=0.92-0.96) [27]. The panel of 642 sero-reactive clones obtained from 

macroarray screenings were used for the expression of His-tag proteins. These recombinant 

proteins were used for the production of targeted protein microarrays for TAA profiling 

using serum samples from breast cancer patients (n=24), females with benign 

fibroadenomas (n=16) and control individuals (n=20). Upon statistical evaluation of the 

signal intensities derived from the processed microarrays, using the PAM algorithm, the 

healthy control serum samples were differentiated from breast-nodule positive patients’ 

sera with 100% sensitivity 85% specificity. However, the attempt to differentiate all the 

three classes (benign, malignant and healthy controls) yielded only 53% correct 

classification. Furthermore, GeneTrail analysis of the genes expressed by the classifier clones 

showed enrichment of R3H domain.   

Conclusion  

The macroarrays were used for a broad screening and deduced a panel of 642 sero-reactive 

clones from an expression library consisting 38,016 recombinant protein expressing clones. 

In silico analysis of the in-frame clones revealed enrichment of functional categories, like 

Transpath, Pfam and GO, in breast cancer. Using the recombinant proteins derived from 642 

sero-reactive clones targeted array was generated for TAA profiling using patient sera and 

controls. With these protein microarrays, breast-nodule positive (benign and malignant) sera 
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could be differentiated from healthy control sera using 50 clones derived from PAM 

algorithm. 
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Abstract 

The simplicity and potential of minimal invasive testing using serum from patients make 

auto-antibody based biomarkers a very promising tool for use in diagnostics of cancer. 

Protein microarrays have been used for the identification of such auto-antibody signatures. 

On the other hand, peptide microarrays have proven to be a very useful means to study 

protein-protein interaction. This property can be exploited in the field of cancer diagnostics. 

In this study, 1185 antigenic peptides were designed which were deduced from proteins 

expressed by 642 cDNA expression clones found sero-reactive in breast cancer patients and 

controls. The subsequent peptides and proteins were used for the production of peptide and 

protein microarrays and serum samples from females with benign and malignant breast 

tumours and healthy control sera (n=16 per group) were analysed. Correct classification of 

the serum samples on peptide microarrays 78% for discrimination of malignant versus 

healthy controls, 72% for benign versus malignant and 94% for benign vs controls; on protein 

arrays correct classification for these contrasts was 69%, 59% and 59%, respectively. The 

over-representation analysis of the classifiers derived from the class prediction showed 

enrichment of genes associated with ribosomes, spliceosomes, endocytosis and pentose 

phosphate pathway. Sequence analyses of the peptides with highest sero-reactivity showed 

enrichment of the zinc-finger domain as well as peptide reactivities are particularly 

negatively correlated with hydrophobicity while conversely they are positively correlated 

with positive charge, high inter-residue protein contact energies and possibly a secondary 

structure propensity bias. This study hints the possibility of using in silico designed antigenic 

peptide microarrays as an alternative to protein microarrays for improving tumour-auto-

antibody based diagnostics. 
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Background 

Breast cancer is the leading tumour type in women in sense of occurrence with an estimated 

1 million new cases each year [1,2]. Survival rate is highly correlated with the stage of cancer 

when diagnosis take place thus early detection of this malignancy would be essential. Over 

the past decades several new diagnostic tools were developed, such as mammography and 

magnetic resonance imaging (MRI), although definitive answers still require biopsy and 

histopathological examination. Biopsy is highly invasive and usually applied only with a more 

advanced stage of the disease.  

Blood-based biomarker discovery is an emerging field of cancer research with the hope of 

identification specific and sensitive markers, which enable clinicians to bring decisions with 

great accuracy and reliability. Detection of tumour-associated auto-antibodies from a few 

drops of blood may provide a possibility to screen patients with the suspicion of breast 

cancer or even before, through periodical examination. Tumour-associated antibodies can 

be identified through selective binding to special antigens, the so-called tumour-associated 

antigens. Tumour-associated antigens (TAAs) derived from aberrantly expressed proteins 

during the onset and progression of cancer development. These antigens display “non-self” 

epitopes, which trigger the immune system to remove them. The observed antigenicity have 

been attributed to multiple features of cancer growth, including accumulated mutations in 

cancer cells (e.g. point mutations, translocations), over-expression and translation of 

“differentiation genes”, which otherwise would not be present in adulthood, altered post-

translational modifications or to gene products derived from aberrant splicing [3]. These 

molecules usually possess important functions in tumourigenesis, such as regulation of cell 

cycle, cell proliferation and apoptosis [4]. Previous studies have already elucidated several 

TAAs from the sera of breast cancer patients, such as MUC1, HSP90, HER2/neu, c-myc, NY-

ESO1/LAGE1 and Lipophilin B [5-8]. Auto-antibodies against p53 tumour suppressor were 

also detected in the sera of 9-26% of women with breast cancer [9]. However, it has been 

shown that assaying of sera, reactivity for a single TAA is neither sensitive nor specific 

enough to discriminate between healthy individuals and cancer patients and thus rather a 

combination of multiple TAAs would be preferred to generate a classifier being employed for 

diagnostics.  
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Several methods have been developed to identify, screen and validate discriminative TAAs. 

SEREX (Serological Analysis of Recombinant Expressed cDNAs) and SERPA (Serological 

Proteomics Analysis) are such methods to identify de novo TAAs directly from tumour cells 

[10]. Although these methods have been used successfully to uncover new antigens [11-13], 

the drawback of these technologies is that they are labour intensive and small scale. Higher 

throughput methods like protein macro- and microarrays allow simultaneous quantification 

of serum reactivity of thousands of proteins. One of the major challenges of these 

applications is the requirement of a huge number of in frame cDNA clones and then 

expression and purification of the cognate proteins from these cDNA clones. The 

physicochemical properties (i.e. length vs. hydrophobic domains) of expressed proteins are 

usually highly variable and displaying of the reactive epitopes is cumbersome. Peptide 

microarray is another alternative solution since shorter peptide sequences may recapitulate 

the biological function (i.e. here, the antigenic epitope) of the corresponding protein [14,15]. 

Production of synthetic peptides is a well established technique and using peptide arrays as 

potential alternative to protein arrays would have several advantages. The concept of 

peptide array was first proposed by Southern in 1988 [16], then photolithographic peptide 

synthesis on a glass surface [17] and the SPOT-synthesis technology [18] accelerated their 

applications in microarray experiments [19]. 

In this chapter, the performance of a SPOT-synthesized peptide microarray was evaluated. 

This technology utilizes the traditional fmoc chemistry to synthesize peptides in single 

droplets in situ on the surface of slides.  Based on a semi-empirical method developed by 

Kolaskar and Tongaonkar [20], antigenic peptides were deduced from a set of previously 

identified, protein microarray derived, antigenic proteins. These peptides were probed with 

sera of breast cancer patients, sera from individuals with benign breast nodules (benign and 

malignant) and compared them with samples from healthy donors. Further evaluation was 

done to identify the sero-reactive peptides using bioinformatics tools and panels of TAAs 

was defined, which are able to discriminate between samples of healthy control, malignant- 

and benign tumours. 
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Methods 

Serum samples 

Serum samples were obtained after the consent of the breast cancer patients and healthy 

women and were stored at -80°C. The study was approved by the Ethics Committee of the 

Medical University of Vienna and the General Hospital of Vienna (study number: 143/2007). 

For the protein and peptide microarray analysis of breast cancer serum biomarkers, 48 

serum samples (malignant n=16; benign n=16; healthy n=16) were used. The clinical and the 

pathological cohorts of the serum samples are described in the table 1. All the 16 malignant 

samples were collected from patients diagnosed with invasive ductal carcinoma and were 

positive to the HER2/neu test. The benign samples were collected from the patients 

diagnosed with fibroadenoma. Healthy control individual’s serum samples (n=16, mean age 

76.9±7.15) were collected from healthy volunteers with no individual or familial history of 

breast or ovarian cancer. 
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Table 1. Clinical and pathological data of the patient-study cohort. Benign and maligant samples 
were collected from patients with fibroadenomas and invasive ductal carcinoma 

 Benign (n=16) Malignant (n=16) 

Age (years)
a
 52.5±4.9 53.75±8 

Grading
b
  

G1 - 1 

G2 - 5 

G3 - 10 

Oestrogen receptor positive - 9 

pT stage
c 

 

pT1; pT1b; pT1c; pT1mic; pT2 - 3; 3; 7; 1; 2 

pN stage
d
  

pN0; pN1; pN1a; pN2; pN2a; pN3 - 7; 1; 1; 1; 3; 2 

Metastasis stage
e
: M0 - 6 

Menopause status
f 

 

Pre-menopause 3 4 

Post-menopause 8 11 

a
The age of the patients represented as mean age±standard deviation. bG1 (low-grade), G2 

(intermediate grade) and G3 (high-grade). Low-grade tumours are usually slow growing and are less 
likely to spread. High-grade tumours are likely to grow more quickly and are more likely to spread. 
c
pT1: Tumor 2.0 cm or less in greatest dimension; pT1b: Tumor more than 0.5 cm but not more than 

1.0 cm in greatest dimension; pT1c: Tumor more than 1.0 cm but not more than 2.0 cm in greatest 
dimension; pT1mic: Microinvasion 0.1 cm or less in greatest dimension; pT2: Tumor more than 2.0 cm 
but not more than 5.0 cm in greatest dimension. 

d
pN stage: information available for 15 patients. pN0: 

No regional lymph node metastasis; pN1: Metastasis to movable ipsilateral axillary lymph node(s); 
pN1a: Only micrometastasis (none larger than 0.2 cm); pN2: Metastasis to ipsilateral axillary lymph 
node(s) fixed to each other or to other structures; pN2a. Metastasis in 4-9 axillary lymph nodes, 
including at least one that is larger than 2 mm; pN3: Metastasis to ipsilateral internal mammary lymph 
node(s). 

e
Metastasis stage: information from 6 patients. M0: No distant metastasis. 

f
Information from 

11 benign and 15 malignant samples.  

 

Protein extraction and purification 

In an earlier study 642 clones were identified, from a collection of 38,016 cDNA expression E. 

coli clones (hEx1 library [21]), which reacted positively to the sera from the breast cancer 

patients and the healthy control individuals. For the recombinant protein expression in E. 

coli and protein purification, the procedure developed by Stempfer et al. was followed [11]. 
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In brief, the cDNA expression clones were cultured in 96 deep well plates and were induced 

by an autoinduction strategy for recombinant protein production. The expressed His-tagged 

proteins were then purified using Ni-NTA agarose and eluted in microarray spotting buffer 

(50 mM KH2PO4 and 50 mM K2HPO4, pH 8.0, 500 mM imidazole, 0.01% SDS and 0.01% NaN3).  

Design of Antigenic Peptides  

Peptides corresponding to the 642 reactive proteins were designed as an alternative to the 

recombinant proteins found reactive in the initial membrane screening. To predict the 

antigenic peptides, the EMBOSS tool “Antigenic” (http://liv.bmc.uu.se/cgi-

bin/emboss/antigenic) was used. The minimum length of the predicted peptide sequences is 

6 amino acids (aa). The “Antigenic” tool employs a semi-empirical method developed by 

Kolaskar and Tongaonkar for the selection of antigenic peptide sequences. This method uses 

the physicochemical properties of amino acid residues and their frequencies of occurrence in 

experimentally known segmental epitopes to predict antigenic determinants on proteins 

[20].  

The DNA sequence was available for 596 of the 642 clones; of those 581 clones were unique 

and were used for the antigenic peptide prediction. The default settings of the “Antigenic” 

tool were used and for each unique clone sequence, 2-3 different peptides were selected 

based on the antigenicity score and peptide-length. For technical reasons warranting 

uniform synthesis, peptides sized 8-10 aa were selected. Based on the maximum antigenicity 

score, those antigenic peptides which were longer than 10 aa were shortened but 

warranting to cover the maximum score aa-position. For antigenic motifs shorter than 8 aa 

peptides, N terminal aa corresponding to the template sequence were added.  In addition 

tetanus specific antigenic peptides were designed for the NCBI reference sequence 

NP_783831; 56 tetanus specific peptides were selected from all potential antigenic peptides 

based on the max antigenicity score and peptides of 10 aa length selected for synthesis as 

described above. 

Finding over-represented motifs in the peptide set, sequences were submitted to MEME 

motif search web-based tool (http://meme.nbcr.net). Motif was considered as enriched if it 

had at least 5 sequences (sites) with an E-value less than 0.001. Motif search was done also 

http://liv.bmc.uu.se/cgi-bin/emboss/antigenic
http://liv.bmc.uu.se/cgi-bin/emboss/antigenic
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with peptide sequences with high intensities (defined as median log2 intensities >13; min.: 

6.21; max.: 15.84). 

Microarray production 

The procedure for the protein microarray production has been described in the chapter 1 

which has been published in BMC Cancer [11]. In brief, the protein microarrays were 

generated using the purified recombinant proteins obtained from the cDNA expression E. 

coli clones. These purified proteins were spotted using an Omnigrid arrayer (GeneMachines) 

with SMP 3 pins (TeleChem International Inc.) under adjusted air humidity of between 55% 

and 60%. Spots were printed in duplicates on ARChip Epoxy slides [22]. Each microarray 

contained 4 identical subarrays. Crude clarified protein extract of the E. coli host was used 

for positive control spots and plain buffer spots were used as negative controls.  

