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Chapter 1 
 
 

Introduction 
 
 

1.1.Proteomics in Cancer Research 

Cancer is one of the leading causes of death in the United State and is believed to 

develop through a multi faceted process, involving genetic mutation and functional 

protein expression changes [1]. Most genetic studies in cancer research have revealed low 

correlations between mRNA and proteins [2-5] although it is too premature to completely 

disregard mRNA studies and prefer protein profiling. However, this result has prompted 

further studies of proteins in cancer research not only to understand carcinogenesis, 

tumor progression and metastasis but also to develop methods for early diagnosis. The 

study of the proteome has great challenges due to its complexity and dynamic range of 

biological samples to be analyzed. The proteomes are heterogeneous and the dynamic 

range of their expression levels in response to the change in cell/tissue and molecular 

environments exceeds an order of 1010 magnitude[6,7] Analytical technologies for 

proteomics has improved to overcome the problems stated above and posses the ability to 

detect low concentration of proteins or peptides with biological significance[8,9]. One 

approach at the molecular level involves comparing protein expression in normal and 

cancerous samples [10]. The motivation of this research is that the profiling of protein 

expression-changes in cancerous cells helps define them in nature, predicting their 

pathological behavior particularly in cancer [11], indicating the responsiveness to 
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treatment of a certain tumor and ultimately providing the opportunity for discovering new 

biomarkers for early detection of cancer. Early cancer detection is not simple since most 

cancers are asymptomatic until the late stages which are associated with high mortality 

rates. Thus, the discovery of biomarkers that are highly effective in detecting cancer has 

become an important issue for early detection as well as treatment.  

Also the study of proteins involved in signaling pathway networks in cancer has 

also played an important role in proteomics in disease research [12]. The interactions of 

proteins in complicated biological networks determines the function of the organism and 

are indicative of biological complexity downstream from the alterations within the genes 

of a neoplastic cell[13,14]. Using noninvasive techniques in proteomics, it is important to 

find proteins that are highly expressed in cancer than normal, and are involved in signal 

pathways related to tumor progressions. 

 

1.