For the generation of peptide microarrays, 1212 clone-specific and 56 tetanus specific short 

peptides were synthesized using SPOT synthesis technology (JPT Peptide Technologies 

GmbH). Aminooxy-acetylated peptides were synthesized in parallel on cellulose membranes. 

Once the de-protection of the side chain was done, the solid phase-bound peptides were 

transferred to 96well microtitre filtration plates (Millipore). These peptides were cleaved 

from the cellulose membranes using 200 ml of aqueous triethylamine (0.5% v/v). The 

triethylamine-peptide solution was filtered and the evaporation under reduced pressure was 

conducted to remove the solvent. This was followed by re-dissolving of the resultant peptide 

derivatives (50 nmol) in 25 mL of spot buffer (70% DMSO, 25% 0.2 M sodium acetate pH 4.5, 

5% v/v glycerol). The re-dissolved peptide solution was transferred into 384well microtitre 

plates and was used for the generation of the peptide arrays.  Two droplets of 0.5 nL peptide 

solution (1 mM) were immobilized in triplicates on ARChip Epoxy slides [22], with 4 identical 

sub-arrays on each slide. For the immobilization of the peptide solution a non-contact 

printer Nanoplotter (GESIM) fitted with a piezoelectric NanoTip (GESIM) was used. Apart 

from the peptides derived from the cDNA clone-proteins human Igs (IgA, IgE, IgG and IgM) 

and 56 tetanus toxin (TT) specific peptides were also immobilized on the peptide 

microarrays. The human Igs and TT specific peptides were used as positive controls, while 

the empty buffer spots were used as negative spots. 
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Microarray processing 

The microarrays were blocked with DIG easy Hyb (Roche Applied Science) for 30min and 

then washed twice in Phosphate Buffered Saline with 0.1% Tween 20 (PBST) for 5min. Breast 

cancer serum samples (benign; n=16 and malignant; n=16) and control sera (n=16) diluted in 

1:10 with PBST were applied onto the microarrays and incubated for 2h. Then, the 

microarrays were washed twice in PBST for 5min. This was followed by incubation for 30min 

with goat anti human IgG detection antibody fluorescently labelled with Alexa647 dye 

(Invitrogen, Vienna, Austria) diluted 1:500 in PBST+3% non-fat dry milk powder. Later, the 

microarrays were washed twice in PBST for 5min. The array images of the processed slides 

were captured using an Axon Genepix 4000A microarray scanner (Molecular Devices). 

Data analysis 

Fluorescence intensity values (median after subtraction of the local background) were 

calculated from the scanned images using Genepix software (Molecular Devices). Statistical 

analysis of the microarray experiments was performed using the BRB-ArrayTools software 

3.8.1 [http://linus.nci.nih.gov/BRB-ArrayTools.html] developed by Dr. R Simon and Amy Peng 

Lam [23]. The log2-transformed values of the signal intensities obtained from the scanned 

images of the processed microarrays were used for the analysis. The peptide microarray 

data were normalized using the “house-keeping gene” normalisation option within BRB-

ArrayTools using the “Tetanus peptides” and “Igs” spots as normalisation features. For the 

data from protein microarrays, a global normalization was used to normalize each array 

using the relative median over all the log intensity values within one experiment. To identify 

the proteins/peptides that expressed differentially between classes, a random-variance t-

test was applied to the data sets [24]. Significance of differentially expressed 

proteins/peptides was ranked using the p-value of the univariate test. In addition, the false 

discovery rate (FDR) was calculated using the method of Benjamini and Hochberg as 

provided within BRB-ArrayTools software. Further statistical data analysis was performed 

using R version 2.6.2 [25].  

For defining a classifier set of antigenic proteins and peptides, the class prediction tools 

implemented in BRB-ArrayTools were used and leave one out cross validation was 
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conducted. Different classification algorithms (compound covariate, k nearest neighbour, 

nearest centroid, support vector machines, diagonal linear discriminant analyses and 

Bayesian compound covariate prediction) were run for model generation. The model 

incorporated the peptides and proteins that were differentially expressed among genes at 

the 0.01 and 0.05 significance level as assessed by the random variance t-test, respectively 

[24]. The estimation of the prediction error of each model was done using leave-one-out 

cross-validation (LOOCV) as described by Simon and colleagues [26]. For each LOOCV 

training set, the entire model building process was repeated, including the peptide and 

protein selection process. It was also evaluated whether the cross-validated error rate 

estimate for a model was significantly less than one would expect from random prediction. 

The class labels were randomly permuted and the entire LOOCV process was repeated. The 

significance level is the proportion of the random permutations that gave a cross-validated 

error rate no greater than the cross-validated error rate obtained with the real data. Cross-

Validation ROC (receiver operating curve) analyses from the Bayesian Compound Covariate 

Predictor were conducted and area under curve (AUC) values were calculated as 

implemented in BRB-ArrayTools’ class prediction tools.  

Over-representation analysis 

An over-representation analysis (ORA) of the classifiers derived from the microarray 

experiments was done using the gene set enrichment analysis tool “GeneTrail” [27]. The 

classifiers from the peptide microarray analysis were traced back to the proteins they were 

derived from and the ORA was performed using the corresponding gene Ids. Similarly, the 

classifiers from the protein array analysis were used for the ORA. The ORA was conducted 

using a “hypergeometric distribution test” statistical test method. As a reference set, all 

human genes were used to which the gene Ids corresponding to the classifiers were 

compared. The significance value of 0.05 was chosen and was adjusted by false discovery 

rate (FDR) adjustment.  
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Results 

Antigenic motif search 

Out of 642 clone-proteins which were used for the protein microarray production, 

sequences of 596 proteins were available. All 3 possible reading frames of DNA sequences 

coding for proteins were collected and checked for the longest uninterrupted sequence of 

ORF. After eliminating the duplicates 581 unique sequences were found which were used for 

antigenic motif search. Using the “Antigenic” tool yielded 4492 antigenic peptides for these 

581 clone-sequences, resembling an average of 8.4 peptides per clone. When the length of 

the 4492 antigenic peptides were plotted against frequency of occurrence, a high frequency 

of occurrence was observed with peptides of length ranging from 6 to 20 amino acids  (Fig.1) 

and also, a uniform distribution of antigenic motifs was found along the 581 clone-

sequences subjected to peptide design (Fig.2). 

 

Figure 1: Length distribution of 4492 peptides. This figure A shows the frequency of occurrence (Y-
axis) of the peptides with regards to the length of the antigenic motif (X-axis). A relatively high 
frequency of occurrence was observed for the short-length peptides. The figure B shows the 

distribution of 4492 antigenic motifs along the 581 clone sequences. The x-axis depicts the start 

amino acid position within the targeted clone-sequences; on the y-axis the length of the antigenic-
peptides is depicted.  A uniform distribution of the antigenic motifs was observed along the clone 
sequences. Density of plotted antigenic motifs is highest for short peptides (<20mers; y-axis). 

 

Of the 4492 antigenic motifs 2866 were unique motifs. From of these 2866 antigenic motifs, 

2-3 peptides per clone were selected which had maximum scores and thus identified 1212 
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peptides. Out of these 1212 peptides, 53%, 33.7% and 13.2% of the peptides were 8-10 aa, 

7-14 aa and more than 14 aa long, respectively (Tab. 2). Peptides with lengths ranging 6 to14 

were present at highest frequency compared to the longer peptides (Fig.2). These 1185 

single peptides including the human Igs and the 56 TT specific peptides were used for the 

peptide array production.  

 

Figure 2: Length distribution of 1185 single peptides. This figure shows the frequency of 
occurrence (Y-axis) of the peptides with regards to the length of the antigenic motif (X-axis). 
 

Table 2: Number of peptides with regards to the length of the antigenic motifs and the number 
of the corresponding clones. 

Length (aa) Number of peptides Number of clones 

8-10 643 329 

7-14 409 79 

>14 160 55 

 

Serum reactivity of “antigenic” peptide arrays 

Median intensities of each duplicate peptide spot from 48 microarray analyses were 

calculated and used for evaluation of any correlation of the serum-reactivity with the 

“antigenicity score” and the influence on addition / removal of aa from the antigenic motif 

to synthesized and spotted 8-10 aa peptides. It was not possible to find any correlation of 

microarray signal intensities with “length adjustment of peptides” and “antigenicity scores” 

(Fig. 3).  
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Figure 3: Antigenic reactivity derived from 48 samples. Median peptide array intensities  
were plotted versus the “antigenicity score” (A), and the “length adjustment” (denoted 
“pos”) - positive values correspond to the number of aa’s added, negative values to aa’s 
removed from antigenic motifs for generation of 8-10aa peptides for array spotting (B).  

 

Motif enrichment analysis 

For screening of enriched peptide motifs in the microarray peptide-set, the MEME motif 

discovery tool [28] was used. The most significant and highly represented motif found was 

similar to Zinc-finger domains of Zn-H2C2-type. Motif logo consisted of 26 sequences and 

the diagram clearly depicts the highly weighted two central cysteines, separated by two 

other amino acids (Fig. 4A, see pfam13465: zf-H2C2_2). Seemingly the first two amino acids 

(proline and tyrosine) have also conserved role to constitute these domains (Fig. 4A). In a 

second screen, only those peptides that were considered highly antigenic were used to see if 

it is possible to identify back to these motifs. The analysis of highly active peptides 

elucidated similar results (Fig. 4B). Although these motifs were “narrower” (since less 

sequences), they clearly depicted the Zinc-finger domain characteristic for the superfamily. 

The finding that Zinc-finger domains are antigenic is concomitant with previous reports, 

which found several members of Zinc-finger proteins as tumour-associated antigens [29]. 
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Fig 4: Sequence logos of enriched motifs. A: Sequence logo depicting the most significant 
motif (E-value: 1.0-e100, 26 sites). B: Analysis of peptides with high experimental signal 
intensity giving very similar result (E-value: 9.8e-23, 11 sites). MEME sequence logos 
represent probability matrices that specify the probability of each letter in all possible 
position. 

 

Microarray analysis  

The data obtained upon processing the protein and the peptide microarrays with the breast 

cancer and the healthy control sera was subjected to statistical evaluation. The class 

prediction elucidated a marker-set of 54 peptides which enabled the classification of 

malignant samples and healthy controls with 75% sensitivity and 81.2% specificity and 78% 

correct classification (compound covariate classifier) (Tab. 3). The list of the classifier 

peptides are shown in the Table 4. The ROC curve derived from this class prediction (Fig.5A) 

showed the AUC values of 0.758. For the prediction of the same classes on protein array, a 

marker-set of 57 proteins was deduced (Tab. 5). These proteins enabled the 69% correct 

classification of the malignant samples and healthy controls with 62.5% sensitivity, 75% 

specificity (Tab. 3) and AUC value of 0.68 (support vector machine classifier) (Fig. 5B). 
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Table 3: Class predication of benign, malignant and control samples using peptide and protein 
arrays. 

Classes Microarray Classification 
method 

Correctly 
classified (%) 

Sensitivity (%) Specificity (%) PPV NPV AUC 

Malignant vs. 
Control 

Peptide CCP 78 75 81.2 0.8 0.765 0.758 

Protein SVM 69 62.5 75 0.714 0.667 0.68 

Benign 
vs. Malignant 

Peptide 3-NN 72 62.5 81.2 0.769 0.684 0.6 

Protein 1-NN 59 87.5 31.2 0.56 0.714 0.461 

Benign 
vs. 

Control 

Peptide 1-NN 94 93.8 93.8 0.938 0.938 0.852 

Protein CCP 59 62.5 56.2 0.588 0.6 0.648 

PPV: positve predictive value. NPV: negative predictive value. PPV and NPV are the proportions of 
the samples with positive test and negative test results, respectively, which are correctly diagnosed. 

Compound covariate predictor; Support vector machine; 3-Nearest neighbours; 1-Nearest neighbour
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Table 4: Classifier peptides derived from class prediction which correctly classified malignant samples and healthy controls. 

Peptide Id p-value t-value Fold-change Peptide Id p-value t-value Fold-change 

1127_429_MPMGp800P04517_2_32q0 0.0002 -4.213 0.31 394_147_MPMGp800F12540_3_131q0 0.00613 -2.912 0.39 

628_236_MPMGp800I16557_3_196q-3 0.0004 -3.916 0.3 84_31_MPMGp800B03538_3_7q0 0.00627 -2.903 0.43 

1041_396_MPMGp800N20541_2_70q0 0.0004 -3.905 0.44 106_40_MPMGp800B13557_2_132q0 0.00630 -2.901 0.43 

1132_431_MPMGp800P05578_2_230q3 0.0006 -3.772 0.16 865_326_MPMGp800L08582_2_84q-39 0.00641 -2.894 0.34 

723_274_MPMGp800J23565_2_201q0 0.0006 -3.735 0.39 1151_438_MPMGp800P09510_2_121q-68 0.00656 -2.886 0.46 

651_245_MPMGp800J02584_2_54q0 0.0007 -3.729 0.34 1177_448_MPMGp800P17553_1_229q-3 0.00692 -2.865 0.56 

900_340_MPMGp800L19532_3_33q-24 0.0009 -3.625 0.38 730_277_MPMGp800K03508_3_75q0 0.00692 -2.865 0.35 

653_245_MPMGp800J02584_2_147q0 0.0010 -3.596 0.3 255_93_MPMGp800D09600_2_70q-1 0.00711 -2.854 0.47 

367_136_MPMGp800F02569_2_50q0 0.0013 -3.491 0.36 1027_389_MPMGp800N14584_2_62q0 0.00717 -2.851 0.47 

1037_393_MPMGp800N17552_1_121q-3 0.0020 -3.328 0.39 292_107_MPMGp800D20603_3_135q-2 0.00738 -2.84 0.37 

543_204_MPMGp800H14523_1_58q0 0.0022 -3.299 0.55 599_226_MPMGp800I07544_2_217q0 0.00748 -2.834 0.54 

104_39_MPMGp800B13514_2_12q-4 0.0022 -3.295 0.33 1103_420_MPMGp800O17527_1_139q-11 0.00769 -2.824 0.46 

1124_428_MPMGp800P03549_2_137q-1 0.0027 -3.227 0.28 IgA-human 0.00790 -2.813 0.39 

867_326_MPMGp800L08582_2_217q4 0.0027 -3.224 0.31 136_52_MPMGp800C02520_1_34q-17 0.00799 -2.808 0.44 

4_1_MPMGp800A02550_2_41q0 0.0036 -3.11 0.5 21_6_MPMGp800A07545_2_216q-1 0.00811 -2.803 0.32 

1118_426_MPMGp800P01541_1_211q-36 0.0037 -3.1 0.3 887_335_MPMGp800L14578_2_14q-1 0.00830 -2.793 0.52 

955_360_MPMGp800M10592_2_164q0 0.0039 -3.082 0.33 766_290_MPMGp800K11529_2_81q0 0.00848 -2.785 0.47 

792_300_MPMGp800K17510_2_129q-11 0.0041 -3.069 0.41 549_206_MPMGp800H15530_2_14q0 0.00883 -2.769 0.48 

8_Tet_NP783831_174q3 0.0042 -3.06 0.46 478_178_MPMGp800G20576_1_138q-41 0.00909 -2.757 0.42 

455_169_MPMGp800G13583_3_126q0 0.0043 -3.051 0.33 835_316_MPMGp800L02571_2_72q-2 0.00928 -2.749 0.46 

282_103_MPMGp800D17584_2_187q-35 0.0043 -3.048 0.38 42_Tet_NP783831_783q-4 0.00939 -2.745 0.48 

1149_437_MPMGp800P08580_1_211q-21 0.0045 -3.032 0.42 886_334_MPMGp800L14571_2_158q0 0.00974 -2.73 0.42 

663_249_MPMGp800J05542_1_195q0 0.0046 -3.019 0.49 82_30_MPMGp800A24590_3_34q-6 0.00996 -2.721 0.47 

825_312_MPMGp800K22574_2_189q-1 0.0048 -3.006 0.41 459_170_MPMGp800G14567_3_151q-5 0.01000 2.719 1.8 

696_262_MPMGp800J16572_2_25q-41 0.0051 -2.986 0.45 381_142_MPMGp800F08524_2_4q4 0.00974 2.73 3.98 

22_Tet_NP783831_511q-6 0.0059 -2.928 0.44 86_31_MPMGp800B03538_3_199q0 0.00746 2.836 1.62 

935_353_MPMGp800M07508_1_43q-2 0.0061 -2.916 0.38 IgM-human 0.00201 3.331 2.28 
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Table 5: Classifier proteins derived from class prediction which correctly classified malignant samples and healthy controls.  

Clone Id p-value  t-value  Fold-change  Clone Id p-value  t-value  Fold-change  

MPMGp800L18590 0.01 -2.806 0.52 MPMGp800D07572 0.03 2.196 1.46 

MPMGp800L10514 0.01 -2.726 0.54 MPMGp800H07544 0.03 2.208 1.64 

MPMGp800J20511 0.01 -2.665 0.61 MPMGp800D02584 0.03 2.215 1.54 

MPMGp800F17571 0.01 -2.584 0.64 MPMGp800D17584 0.03 2.274 1.59 

MPMGp800G09586 0.02 -2.513 0.66 MPMGp800I01598 0.03 2.278 1.6 

MPMGp800J11531 0.02 -2.505 0.62 MPMGp800M10592 0.03 2.294 1.58 

MPMGp800J10529 0.02 -2.487 0.65 MPMGp800D17517 0.03 2.312 1.65 

MPMGp800J09577 0.02 -2.486 0.52 MPMGp800C06579 0.02 2.338 1.64 

MPMGp800O18529 0.02 -2.424 0.42 MPMGp800K20532 0.02 2.391 2 

MPMGp800J16581 0.02 -2.392 0.53 MPMGp800D17529 0.02 2.393 1.64 

MPMGp800G15509 0.03 -2.307 0.62 MPMGp800A03524 0.02 2.405 1.65 

MPMGp800M10544 0.03 -2.291 0.65 MPMGp800D08553 0.02 2.501 1.78 

MPMGp800J02584 0.03 -2.279 0.55 MPMGp800B10579 0.01 2.687 2.21 

MPMGp800E24584 0.03 -2.201 0.66 MPMGp800D14551 0.01 2.704 1.68 

MPMGp800N22556 0.04 -2.18 0.65 MPMGp800I06598 0.01 2.738 2.24 

MPMGp800D22540 0.04 -2.162 0.5 MPMGp800K22533 0.01 2.828 1.61 

MPMGp800O14536 0.04 -2.161 0.66 MPMGp800C02520 0.01 2.838 2.09 

MPMGp800E21533 0.04 -2.15 0.53 MPMGp800P10579 0.01 2.885 2.17 

MPMGp800M21592 0.04 -2.126 0.59 MPMGp800F10589 0.01 2.895 2.26 

MPMGp800K15583 0.04 -2.124 0.69 MPMGp800D06601 0.01 2.918 1.82 

MPMGp800P21572 0.04 -2.119 0.53 MPMGp800D14506 0.01 3.4001 1.95 

MPMGp800L07522 0.04 -2.118 0.68 MPMGp800O10518 0.01 3.4366 2.06 

MPMGp800E11583 0.05 -2.046 0.62 MPMGp800D13550 0.01 2.956 2.16 

MPMGp800G07549 0.05 -2.034 0.68 MPMGp800H22541 0.00 3.028 1.87 

MPMGp800F02519 0.05 -2.033 0.65 MPMGp800C20586 0.00 3.199 1.96 

MPMGp800I14518 0.05 2.041 1.57 MPMGp800C22515 0.00 3.235 2.43 

MPMGp800H01584 0.05 2.061 1.39 MPMGp800C06590 0.00 3.235 2.02 

MPMGp800C13512 0.04 2.145 1.57 MPMGp800D09526 0.00 3.786 2.14 

MPMGp800D17570 0.03 2.189 1.51         
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The class prediction of the benign and malignant samples on peptide array elucidated 9 

peptides (Tab. 6) which enabled correct classification of 72% (3-Nearest Neighbours 

classifier) with 62.5% sensitivity and 81.2% specificity (Tab. 3) An AUC value of 0.6 was 

observed for this class prediction (Fig. 5D). Similarly on protein array, 17 proteins (Tab. 7) 

enabled the class prediction of benign and malignant samples with 59% 62.5% correct 

classification (1-Nearest neighbour), 87.5% sensitivity, 31.2% specificity (Tab. 3) and AUC 

value of 0.461 (Fig. 5E) (Tab. 3). 

Table 6: Classifier peptides derived from class prediction which correctly classified malignant 
samples and benign samples.  

Peptide Id  p-value  t-value  Fold-
change  

88_33_MPMGp800B05530_2_13q-6 0.0044 -3.038 0.63 

956_360_MPMGp800M10592_2_188q0 0.0049 -2.995 0.44 

47_Tet_NP783831_847q0 0.0095 2.741 3.38 

950_358_MPMGp800M08591_2_70q0 0.0082 2.796 1.56 

651_245_MPMGp800J02584_2_54q0 0.0060 2.919 2.47 

1132_431_MPMGp800P05578_2_230q3 0.0059 2.927 3.19 

1041_396_MPMGp800N20541_2_70q0 0.0050 2.992 1.95 

653_245_MPMGp800J02584_2_147q0 0.0048 3.003 2.32 

1055_402_MPMGp800N24595_2_98q0 0.0018 3.367 2.97 

 

Table 7: Classifier proteins derived from class prediction which correctly classified malignant 
samples and benign samples.  

Clone Id p-value  t-value  Fold-change  

MPMGp800H15573 0.0080 -2.795 0.55 

MPMGp800C06590 0.0167 -2.5 0.6 

MPMGp800K20532 0.0304 -2.246 0.53 

MPMGp800F24553 0.0351 -2.183 0.61 

MPMGp800A17595 0.0409 -2.114 0.64 

MPMGp800H12591 0.0438 2.082 1.7 

MPMGp800O18530 0.0381 2.146 1.52 

MPMGp800A15533 0.0380 2.147 1.51 

MPMGp800E21533 0.0375 2.153 1.84 

MPMGp800L24584 0.0335 2.202 1.52 

MPMGp800K16540 0.0335 2.203 1.89 

MPMGp800M08528 0.0294 2.26 2.09 

MPMGp800L18590 0.0283 2.277 1.72 

MPMGp800O18529 0.0212 2.399 2.62 

MPMGp800M08567 0.0197 2.432 2.36 

MPMGp800P21572 0.0120 2.633 2.12 

MPMGp800P03594 0.0067 2.862 2.52 
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The class prediction between the benign and the control samples yielded 17 peptides (Tab. 

8) which gave 93.8% sensitivity and specificity with 94% correct classification (1-Nearest 

Neighbour classifier method) (Tab. 3). The observed AUC value of ROC curve for this class 

prediction was 0.852 (Fig. 5F). On the protein microarray data, a panel of 35 proteins (Tab. 9)  

enabled a 59% correct classification (compound covariate classifier) of benign and the 

control samples with 62.5%sensitivity, 56.2% specificity (Tab. 3) and AUC 0.648 (Fig. 5G). 

There were 9 proteins corresponding to the genes, PCSK1, DGKK, ZNF598, TBC1D9, 

TMEM199, EPB41L3, SAMD6, PRPF38A and C1orf9 which were found in both the peptide 

and protein array classifiers’ list derived from all the class predictions.  

  

Table 8: Classifier peptides derived from class prediction which correctly classified control 
samples and benign samples.  

Peptide Id  p-value  t-value  Fold-change  

723_274_MPMGp800J23565_2_201q0 0.001 -3.676 0.44 

1048_398_MPMGp800N22556_1_158q-7 0.001 -3.442 0.23 

143_55_MPMGp800C04592_2_86q0 0.003 -3.214 0.21 

367_136_MPMGp800F02569_2_50q0 0.003 -3.169 0.39 

39_12_MPMGp800A14528_2_100q-1 0.006 -2.93 0.37 

38_12_MPMGp800A14528_2_61q3 0.006 -2.897 0.5 

15_Tet_NP783831_325q-2 0.007 -2.882 0.49 

241_88_MPMGp800D06520_1_33q-1 0.007 -2.858 0.41 

455_169_MPMGp800G13583_3_126q0 0.009 -2.763 0.49 

916_346_MPMGp800M02514_3_69q-22 0.01 -2.721 0.5 

543_204_MPMGp800H14523_1_58q0 0.01 -2.716 0.45 

462_173_MPMGp800G17568_2_31q-1 0.01 2.725 1.69 

IgM-human 0.006 2.912 1.89 

1156_440_MPMGp800P10579_3_87q3 0.005 3.008 4.14 

621_234_MPMGp800I14597_1_163q-6 0.004 3.107 4.42 

943_356_MPMGp800M08567_3_9q0 0.003 3.123 2.55 

358_132_MPMGp800E24584_2_201q3 0.003 3.185 1.74 

 

 

 

 

 

 



                                                                                                  Peptide microarrays 

  

102 
 

Table 9. Classifier proteins derived from class prediction which correctly classified control 
samples and benign samples.  
Clone Id p-value  t-value  Fold-change  

MPMGp800J10529 0.00026 -4.14 0.54 

MPMGp800G09586 0.002 -3.482 0.56 

MPMGp800J11531 0.003 -3.24 0.54 

MPMGp800G09554 0.004 -3.119 0.56 

MPMGp800F17571 0.006 -2.927 0.6 

MPMGp800J09577 0.008 -2.864 0.65 

MPMGp800G07584 0.009 -2.801 0.66 

MPMGp800J22534 0.012 -2.69 0.61 

MPMGp800K16550 0.015 -2.575 0.68 

MPMGp800K12586 0.021 -2.437 0.65 

MPMGp800J16581 0.022 -2.413 0.66 

MPMGp800J02584 0.027 -2.331 0.68 

MPMGp800K03508 0.028 -2.307 0.69 

MPMGp800N22556 0.029 -2.295 0.68 

MPMGp800J17590 0.031 -2.26 0.64 

MPMGp800B14526 0.038 -2.167 0.66 

MPMGp800B21550 0.039 -2.164 0.67 

MPMGp800G16536 0.041 -2.138 0.65 

MPMGp800G15509 0.043 -2.11 0.65 

MPMGp800F14572 0.044 -2.106 0.64 

MPMGp800H11522 0.048 -2.064 0.6 

MPMGp800L07522 0.049 -2.05 0.74 

MPMGp800H18598 0.046 2.083 1.87 

MPMGp800H24517 0.037 2.179 1.46 

MPMGp800B18580 0.024 2.37 1.8 

MPMGp800D13550 0.022 2.412 1.89 

MPMGp800P20598 0.019 2.476 1.42 

MPMGp800C22515 0.019 2.491 1.72 

MPMGp800C20586 0.018 2.502 1.51 

MPMGp800H22541 0.013 2.642 1.89 

MPMGp800I06598 0.012 2.67 2.17 

MPMGp800J13577 0.010 2.742 1.51 

MPMGp800B10579 0.008 2.833 1.95 

MPMGp800D14506 0.006 2.961 1.77 

MPMGp800P10579 0.001 3.571 2.46 

 

Using the clone-proteins corresponding to the classifier peptides derived from the class 

prediction of malignant and control samples, a set of 4 proteins  (Tab. 10) were deduced 

which enabled a correct classification of 66% (compound covariate classifier) with 56.2% 

sensitivity, 75% specificity and AUC value 0.688 (Fig. 5C). The class prediction of malignant 

and benign samples was not possible using the clone-proteins corresponding to the classifier 
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proteins derived from the class prediction on peptide array. The clone-proteins 

corresponding to the classifier from the class prediction of benign and the control samples 

enabled 72% correct classification (compound covariate classifier) of the same classes with 2 

clone-proteins (Tab. 11). For this class prediction 68.8% sensitivity, 75% specificity and AUC 

value 0.793 (Fig. 5H) were observed. 

 
Table 10. Class prediction of malignant samples from healthy controls on protein array 
using the proteins corresponding to the peptide in the Table 4.  

Clone Id p-value t-value Fold-change 

MPMGp800J02584 0.03 -2.279 0.55 

MPMGp800D17584 0.03 2.274 1.59 

MPMGp800M10592 0.03 2.294 1.58 

MPMGp800C02520 0.007 2.838 2.09 

 

 
 
Table 11. Class prediction of benign samples from healthy controls on protein array using 
the proteins corresponding to the peptide in the Table 8.  

Clone Id  p-value t-value Fold-change 

MPMGp800N22556 0.03 -2.295 0.68 

MPMGp800P10579 0.001 3.571 2.46 
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Figure 5: Cross-Validation ROC curves from the Bayesian Compound Covariate Predictor. The 
figures A, D and F represent the ROC curves obtained from the class predictions performed using the 
data from the peptide arrays. The figures B, E and G) represent the ROC curves from the class 
predictions obtained from the protein microarray analysis. The figures C and H represent the ROC 
curves from the class predictions obtained from the protein array analyzed using the proteins 
corresponding to the respective peptide array classifiers. The x-axes and y-axes represent the false 
positive rate (1-specificity) and true positive rate (sensitivity), respectively. The ROC curves A, B and 
C represent the class prediction of malignant and control samples. The class prediction of classes 
benign and malignant samples are represented by the ROC curves D and E. Similarly, the ROC 
curves F, G and H represent the class prediction of the benign and control samples. 

 

The signal intensities from all the peptide array classifiers were compared with the signal 

intensities from the corresponding proteins on the protein arrays. Similarly, the signal 

intensities from all the protein array classifiers were compared to the signal intensities from 

the corresponding peptides. These comparisons failed to give any correlation between the 

peptide and protein array data. 
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Over-representation analysis 

Peptide array classifiers 

Over-representation analysis of the genes encoding the classifier peptides from all class 

predictions on peptide arrays was done using a gene set analysis tool “GeneTrail” [27]. Out 

of 57 genes representing the peptide classifiers, 3 genes namely RPL7A, RPL24 and RPL6 

were involved in the KEGG ribosome pathway. PGLS and ALDOA were found to be involved 

in the pentose phosphate pathway, while ISY1 and PRPF38A were involved in the 

Spliceosome pathway (Tab. 12).  

Table 12: Over-represented genes from the peptide array classifier and the corresponding 
KEGG pathways 

KEGG pathways p-value  Expected 

number of 

genes  

Observed 

number of 

genes  

Genes  

Pentose phosphate pathway  0.003 0.06 2 PGLS, ALDOA 

Ribosome  0.003 0.2 3 RPL7A, RPL24 RPL6 

Spliceosome  0.04 0.3 2 ISY1, PRPF38A 

Protein array classifiers 

Similarly, ORA was performed using the genes encoding the classifiers from all the class 

predictions on protein array. It was found that 2 genes (RPS3A and RPS13) out of 59 genes 

representing the protein classifiers were involved in the KEGG ribosome pathway. GIT1, 

CHMP4C, EHD2 and GRK1 were involved in the KEGG endocytosis pathway (Tab. 13). An 

enrichment of secondary structures was found among the genes represented by the 

classifiers. It was found that 28.07% and 31.58% of the genes represented by the classifier 

proteins contain sequence motifs like coiled coils and ELR motifs at p-values 0.0004 and 

0.003, respectively. An enrichment of the protein family domains like UBA/TS-N domain and 

TBC domain was also observed.  

Table 13: Over-represented genes from the protein array classifier and the corresponding 
KEGG pathways 

KEGG pathways p-value  Expected 
number of 
genes  

Observed 
number of 
genes  

Genes 

Endocytosis  0.006 0.6 4 GIT1, CHMP4C, EHD2, 
GRK1 

Ribosome  0.04 0.2 2 RPS3A, RPS13 
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Discussion 

In this experiment, peptide microarrays were used to identify the auto-antibody signatures 

against the predicted antigenic peptides in the breast cancer patients’ sera. The prediction of 

the antigenic peptides was done basing on the occurrence of the hydrophobic residues, 

cysteine, leucine and valine, on the surface of the proteins. For the identification and 

characterization of antibody epitope short peptide sequences can be exploited. The short 

peptides with lengths ranging from 4 to 15aa are effective enough to identify antibody 

epitopes [30]. In this study, 86.7% of the predicted antigenic peptides have varying length 

from 7 to 14 amino acids. These peptides sequences were used for deducing peptides and 

for generation of peptide arrays. Peptides with highest-seroreactivity of all 48 samples 

showed enrichment of motifs similar to Zinc-finger domain that can be explained because of 

their central cysteine’s are highly hydrophobic, moreover many Zinc-finger protein contain 

several Zinc-finger domains [31]. These features allowed the EMBOSS tool to list many of 

these peptide to be antigenic. 

Using the synthetic peptides, the peptide microarrays were generated. Simultaneously, 

protein microarrays were produced using the recombinantly expressed proteins from the 

cDNA expression E. coli clones. The peptide and protein microarrays were used for the 

evaluation of same set of serum samples. On peptide arrays classification success for 

distinguishing the 3 classes of malignant, benign and control serum samples outperformed 

protein arrays during class prediction analyses. Apart from the better sensitivities and 

specificities, ROC analyses on peptide array data provided higher AUC values (Tab. 4; Fig. 7) 

compared to that of protein microarrays. Apart from the better sensitivities and specificities, 

class prediction analyses on peptide array provided higher AUC values compared to that of 

protein microarrays. The binding ability of an antibody to a protein majorly depends on the 

conformation at the region of binding. The antibodies specific to the proteins have the same 

specificity as long as the binding site is located on the surface of the molecule [32]. 

Expression of recombinant protein in E. coli often leads to the production of misfolded 

proteins [33], as well as microarray immobilization of proteins will dramatically change the 

conformation and accessibility of proteins. These effects might in total lead to low 

reproducibility and controversial findings when array-platforms are changed. As done here, 

sero-reactive clones were identified by a macro-membrane based screening. On those 
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membranes E. coli clones are grown and protein-expression is induced and proteins are 

immobilized directly on the site of clone-growth. For elucidation of the diagnostic value of 

identified antigenic proteins microarrays provide today’s best option for confirmation and 

validation of thousands of proteins in parallel. Biomarker-validation requires analyses of 

many patient samples would thus be best done on microarrays. However, when switching 

from macro-membranes used in the biomarker identification step to microarrays requires 

the isolation of proteins and subsequent spotting on the microarray surfaces. Thus 

conditions are dramatically changed. This might be also the reason why protein-microarrays 

in this study have shown up with moderate to low classification success of malignant breast 

cancer, benign breast nodules and controls. Since the prediction of the antigenic peptides 

was done independent of the protein conformation, there may be a better chance for the 

auto-antibodies to bind to the antigenic sites presented on the peptide arrays compared to 

the protein arrays. This may explain why the classifiers from peptide and protein arrays were 

so different and elucidated varying results. However, upon the comparing the classifiers 

from peptide and protein array class prediction analyses, 9 genes namely; PCSK1, DGKK, 

ZNF598, TBC1D9, TMEM199, EPB41L3, SAMD6, PRPF38A and C1orf9 were found. Among 

these proteins, EPB41L3 (Dal1) is a tumour suppressor molecule and often lost in various 

cancers, including breast cancer [34]. Zinc-finger proteins (represented here as ZNF598) are 

also frequently found as antigenic [3] most probably due to their conserved Zinc-finger 

domains. These proteins usually localized in the nucleus and many of them expressed only 

during embryogenesis, thus over-expression in various cancers might be able to elicit 

immune responses. Another protein that might be relevant in tumour biology is 

Dyacilglycerol-kinase-kappa (DGKK). Diacylglycerol kinases catalyze the phosphorylation of 

diacylglycerol, which is a key intracellular signalling molecule that activates the protein 

kinase C pathways, one of the most important targets of oncotherapy [35]. 

Using the genes corresponding to all the classifiers obtained from peptide and protein 

arrays, an over-representation analysis (ORA) was performed. An over-representation of the 

genes associated with cell organelles like spliceosome was observed in the classifiers from 

both, peptide and protein, arrays. The plausible explanation of this over-representation can 

be deduced from the hypothesis put forward by Tan [36] and Hardin [37] that auto-

antibodies often target cell organelles (i.e. protein complexes) rather than a single protein. 
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One conceivable explanation might be that cancer growth and invasion releases cell debris 

into the circulation and as a consequence evoke immune response. Spliceosomes which are 

involved in alternative spicing may have a role in tumourigenesis. Processes like cell cycle 

control, signal transduction, angiogenesis, metastasis and apoptosis might be affected as 

alternative splicing affects majority of the human genes. Two-thirds of all the human genes’ 

transcripts are known to undergo alternative splicing. Although the function of the encoded 

protein does not alter in most of the cases, some may exhibit a malignant phenotype [38]. 

ORA of the classifiers from the peptide array revealed the over-representation of genes 

associated with ribosome and pentose phosphate pathway. Like spliceosome, ribosomes are 

frequently targeted by auto-antibodies [3]. Apart from playing a pivotal role in translational 

regulation, the ribosomal proteins are also associated with the processes like cellular 

transformation, tumour growth, aggressiveness and metastasis [39]. Similarly, the pentose 

phosphate pathway plays an important role in tumour proliferation by supplying reduced 

levels of Nicotinamide adenine dinucleotide phosphate (NADP) and carbons for intracellular 

anabolic processes in cancerous cells [40]. Over-representation of the genes associated with 

endocytosis was found among the genes corresponding to the protein array classifiers. 

Deregulated expression of the endocytosis proteins may play a role in human cancers by 

affecting the control of cell proliferation. The enhancement of cell replication may be 

promoted through impaired endocytosis as a result of prolonged signalling by growth-factor 

receptors [41]. The genes from the protein array classifier also showed enrichment of the 

sequence motifs like coiled coils and ELR motifs. The sequence motifs like coiled coil and ELR 

motifs may have autoantigenic potentiality [3,42]. Chemokines with the ELR motifs activate 

the leukocytes, thus triggering the immune response [43].  

Although recombinant protein expression in E. coli has been a method of choice, the process 

is spiked with problems like amount of desired protein expression, length of the protein and 

biologically active forms [44]. Expression of recombinant protein in E. coli often leads to the 

formation of biologically inactive inclusion bodies [45]. Above all else, the process of high-

throughput recombinant protein expression and purification is time consuming and 

cumbersome. Shorter peptide sequences of the protein can recapitulate the corresponding 

biological activities of the protein and hence can act as alternative to full-length recombinant 

proteins [46].  Synthetic peptides can mimic biological activities of the proteins and, also, 
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rather easy to synthesize and manipulate. They are inexpensive to synthesize and highly 

stable [14,15]. When using protein arrays for the evaluation of patient sera, one may 

encounter the problems associated with the E. coli specific reactivity. With the usage of 

short synthetic peptides, the problem of E. coli specific reactivity can be avoided. These 

salient features make them a good candidate to replace protein arrays. 

Conclusion 

Classification success of the serum samples was moderate using protein-microarrays based 

on 642 sero-reactive clones identified using an initial macro-membrane screen. The 

corresponding peptides were able to classify the serum samples with reasonable sensitivities 

and specificities. Through the usage of peptide arrays, the difficulties associated with the 

protein arrays can be circumvented and thus providing the possibility of building a robust 

platform for early diagnosis of cancer. However, to establish peptide arrays as a potential 

breast-cancer diagnostic tool, test-sensitivities and specificities should be increased by 

additional antigenic peptides which then have to be thoroughly validated on larger sets of 

serum samples. This study provides evidence that in silico designed peptides could improve 

classification success and thus be a good alternative to protein-arrays for auto-antibody 

based biomarker-development.  
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Abstract 

There is an urgent need for the development of a diagnostic technique for the early 

identification of breast cancer. The aim of this study is to identify novel TAAs from breast 

cancer sera using SEREX which would enable an early and non invasive cancer diagnosis.  

cDNA expression libraries were made from 7 and 11 benign and malignant breast cancer 

tissue samples, respectively and these libraries were transfected in E. coli. These cDNA 

expression clones were screened with the autologous and allogeneic sera from the 

malignant and benign breast cancer patients. The sero-reactive clones were isolated and 

sequenced. The corresponding genes were compared with the SEREX database and over-

representation analysis was performed. A mutation analysis was performed to see which of 

these genes are reported to be mutated across various cancer studies. The genes derived 

from these clones were used to analyze the microarray data downloaded from GEO. 

Immunoscreening of the cDNA expression clones yielded 192 sero-reactive clones derived 

from malignant breast tumours which expressed 107 unique genes. Twenty-two clones 

expressed different genes when sequenced from 5’ and 3’ ends, which might represent 

fusion genes. Out of 107 genes, 22 genes were reported in the SEREX database from various 

cancer studies. The over-representation analyses of these 107 genes revealed enrichment of 

pathways like MAPK signalling pathway and spliceosome and secondary structures like 

coiled coils and GrB motifs. Fourteen of these 107 genes, when using microarray data from 

another study, were found to be differentially expressed in breast cancer samples and 

healthy controls. This study enabled the identification of 107 genes, out of which 22 genes 

have been reported in the SEREX database. This panel of antigens has been found enriched 

for MAPK signalling pathway proteins, which is unique when compared to the over-

representation analysis of various other cancers. Twenty-two out of 192 clones identified in 

this study, express novel potential fusion genes in breast cancer. Furthermore 14 of 107 

genes showed significant (p<0.05) differential expression in breast cancer patients and 

healthy controls.   
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Background 

In 2008, an estimated 3.2 million new cases of cancer were reported from Europe. The most 

common cases of the cancers were colorectal cancer followed by breast, lung and prostate 

cancers which constitute 13.6%, 13.1%, 12.2% and 11.9% of the all the cancers, respectively 

[1]. Early diagnosis of breast cancer can improve the survival rate and hence, there is a great 

anticipation for the identification of biomarkers which can provide an early diagnosis. 

Protein biomarkers like tumour auto-antibodies can of use for such a need for early 

diagnosis. Auto-antibodies can be detected in the patient serum months or even years 

before the onset of the symptoms [2-4]. 

The discovery of MAGE-1 in melanoma by Thierry Boon’s group using T-cell response has 

indicated the presence of proteins specifically expressed in tumour cells [5]. An 

immunological response can be evoked by a mutated or an aberrantly expressed protein, 

tumour-associated antigens (TAA), resulting in the production of auto-antibodies [6,7]. The 

corresponding auto-antibodies could be used as biomarkers for early diagnosis and 

prognosis of cancer [7,8]. These tumour associated antibodies may give an insight about the 

host-tumour interactions. The concerted action between the cellular and humoral immune 

systems results in the recognition of tumour antigens. SEREX (serological identification of 

antigens by recombinant expression cloning) employs immunoscreening of recombinant 

tumour cDNA libraries for specific interactions with the serum antibodies. SEREX plays a role 

in identifying the antigens recognized by B cells [9]. Besides identifying the antigens 

expressed on the cell surface, SEREX can detect the intracellular antigens [6,10]. This 

strategy was exploited by Sahin et al.[11] to come up with the concept of SEREX. Few of the 

typical features of SEREX are as follows: 1) the usage of fresh tumour specimens restricts the 

analysis to genes that are expressed by the tumour cells in vivo and thus, circumventing the 

experiments involving in vitro artefacts associated with short- and long-term tumour cell 

culture, 2) the usage of patients’ serum which contains polyclonal antibodies which are used 

as probe for immunoscreening allowing the identification of multiple antigens with a single 

screening course [12]. More than 2700 tumour antigens have been identified using the 

SEREX method and enlisted in a database [13].  
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Identification of biomarkers for diagnosis and prognosis purpose has been quite a task for a 

long time now. As far as serum markers are concerned, few clinically beneficial antigenic 

markers have been identified. Jäger et al[14], identified NY-ESO-1, SSX2 and ING1 along with 

27 other genes in breast cancer. In another study, Jäger et al. [15] identified NY-BR-1 in 

breast cancer. The other TAAs associated with breast cancer include MAGE-3, MAGE-6, p53, 

ATK2, TMF1, TPD52, MAGE D, NY-BR-62, NY-BR-75, NY-BR-85, and NY-BR-96 [16]. 

In this study, 192 SEREX derived cDNA expression clones were identified which reacted to 

the sera from benign and malignant breast cancer patients and these clones express 107 

genes. Out of 192 clones, 22 clones probably express fusion genes. A comparison was made 

between the lists of genes expressed by the SEREX derived clones and genes enlisted in the 

SEREX database. For systematically extracting the biological meaning and to find the over-

represented genes from the list of genes expressed by the clones identified by SEREX, an 

over-representation analysis (ORA) was done using GeneTrail online tool [17]. ORA showed 

over-representation of genes associated with MAPK signalling pathway and spliceosome. 

Over-representation of genes associated with spliceosome was observed in colon and 

thyroid cancer studies obtained from the SEREX database. However, none of the 9 SEREX 

database derived cancer studies showed enrichment for MAPK signalling pathway. Using the 

Roche Cancer Genome Database [18], the information on different types of somatic 

mutations for each gene expressed by the cDNA expression clones was gathered. The 

comparison showed only 2 genes which are reported as mutated in the breast cancer 

samples analyzed. These 107 genes were analyzed using the data derived from a microarray 

experiment and found 14 genes which differentially expressed in breast cancer and healthy 

control samples.  

Method 

Tissue and serum samples 

Tissue and serum samples were obtained after the approval from the patients and stored at 

-80°C until used. The study was approved by the Ethics Committee of the Medical University 

of Vienna and the General Hospital of Vienna (study number: 143/2007) and the research 

was carried out in compliance with the Helsinki Declaration.  For the construction of two 
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cDNA libraries, 7 and 11 tissue samples from benign and malignant breast cancer patients 

were used, respectively. The subsequent immunoscreening of the cDNA expression clones 

was done using sera pools made from patient serum samples. The benign serum pool was 

made from 8 serum samples. Four of these 8 samples were obtained from the patients 

whose tissue was used for the cDNA library construction. The malignant serum pool was 

made from the collection of 13 malignant patients. The median ages of the benign breast 

cancer patients, whose tissue and serum samples were used for the cDNA library 

construction and the immunoscreening, were 44±13.4 and 47.5±10.5 years 

(median±standard deviation), respectively. The clinical cohorts and the pathological 

characteristics of the malignant breast cancer tissue and the serum samples can be found in 

the table 1.  
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Table 1. Clinical and pathological data of the patient-study cohort. Malignant samples were 
collected from patients invasive ductal carcinoma and lobular carcinoma 

 Malignant (tissue) Malignant (serum) 

Age (years)a 49±13.4 64±12.4 

Ductal 
carcinoma 

10 7 

Lobular 
carcinoma 

1 6 

Gradingb G1 [1]; G2 [3]; G3 [7] G1 [3]; G2 [6]; G3 [4] 

pT stagec pT1b [1]; pT1c [2]; pT2 [5]; pT3 [1]; 
pTis [2] 

pT1 [1]; pT1b [2]; pT1c [6]; pT2 [3]; 
pT4b [1] 

pN staged pN0 [4]; pN1 [2]; pN1a [1]; pN2a [1]; 
pN3 [2]; pNX [1] 

pN0[5]; pN1 [1]; pN1a [1]; pN1mi [2]; 
pN2a [2]; pNX [1] 

Her2/neu 
positive 

2 13 

Oestrogen 
positive 

5 9 

Progesteron 
positive 

4 2 

a
The age of the patients represented as median age±standard deviation 

bG1 (low-grade), G2 (intermediate grade) and G3 (high-grade). Low-grade tumours are usually slow 

growing and are less likely to spread. High-grade tumours are likely to grow more quickly and are 
more likely to spread. 
c
pT1: Tumour 2.0 cm or less in greatest dimension; pT1b: Tumour more than 0.5 cm but not more than 

1.0 cm in greatest dimension; pT1c: Tumour more than 1.0 cm but not more than 2.0 cm in greatest 
dimension; pT2: Tumour more than 2.0 cm but not more than 5.0 cm in greatest dimension.pT3: 
Tumour more than 5.0 cm; pT4b: oedema or ulceration of the breast; pTis: Carcinoma in situ  
d
pN stage: pN0: No regional lymph node metastasis; pN1: Metastasis to movable ipsilateral axillary 

lymph node(s); pN1a: Only micrometastasis (none larger than 0.2 cm); pN1mi: Micrometastases 
(greater than 0.2 mm, but none greater than 2.0 mm); pN2a. Metastasis in 4-9 axillary lymph nodes, 
including at least one that is larger than 2 mm; pN3: Metastasis to ipsilateral internal mammary lymph 
node(s); pNX: Regional lymph nodes cannot be assessed. Information of 12 serum samples was 
available. The numbers within [] represent the number of samples. 

 

Total RNA extraction and cDNA library construction 

Total RNA was isolated from 7 benign and 11 malignant breast cancer tissues using AllPrep 

DNA/RNA Mini Kit (Qiagen). Poly (A)+ mRNA was isolated from the total RNA using  Oligotex 

mRNA Spin-Column protocol (Qiagen) and pools of 250 µL each were made. The malignant 
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and the benign pools contained 1.72 µg contained 0.57 µg of mRNA, respectively. For the 

generation of cDNA library, a cDNA Synthesis Kit, ZAP express vector, oligo (dT) primer, EcoRI 

adaptors, ZAP-cDNA Gigapack III Gold Cloning Kit and the E. coli competent strains (XL1-Blue-

MRF´ and XLOLR) were purchased from Stratagene and the prescribed protocol was 

followed. In brief, 5 µg of the Poly (A)+ mRNA was used for the preparation of cDNA 

expression library. An oligo (dT) primer with an internal XhoI site and 5-methyl-CTP was used 

to synthesize the first-strand.  Prior to the cloning into ZAP express vector, the cDNA 

fragments were ligated with EcoRI adaptors.  This was followed by packaging into phage 

particles, using ZAP-cDNA Gigapack III Gold Cloning Kit, which were later on used to transfect 

E. coli (XL1-Blue-MRF´). Blue-white screening was conducted to select the transfectants. 

Libraries containing 6.1 X 104 plaque forming units (pfu)/mL recombinants were amplified 

and later used for immunoscreening. 

Over-night bacterial culture 

A single colony of E. coli XL1-Blue-MRF´or XLOLR was inoculated in 25 mL of LB medium (for 

1 L: 10 g of bactotryptone, 5 g of yeast extract and 10 g of NaCl) with 0.0125 mg/ml 

tetracycline, 10 mM MgSO4 and 10 mM 20% maltose. The inoculated media was incubated 

over-night at 37°C and 225 rpm. The over-night culture was then centrifuged at 2000 rpm for 

20 min and the OD600 was adjusted to 0.5 or 1.0 with 10 mM MgSO4. 

Amplification of the library 

To the 200 µL of the over-night culture of E. coli XL1-Blue-MRF´ (OD600 0.5), +5 X 104 pfu of 

the library was added and incubated for 20 min at 37°C. To this mixture, 7.5 mL of pre-

warmed (48°C) top agar (for 100 mL: 2.3 g of NZCYM and 0.75 g of agar) was added and was 

vortexed briefly. This reaction mixture was plated on NZCYM-agar (for 1 L: 23 g of NZCYM 

and 15 g of agar) plates with 0.0125 mg/mL tetracycline and incubated at 37°C until the 

plaques were visible.  When the plaques appeared on the culture plate, 10 mL of SM buffer 

was added to the plate and incubated over-night at 4°C on a shaker. The following morning 

the SM buffer was removed and stored in a falcon tube. With a sterile spatula the top agar 

was scraped off and was transferred into the same falcon tube. The plate was rinsed with 2 

mL of SM buffer and was collected into the falcon tube. To the falcon tube, chloroform (v/v 

5%) was added and incubated for 30 min at room temperature. The tube was then 
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centrifuged at 350 rpm for 10 min and the supernatant was transferred into a new falcon 

tube. To this tube, 10% Polyethyleneglycol (PEG 6000) and 1 M NaCl were added and 

incubated over-night at 4°C. The overnight reaction mixture was centrifuged at 10,000 rpm 

for 15 min at 4°C and the supernatant was discarded. The pellet was resuspended using 2 mL 

of SM buffer and chloroform (v/v 10%) was added. After a brief vortex, the mixture was 

centrifuged at 10,000 rpm for 15 min and the supernatant containing the phages was 

transferred to a new falcon tube. 

Titering 

The packaged reaction mixtures and the amplified cDNA libraries were diluted 1:10, 1:100, 

1:1000 and 1:10,000. To the aliquots of 200 µL of the over-night culture of E. coli XL1-Blue-

MRF´ (OD600 0.5), 2 µL of the aforementioned dilutions and the undiluted samples were 

added and incubated for 20 min at 37°C. To this mixture 2.5 mL of pre-warmed (48°C) top 

agar was added and briefly vortexed. This reaction mixture was plated on NZCYM-agar plates 

with 0.0125 mg/mL tetracycline and incubated over-night at 37°C. The following morning the 

number of clear plaques for each dilution was counted and the titre values were determined 

using the formula mentioned below. 

  

Depletion of E. coli specific antibodies 

To the 600 µL of over-night culture of E. coli XL1-Blue-MRF´ (OD600 0.5) 6 µL of the non-

transfected E. coli cells were added. 7.5 mL of pre-warmed (48°C) Top agar was added and 

the mixture was plated onto NZCYM agar plates (for 1 L: 23 g NZCYM medium, 15 g agar) and 

incubated for 4 h at 42°C. Nitrocellulose membrane (Whatman) soaked in 10 mM of 

Isopropyl β-D-thiogalactoside (IPTG) was put on the NZCYM agar plate with bacterial culture 

and was incubated for 4 h at 37°C. Then the membrane was peeled off the plate and washed 

thrice for 10 min each with Tris-buffered saline and 0.1% Tween20 (TBS-T). The membrane 

was blocked with 5% low-fat milk powder in TBS, followed by washing of the membrane 

thrice for 10 min each with TBS. In order to deplete the E. coli specific antibodies pre-

absorption of pooled sera from 10 malignant breast cancer patients was done. 30 mL of sera 
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pool diluted 1:100 in TBS, 0.5% low-fat milk powder and 0.01% thimerasol was applied onto 

the membranes and incubated at 4°C over-night. After the collection of pooled sera, the 

membrane was washed thrice for 10 min each with (TBS-T) and blocked for 1 h with 5% low-

fat milk powder in TBS. After washing the membrane for thrice for 10 min each with TBS, 

pooled sera was applied onto the membrane and incubated at 4°C over-night. The collected 

sera pool was used for the subsequent immunoscreening of the cDNA library. 

Immunoscreening of the cDNA library  

Immunoscreening was performed thrice to eliminate the false positives and to obtain the 

monoclonality of the positive clones. For the primary screening nearly 500,000 clones, 

obtained from the cDNA libraries constructed from malignant and benign breast cancer 

tissues each, were screened. The positive clones obtained from the primary screening were 

subjected to another round of screening. For the secondary screening each culture plate was 

divided into 5 parts, allowing culturing of 5 clones from the primary screening at the same 

time. At the end of the secondary screening duplicates of the positive signals from each part 

of the culture plates were collected. Similarly, this method was followed for the tertiary 

screening and two positive clones were picked.  

Immunoscreening of the transfectants was done using the pre-absorbed pool of 10 

malignant and 8 benign breast cancer sera. The 10,000 pfu were added to 600 µL of E. coli 

(XL1-Blue-MRF´) suspension and incubated for 20 min at 37°C. This was followed by addition 

of 7.5 mL of pre-warmed (48°C) Top agar to the reaction mixture. The culture was plated on 

pre-warmed (42°C) NZCYM agar plates and incubated for 4 h at 42°C. Nitrocellulose 

membrane soaked in 10 mM of IPTG was put on the NZCYM agar plate with bacterial culture 

and was incubated for 4 h at 37°C. The membrane was stripped and the culture plate was 

stored at 4°C. The stripped membrane was then washed three times for 10 min each with 

TBS-T and blocked with 5% low-fat milk powder in TBS for 1 h. Then the membrane was 

washed thrice for 10 min each with TBS and the pre-absorbed sera pool was applied onto 

the membrane and incubated at 4°C over-night. The following morning the sera pool was 

collected and the membrane was washed thrice for 10 min each with TBS. Then, the 

membrane was incubated with secondary antibody conjugated with alkaline phosphatase 

(Dianova) diluted 1:10,000 in TBS, 0.5% low-fat milk powder for 45 min at room 
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temperature. The membrane was then washed thrice for 10 min each with TBS and later 

incubated with detection buffer (colour detection solution, 0.025 mg/mL 5-bromo-4-chloro-

3-indolyl phosphate (BCIP), 0.05 mg/mL nitroblue tetrazolium (NBT)) for 20 min in dark. The 

positive spots are represented by dark stained spots and the corresponding lytic plaques on 

the culture plates were picked and stored in 500 µL SM buffer (for 1 L: 5.8 g NaCl, 2.46 g 

MgSO4.7H2O, 6.06 g Tris, pH 7.5 and add 5 mL of 2% gelatin) at 4°C.  

In vivo excision 

The over-night cultures of E. coli XL1-Blue MRF´ and XLOLR were then centrifuged at 2000 

rpm for 20 min and the OD600 was adjusted to 1.0 with 10 mM MgSO4.  250 µL of phage 

solution and 1 µL of ExAssist helper phage were added to 200 µL of E. coli XL1-Blue MRF´ and 

incubated for 15 min at 37°C. To this mixture 3 mL of NZCYM medium was added and 

incubated for 3 h at 37°C and 225 rpm. The cells were then lysed at 60°C for 20 min and 

centrifuged for 20 min at 3000 rpm. pBKCMV phagemid is now in the supernatant 10 µL of 

the supernatant was added to 200 µL E. coli XLOLR and incubated for 15 min at 37°C. To this 

mixture 300 µL of NZCYM medium was added and incubated at 37°C, 225 rpm for 45 min. 

Later the culture was spread onto LB agar (for 1 L: 10 g of bactotryptone, 5 g of yeast extract, 

10 g of NaCl and 15 g of agar)  plate with 0.05 mg/mL kanamycin and incubated over-night at 

37°C. The following morning a single colony was picked and added to 5 mL LB medium with 

0.05 mg/mL kanamycin and incubated over-night at 37°C and 225 rpm. An aliquot of 500 µL 

was mixed with 500 µL autoclaved glycerol and stored at -80°C as a back-up. The rest of the 

culture was used for the isolation of plasmid.  

Sequence analysis of identified antigens 

The isolated plasmid DNA was subjected to restriction digestion using EcoR I and XhoI and 

checked on gel for the cDNA insert. The digested product was then sequenced using M13 

forward and reverse primers. The resulting genes were compared to the SEREX database. To 

identify over-representation of the genes, expressed by the SEREX derived clones, with 

specific function or characteristics ORA was performed using GeneTrail [17]. Simultaneously, 

genes reported from various cancers in the SEREX database were used for the ORA.  These 

sets of genes were compared to a reference set “all human genes” by using the 
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hypergeometric distribution test implemented in GeneTrail. The significance threshold value 

was set to 0.05 and only the KEGG pathways with p-values less than 0.05 were considered 

significant. 

Mutation analysis 

For elucidation of genes known mutated in various cancers, information was gathered from 

the Roche Cancer Genome Database [18]. This database utilizes various sources of human 

mutation databases like the Catalogue of Somatic Mutations in Cancer (COSMIC), the Cancer 

Genome Atlas project, Online Mendelian Inheritance in Man (OMIM), the IARC TP53 

database,  KinMutBase and the L1CAM mutation database [19].  

Comparison with the GEO dataset 

The gene expression dataset GSE20437 which used for the differentiation of normal and the 

breast cancer sample was downloaded from Gene Expression Omnibus (GEO). This dataset 

was generated by Graham et al [20]., wherein they analyzed 36 breast cancer samples and 6 

healthy control samples. Expression-data of genes corresponding to the identified SEREX 

expression clones were selected based on the Gene-Symbol from this GEO-dataset. A class 

comparison was conducted to identify the differentially expressed genes using BRB-

ArrayTools software 3.8.1 [http://linus.nci.nih.gov/BRB-ArrayTools.html] developed by 

Simon et al.[21]. The genes which were expressed differentially at a p-value ≤0.05 were 

considered as significant. 

Results 

cDNA library construction and immunoscreening 

The average concentrations of total RNA pools for cDNA libraries construction made from 

the malignant and benign tissue samples were 522 ng/µL and 305 ng/µL, respectively. After 

packaging the synthesized cDNA libraries into the phages, the titre values of the libraries 

were determined and amplified. The titre values of the amplified malignant and benign 

cDNA libraries were found to be 0.94 X 108 pfu/mL and 0.46 X 108 pfu/mL, respectively.  
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Three rounds of immunoscreening of the cDNA expression clones were performed and the 

positive clones were picked in duplicates. From the primary screening 434 and 61 clones 

were identified using malignant and benign sera pools, respectively. From the secondary 

screening, 165 clones were found reacting positively to the malignant serum pool, while only 

2 clones reacted to the benign serum pool. From the tertiary screening of the malignant 

cDNA expression library a total of 189 cDNA expression clones were identified. 

Sequence analysis 

The plasmid DNA from the positive clones, identified by the immunoscreening, was 

sequenced using M13 forward and reverse primers. BLAST alignment elucidated 105 and 2 

unique genes expressed by the clones identified by malignant and benign breast cancer sera, 

respectively (Tab. 2). It was observed that 22 of the 192 clones encoded 2 entirely different 

gene products when sequenced from 5’ and 3’ ends using M13-forward primer and M13-

reverse primer (Tab. 3). This observation suggests the possibility that these cDNA expression 

clones may well be expressing fused genes, which is a common phenomenon observed in 

cancers [22].  
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Table 2. Genes expressed by the SEREX-derived cDNA expression clones. 

Gene Symbol Entrez Gene Id  Gene Symbol Entrez Gene Id  Gene Symbol Entrez Gene Id  Gene Symbol Entrez Gene Id  

SRRT 51593 IL33 90865 CLINT1 9685 MAPKAPK2 9261 

DDX3Y 8653 SPHK1 8877 YIPF3 25844 HSP90AB3P
†
 3327 

SLC12A1 6557 NCAPG 64151 EEF1A1* 1915 CLUAP1* 23059 

GAPDH* 2597 M11S1* 4076 RNF12 51132 IGFBP3 3486 

B3GALNT2 148789 SF3A1 10291 FAM149B1 317662 HSP90AB4P
†
 664618 

LOC253264
†
 253264 C1S 716 MRPS16 51021 MAP3K3 4215 

UBE2K 3093 BAG3* 9531 RPL3 6122 DSP* 1832 

CAPNS1 826 MTRNR2L1 100462977 - 100293090
†
 SF1 7536 

LOC729082
†
 729082 SCCPDH 51097 NLN 57486 VASH2 79805 

P4HB* 5034 GPKOW 27238 PGAP3 93210 SDPR 8436 

RPL36A 6173 FOXK1 221937 SSR1 6745 NUDCD3 23386 

MTIF2 4528 HSPA6 3310 FAM102A 399665 HNRNPA3 220988 

RCD-8* 23644 GPRC5C 55890 - 100289576 PQBP1 10084 

D21S2056E* 8568 ZC3H12A 80149 - 389293
†
 WDR73 84942 

TCF7 6932 CAPN6 827 RNF8* 9025 DDI2 84301 

PIK3C2B 5287 DBNL* 28988 - 100293563
†
 RNF157 114804 

LOC100129060
†
 100129060 ELOVL5 60481 RRBP1* 6238 CENPF* 1063 

WDR6 11180 ISCA1 81689 SPARCL1* 8404 TRIM56 81844 

AKR7A2 8574 GBA 2629 AMY2B* 280 PDLIM1 9124 

COL4A2 1284 - 387933
†
 LOC100130331 100130331

†
 LOC441155

†
 441155 

LCORL 254251 WDR45L* 56270 CCNB2 9133 - 728534 

- 100129211
†
 SAFB2 9667 EGF 1950 SYNGR2 9144 

PAIP1* 10605 HSPA1A 3303 WDR74 54663 ZC3H11A* 9877 

TRAK1 22906 HSPA1L 3305 MFN1 55669 RPS9 6203 

TMEM236 653567 SDCCAG33* 10194 F13A1 2162 LOC642311
†
 642311 

ZNF197 10168 AGAP11 119385 HOXC11 3227 LOC100288974
†
 100288974 

 ATXNL2
#
  11273  IGHV1-69*

#†
  28461 PIP4K2A

#
 5305   

#
genes encoded by the clones derived from benign breast cancer tissue. *genes enlisted in the SEREX database. †genes not used for the over-representation 

analysis.
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Table 3: Clones expressing possible fusion proteins. 
Clone id Primer Gene Symbol Entrez 

Gene Id  
Chromosome Clone id Primer Gene Symbol Entrez 

Gene Id  
Chromosome 

Ben2 
Forward  ATXN2L 28461 14 

Mal30A 
Forward TRAK1 22906 3 

Reverse IGHV1-69* 11273 16 Reverse TMEM236 653567 10 

Mal12A 
Forward SLC12A1 6557 15 

Mal31A 
Forward CLINT1 9685 5 

Reverse - 100293563  - Reverse YIPF3 25844 6 

Mal13A 
Reverse GAPDH* 2597 12 

Mal345A1 
Forward FAM149B1 317662 10 

Forward ZNF197 10168 3 Reverse MRPS16 51021 10 

Mal140A 
Forward LOC642311 642311 15 

Mal37A 
Forward - 100293090 5 

Reverse LOC100288974 100288974 10 Reverse MTRNR2L1 100462977 17 

Mal15B 
Forward AMY2B* 280 1 

Mal437B1 
Forward HSPA1A 3303 6 

Reverse LOC100130331 100130331 1 Reverse HSPA1L 3305 6 

Mal18A 
Forward UBE2K 3093 4 

Mal438A1 
Reverse HNRNPA3P5  387933 13 

Reverse CAPNS1 826 19 Forward HNRNPA3 220988 2 

Mal21A 
Forward RRP1 8568 21 

Mal454A1 
Reverse IGFBP3 3486 7 

Reverse TCF7 6932 5 Forward PIP4K2A 5305 10 

Mal21B 
Forward PIK3C2B 5287 1 

Mal460-2 
Forward WDR73 84942 15 

Reverse MFN1 55669 3 Reverse DDI2 84301 1 

Mal23A 
Forward HSP90AB3P 3327 4 

Mal4B 
Forward SSR1 6745 6 

Reverse HSP90AB4P 664618 15 Reverse FAM102A 399665 9 

Mal26A 
Forward AKR7A2 8574 1 

Mal5A 
Reverse - 100289576   

Reverse COL4A2 1284 13 Forward GPRC5C 55890 17 

Mal27A 
Forward LCORL 254251 4 

Mal8B 
Reverse ISCA1P1  389293 5 

Reverse NCAPG 64151 4 Forward ISCA1 81689 9 

*genes enlisted in the SEREX database 

 

These 107 genes were compared with the SEREX database and sorted out 22 genes which 

were already enlisted in the SEREX database from various cancer studies including breast 

cancer. Two genes, GAPDH and RCD-8 were reported exclusively from breast cancer studies. 

While, genes like IGHV1-69, P4HB, DBNL and CENPF were reported in the studies from 

hepatocellular carcinoma, colon, lung, prostate and oesophageal cancers along with breast 

cancer study (Tab. 4).  

 

 

 

http://www.ensembl.org/Homo_sapiens/geneview?gene=IGHV1-69
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Table 4. Genes expressed by the clones which are enlisted in the SEREX database. Gene-
names are underlined which have been identified in previous Breast cancer studies enlisted in the 
SEREX database. 
Gene 
Symbol 

Full name Cancer study in SEREX DB 

AMY2B Amylase, alpha 2B prostate cancer 

BAG3 BCL2-associated athanogene 3 stomach cancer 

CENPF Centromere protein F hepatocellular carcinoma,  colon cancer,  breast cancer,  lung cancer,  prostate 
cancer, oesophageal cancer 

CLUAP1 Clusterin associated protein 1 colon cancer,  ovarian cancer 

D21S2056E  Ribosomal RNA processing 1 
homolog (S. Cerevisiae) 

stomach cancer 

DBNL Drebrin-like prostate cancer, breast cancer 

DSP Desmoplakin lung cancer,  prostate cancer  

EEF1A1 Eukaryotic translation elongation 
factor 1 alpha 1 

colon cancer 

GAPDH Glyceraldehyde-3-phosphate 
dehydrogenase 

breast cancer 

IGHV1-69 Immunoglobulin heavy variable 1-
69 

lung cancer, breast cancer 

M11S1 Cell cycle associated protein 1 lung cancer 

P4HB Prolyl 4-hydroxylase, beta 
polypeptide 

hepatocellular carcinoma,  colon cancer,  breast cancer 

PAIP1 Poly(A) binding protein interacting 
protein 1 

colon cancer 

RCD-8 Enhancer of mRNA decapping 4 breast cancer 

RNF12 Ring finger protein, LIM domain 
interacting 

renal cancer 

RNF8 Ring finger protein 8 pancreas cancer 

RRBP1 Ribosome binding protein 1 
homolog 180kda (dog) 

melanoma 

SDCCAG33 Teashirt zinc finger homeobox 1 renal cancer, colon cancer  

SPARCL1 Sparc-like 1 (hevin) normal testis 

WDR45L WDR45-like melanoma 

ZC3H11A Zinc finger CCCH-type containing 
11A 

lung cancer,  prostate cancer,  stomach cancer  

 

Over-representation of antigenic pathways and functional categories 

To investigate the potential functions and the pathways in which the identified 107 unique 

genes from this study may possibly be involved in, ORA was performed using GeneTrail [17], 

with “all human genes” as reference set. Out of 107 sequences, 92 sequences were 

annotated with significant biological information. The sequences without annotation or 

limited biological information were eliminated from the analysis; these are indicated in Tab. 

2. ORA of the 92 genes suggested that breast cancer sera were enriched with antibodies 

against signalling proteins, heat shock proteins and various intracellular proteins. Out of 92 

genes, 9 genes were found to be involved in the KEGG spliceosome and MAPK signalling 

pathways. Three genes, SF3A1, HNRNPA3 and PQBP1, were involved exclusively in the KEGG 

spliceosome pathway. Genes like EGF, MAPKAPK2 and MAP3K3 involved exclusively in the 
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MAPK signalling pathway. There were 3 genes, HSPA6, HSPA1A and HSPA1L, which were 

over-represented and were involved in both the aforementioned KEGG pathways.  

The genes reported from breast, colon, colorectal, kidney,  lung, ovary, prostate,  stomach 

and thyroid cancers in the SEREX database were subjected to ORA, as well. The enriched 

KEGG pathways in the cDNA expression clones from this study (represented as “BrCa_SEREX 

Exp”) were compared to the enriched KEGG pathways in the above-mentioned cancers. The 

spliceosome pathway was enriched in colon and thyroid cancers along with “BrCa_SEREX 

Exp”. There was very limited overlap observed among the cancer data sets as shown in the 

figure 1. 
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Figure 1: Heat map showing the enriched KEGG pathways in various cancer data sets. The heat 
map shows the p-values of the significantly enriched pathways in various cancers. The darkest colour 
represents the most significant (least p-value = 1.90913E-06) and the lightest colour represents the 
least significant (highest p-value = 0.05) entity. The p-values≤0.05 were considered significant. Of the 
significantly enriched pathways of “BrCa_SEREX Exp”, and the SEREX-clones known for colon and 
thyroid cancers, only the spliceosome pathway overlapped.  
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The genes corresponding to the “BrCa_SEREX Exp” and the 9 cancers showed enrichment of 

secondary structures like Granzyme B (GrB), coiled coils, ELR and RGD (Tab. 6). Coiled coils 

and GrB motifs were enriched in all the cancers. The ELR motifs were enriched in all the 

cancers except “BrCa_SEREX Exp” and colorectal cancer; the RGD motif was enriched only in 

colon and prostate cancers (Tab. 6). 

Table 6: Enriched secondary structures in various cancers. This table shows the p-values of the 
enriched secondary structures in various cancers, using the corresponding genes enlisted in the 
SEREX database 

Secondary 
structure 

BrCa_SEREX 
Exp 

Breast Colon Colorectal Kidney Lung Ovary Prostate Stomach 

GrB 0.000577 1.07E-07 6.64E-14 0.006957 2.82E-05 4.56E-06 7.25E-07 2.13E-14 1.22E-08 

Coiled 
coils 

0.006896 7.58E-21 1.14E-20 0.008346 3.38E-14 1.49E-08 1.42E-14 6.21E-25 1.58E-22 

ELR - 0.002581 8.68E-08 - 0.001428 5.85E-05 6.48E-06 8.74E-09 0.001077 

RGD - - 0.006211 - - - - 0.004176 - 

 

The role of mutations for antigenicity  

Out of the 107 genes corresponding to the 192 cDNA expression clones, 23 genes were 

found to have somatic mutations across various cancers when compared with the Roche 

Cancer Genome Database (Tab. 7). The cancers from which these mutations were reported 

include glioma, colon cancer, astrocytoma, lung carcinoma, renal cell carcinoma, pancreatic 

cancer, breast cancer (infiltrating duct carcinoma, NOS (c50._)), melanoma, pleural 

mesothelioma, peritoneal adenocarcinoma, ovarian carcinoma and breast carcinoma. Out of 

these 23 genes, the Roche Cancer Genome Database enlisted 3 genes, namely MAP3K3, SF1 

and B3GALNT2, known mutated in breast cancer. The remaining 20 genes (SEREX clones) 

with a matched entry in the database of mutated genes have been found in single samples 

of various cancers (Table 7).  
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Table 7:  Number of mutated samples for the given genes in the Roche Cancer Genome Database. 
Gene 
symbol 

Glioma Colon 
cancer 

Astrocytoma Lung 
carcinoma 

Renal cell 
carcinoma 

Pancreatic 
cancer 

Breast 
cancer 
(infiltrating 
duct 
carcinoma, 
NOS (c50._)) 

Breast 
carcinoma 

Melanoma Pleural 
mesothelioma 

Peritoneal ductal 
adenocarcinoma 

Ovarian 
carcinoma 

F13A1 2 - - - - - - - - - 1 - 

SDPR - - - - - 1 - - - - - - 

HSPA1L - - - - 1 - - - - 1 - - 

MFN1 - 1 - - - - - - - - - - 

WDR6 1 - - - - - - - - - - - 

NCAPG - 1 - - - - - - - - - - 

PQBP1 - 1 - - - - - - - - - - 

EGF 1 - - - - - - - - - - - 

SPHK1 - - - - 1 - - - - - - 1 

TRIM56 1 - - - 1 - - - 1 - - - 

PIK3C2B 21 - 1 1 - - - - - - - 5 

CENPF 33 - - - - - - - - - - - 

SF1 - - - - - - - 1 1 - - - 

COL4A2 1 - - - - - - - - - - - 

EDC4 2 - - - - - - - - - - - 

MAP3K3 - 1 - - - - 1 - - - - - 

IGFBP3 2 2 - - - - - - - - - - 

SF3A1 - 1 - - - 1 - - - - - - 

B3GALNT2 - - - - - - - 1 - - - - 

AKR7A2 1 - - - - - - - - - - - 

CLUAP1 - - - - - - - - - - 1 - 

DSPP 1 - - - - - - - - - - - 

DSP 36 - - - - - - - - - - - 
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Over-expression of SEREX derived clones in breast cancer 

The microarray data reporting a gene expression study (GSE20437) of 36 breast cancer 

patients (18 samples from patients undergone reduction mammoplasty, 9 oestrogen 

receptor positive samples and 9 oestrogen receptor negative samples) and 6 healthy 

controls was downloaded from Gene Expression Omnibus. The gene-expression data of the 

107 genes corresponding to the SEREX-cDNA expression clones were selected form the 

entire microarray data. Class comparison elucidated 14 genes (Tab. 8) which were 

differentially expressed in breast cancer patients versus healthy controls (p<0.05). Seven out 

of the 14 genes, namely RRP1, RPS9, SAFB2, FAM149B1, AKR7A2, SRRT and PQBP1, were 

found being over-expressed in breast cancer samples (Fig. 2). The other 7 genes, namely 

MTIF2, ISCA1, DSP, PIP4K2A, ZC3H12A, TRAK1 and SF3A1, were over-expressed in the control 

samples (Fig. 3). 

Table 8: Class comparison analyses elucidated 14 differentially expressed genes (p<0.05). Out 
of 107 SEREX-derived genes/ clones in breast cancer (n=36) and healthy (n=6) controls. Unique Id is 
the annotation used for the genes used in the microarray experiment. Fold change is the ratio of the 
median of the signal intensities derived from the cancer and control sample for a given gene. 

Gene symbol Unique id 
(Microarray) 

p-value Fold-change 

SAFB2 32099_at 0.003 1.52 

SF3A1 201356_at 0.005 0.7 

ZC3H12A 218810_at 0.001 0.72 

TRAK1 202080_s_at 0.001 0.7 

PQBP1 210499_s_at 0.01 1.27 

FAM149B1 213896_x_at 0.01 1.43 

AKR7A2 202139_at 0.01 1.4 

DSP 200606_at 0.02 0.74 

MTIF2 203095_at 0.02 0.84 

RRP1 218758_s_at 0.02 2.05 

SRRT 222047_s_at 0.02 1.35 

RPS9 214317_x_at 0.03 1.54 

PIP4K2A 212829_at 0.04 0.72 

ISCA1 209274_s_at 0.04 0.77 
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Figure 2: Box-plots of the log2 transformed signal intensities. The box-plots in this figure show 
the signal intensities of the genes that are over-expressed in the breast cancer samples. 
 

 

Figure 3: Box-plots of the log2 transformed signal intensities. The box-plots in this figure show 
the signal intensities of the genes which are over-expressed in the controls. 

 

Discussion 

Auto-antibodies against the TAAs have been reported as potential biomarkers for early 

diagnosis of cancers and SEREX has been used for a while for the identification of such auto-

antibodies. Other prominent methods for identifying auto-antibodies are 2D gel 

electrophoresis and mass spectrometry [7,23].  

This study confirmed the potential antigenicity by comparison to SEREX database, gene-

mutations / fusions, gene-expression changes and overrepresentation analyses. Using 
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SEREX, 192 cDNA expression clones were identified that elucidated immunogenic response 

in breast cancer patients. These 192 clones expressed 107 unique genes/proteins, out of 

which 22 have been reported in the SEREX database from various cancer studies. Out of 

these 22 genes, GAPDH and RCD-8 were reported from breast cancer studies while P4HB, 

DBNL, IGHV1-69 and CENPF were reported from various cancer studies along with the breast 

cancer studies in the SEREX database.  CENPF, GAPDH, P4HB and DBNL reported to be over-

expressed in other breast cancer studies [24-27]. Although, reports of IGHV1-69 being over-

expressed in breast cancer could not be found, IGHV1-69 over-expression is observed in 

chronic lymphocytic leukaemia [28]. RCD-8 has been previously reported as autoantigen 

associated with autoimmune diseases like primary biliary cirrhosis and Sjögren's syndrome 

[29,30]. 

Although the rest of the 85 genes were not found to be reported in the SEREX database, one 

could expect their association with breast cancer as these genes were expressed by the 

cDNA expression clones selected by immunoscreening using autologous patient sera. It may 

be speculated that the humoral immune response against cancer related antigens arise from 

over-expression [31,32]. However, for establishing these antigens to as biomarkers, these 

antigens have to be validated using more robust technique like ELISA, MALDI, or protein 

microarrays.  

It was found that 22 clones encoded hybrids of 2 different genes when sequenced from each 

of the ends. This observation gives a chance to speculate that these clones might be derived 

from tumours expressing fusion-genes. Although somatic rearrangements are often found in 

the cancer genomes and are intrachromosomal, their role in the development of cancer is 

poorly characterized [33]. Out of the 22 clones, 4 clones expressed sets of genes which are 

found to be located on the same chromosome. For example, AMY2B and LOC100130331, 

LCORL and NCAPG, FAM149B1 and MRPS16, and HSPA1A and HSPA1L are located on the 

chromosome 1, 4, 10 and 6, respectively. Out of the 44 genes presented by these 22 clones, 

there were 3 genes, SLC12A1, GAPDH and CAPNS1, which reported to have fused with other 

genes. SLC12A1 is known to be fused with LEO1 in gliomas [34], GAPDH is fused with BCL6 in 

B-cell lymphomas [35] and CAPNS1 is fused with WDR62 in ovarian cancer [36]. All these 

findings hint the possibility of the SEREX clones expressing fusion genes, hence suggesting 
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the possible reason for their immunogenicity. However, the real nature of the genes 

expressed by these 22 clones has yet to be validated. 

Apart from the mutations, over-expressed proteins contribute to the humoral response 

against tumour antigens [37]. To find out the nature of the genes expressed by the cDNA 

expression clones and the sets of genes which are over-represented and clustering into 

certain KEGG pathways in breast cancer, ORA was performed using GeneTrail. This analysis 

identified enriched pathways like MAPK signalling pathway and spliceosome. MAPK 

signalling pathway is known to be associated with control of growth signals, cell survival, and 

invasion in cancer. In colorectal cancer, MAPK signalling pathway plays a role of regulating 

apoptosis [38]. Over-representation of the genes associated with the spliceosome was also 

observed. Majority of the human gene transcripts undergo alternative splicing. Although the 

functions of the encoded proteins do get affected by the alternative splicing, some may 

exhibit a malignant phenotype [41]. The ORA of the genes from other 9 cancer studies 

showed enrichment of various KEGG pathways (Fig. 1). However, there were no overlapping 

pathways found between the genes identified from this study and the genes representing 

the breast cancer study from the SEREX database. Although, the enrichment of spliceosome 

was also found in the colon and thyroid cancers, MAPK signalling pathway enrichment was 

unique to the set genes expressed by the clones identified from this study. Since MAPK 

signalling pathway is known to be associated with other cancers, it could be hypothesized 

that it may play a role in promoting immune response in breast cancer.  

In addition to the enriched pathways, enrichment of sequence motifs like GrB cleavage sites 

and coiled coils was observed. GrB is found in the cytoplasmic granules of CTLs and NK cells 

and plays a vital role in inducing apoptosis. GrB cleavage sites are identified in autoimmune 

diseases and as well as meningioma [42,43]. From a study on autoantigens, conducted by 

Dohlman et al., it was suggested that coiled-coils may have autoantigenic potential [44]. This 

indicates the immunogenicity of antigens with such sequence motifs against breast cancer. 

These motifs were enriched in all the other cancer studies from the SEREX database used for 

ORA.  

A higher number of mutated proteins in cancer leads to the increase in the levels of auto-

antibodies and hence are easily recognized [45]. Comparison of the genes expressed by the 
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cDNA expression clones with the Roche Cancer Genome Database lead to the identification 

of 23 genes which are known to have some sort of mutation and association with cancers 

(Tab. 7). Out of 23 genes, 12 genes were found to be mutated in glioma samples and only 2 

genes were mutated in the breast cancer samples. This may be because most of the samples 

reported were from the glioma patients. 

Irrespective of the nature of the gene/protein, the clones identified in this study showed 

immune-reactivity to the sera from breast cancer patients. To determine their usefulness as 

a possible panel for diagnosis, these proteins are needed to have some sort of confirmation 

and validation. 

One way of validating the antigenic nature of these genes was to see if they are being 

differentially expressed in breast cancer patients and healthy control individuals. This was 

done using the microarray data, Graham et al.[20], derived from a study which was used for 

differentiating breast cancer samples from healthy control samples. Out of the 107 genes, 

from this study, 14 genes were found to be significant and differentially expressed in breast 

cancer samples and healthy control samples. Using this microarray, Graham and colleagues 

found the enrichment of MAPK pathway in their classifier. This finding along with the 

findings of the ORA suggests the role of MAPK signalling pathway in breast cancer.  

Conclusion 

From this study, 192 sero-reactive clones were identified which expressed 107 genes. There 

were 22 clones which gave different gene products when sequenced from 5’ and 3’ ends, 

suggesting the possibility of having gene fusions. The 107 genes were over-represented for 

the KEGG pathways like MAPK signalling pathway and spliceosome. Over-representation of 

the genes associated with spliceosome was also observed in chapter 3, where entirely 

different set of serum samples were used. Alternative splicing is one of the reasons for the 

immunogenicity of the self-proteins (autoantigens) [46]. The limited overlap between the 

enriched pathways of these over-represented genes and the genes from the other SEREX 

studies hints the novelty of the genes from this study. The genes, from this study, also 

showed enriched of sequence motifs which are characteristics of autoantigens [46]. Similar 

enrichment of sequence motifs in different sets of genes from chapter 2 and 3 were 
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observed. The mutation analysis showed that most of the genes reported from this study are 

known to be mutated in glioma and not breast cancer. These genes were also found to be 

differently expressed in breast cancer patients and the healthy individuals, which could be 

confirmed by analyzing a microarray data from another study. Having showed the qualities 

of the typical TAAs, these genes/proteins may prove to be important in differentiating breast 

cancer samples from healthy controls.  
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Conclusions 

The aim of this thesis was to identify novel auto-antibody signatures which enable early 

diagnosis of breast cancer. SEREX technique has been exploited the identification of tumour 

associated autoantigens for a while now. Such autoantigens identified using sera from brain 

and lung cancer patients were used for the generation of protein macro- and microarrays. A 

comparison of the performances of both the arrays led to the observation that protein 

microarrays display better correlation between the replicates of the same sample compared 

to the macroarrays [1]. Using protein microarrays the brain and lung cancer samples could 

be correctly classified. This study reported in the chapter 1 helped in establishing a protein 

microarray platform for the identification of auto-antibody signatures against tumour 

autoantigens using only few microliters of sera. 

Although, the comparison between the microarrays and macroarrays yielded results in 

favour of microarray (Chapter 1), macroarrays are advantageous when a large collection of 

cDNA expression clones is used for evaluation. Since the macroarrays harbour the bacterial 

colonies, the expression of the recombinant proteins was done on the macroarray itself. In 

the study reported in the chapter 2, these macroarrays were used to short list a sizable panel 

of clones which were reactive to the serum samples. These sero-reactive clones were 

identified and were cultured for the recombinant proteins. The purified His-tag proteins 

were used for the production of protein microarrays and were used for the evaluation of 

sera from the breast cancer patients and the healthy individuals. Although, the 

differentiation of the benign and the malignant samples could not be achieved, the breast 

cancer samples could be differentiated from the healthy controls. One reason which could 

be hypothesized, for not being able to differentiate the benign and the malignant samples, is 

that the expression of recombinant proteins in E. coli leads to the formation of misfolded 

proteins [2]. These misfolded proteins may not be exposing all the immunogenic epitopes 

and hence the mediocre result. Over-expression of autoantigens is often observed in cancers 

[3] and the genes identified in chapter 2 showed over-representation of genes associated 

with various pathways and protein families associated with cancers.  
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Considering the possibility of having misfolded proteins which may interfere with the 

identification of all the possible auto-antibody signatures in breast cancer, a decision was 

made to use the synthetic peptides. These potential antigenic peptides sequences were 

deduced from the proteins expressed by the cDNA expression clones from the chapter 2. 

The usage of the synthetic peptides could solve the problem associated with the E. coli-

expression. In chapter 3, basing on the maximum antigenic scores the peptide sequences 

were deduced and were synthesized. These peptides sequences showed enrichment of Zinc-

finger domain motif which is a characteristic of tumour-associated antigens [4]. The 

synthetic peptides were used for the generation of the peptide microarrays. A comparison 

between the protein and peptide microarrays was made upon evaluation of same set of sera 

from benign and malignant breast cancer patients and healthy controls. A higher degree of 

discrimination of samples was obtained using peptide microarrays when compared to 

protein microarrays. The over-representation analysis of the classifiers showed the 

enrichment of MAPK signalling pathway, which is known to be associated with breast cancer 

[5]. Secondary structural motifs, which are the features for autoantigens in autoimmune 

diseases, were enriched as well [3]. 

Simultaneously, SEREX strategy was used for the identification of tumour auto-antibodies 

against autoantigens in the sera from breast cancer patients (Chapter 4). cDNA expression 

clones were made using the cDNA obtained from the benign and malignant breast cancer 

patients and the sero-reactive clones were picked. The corresponding genes from these 

clones were found to be mutated in various cancers. However, only couple of them were 

reported being mutated in breast cancer. Mutated- or aberrantly expressed proteins act as 

antigens evoking immune response which results in the production of auto-antibodies [6]. 

Basing on the information obtained from sequencing of the plasmid DNA obtained from 

these clones, it could be speculated that some of these clones may be are expressing fusion 

genes. When these genes were used for evaluation on a microarray data, some of these 

genes showed differential expression. When all the genes expressed by the SEREX derived 

clones were subjected to over-representation analysis, enrichment of pathways which are 

associated with cancers was observed. However, very little overlap between the enriched 

pathways of this data and the data obtained from 9 other cancer studies was observed. This 
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suggests the novelty of the genes identified in this experiment. In this study, potential fusion 

genes, a common phenomenon observed in cancers [7]. 

Outlook 

The conventional diagnostic methods for breast cancer like mammography, ultra sound 

imaging and magnetic sound resonance imaging, lack sensitivity and specificity and even 

may necessitate biopsy [8]. Since the auto-antibodies can be detected in the patient sera 

prior to the onset of the disease symptoms, they serve as perfect alternative to the existing 

diagnostic methods. The microarrays can be employed for the identification of such auto-

antibodies using only few microliters of patient sera.  

The microarray studies conducted during the course of my thesis have led to the 

identification of panels of potential tumour auto-antibodies. However, for these potential 

auto-antibody biomarkers to be dubbed as clinically validated biomarkers, validation has to 

be performed using much larger sample size. The usage of E. coli expressed recombinant 

proteins may restrict the identification of auto-antibodies up to some extent as such 

recombinant proteins are usually misfolded. The usage of synthetic peptides, on the other 

hand, could solve the problem associated with the E. coli-expression. Although, peptide 

sequences with maximum score were used in this thesis, one could use the tiling peptide 

arrays for a better diagnostic approach. Tiling peptide array strategy would ensure that all 

the possible antigenic motifs within the given protein sequence are presented on the array 

surface and thus can provide a robust platform for serum auto-antibody evaluation. The 

usage of peptide array would cut short the money required for the recombinant protein 

expression and saves valuable time. 

The SEREX study identified the cDNA expression clones which express potential fusion genes 

and express genes which are over-represented for pathways relevant to cancer. The 

recombinant proteins from these clones can be expressed and used for the production of 

protein microarrays. These protein microarrays can be used for validating the antigenic 

nature of the proteins expressed by these cDNA expression clones. Alternatively, the 

corresponding protein sequences can be used for the deduction of potential antigenic 

peptide sequences and can be used for the generation of peptide microarrays. 
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The features like the enriched pathways, the possibility of having fusion genes, over-

expression and mutation analysis are the typical features of tumour associated antigens. 

Thus, I conclude that the SEREX derived clones and the classifiers from protein and peptide 

microarray approaches can be used to construct a minimal invasive platform for early 

diagnosis of breast cancer. 
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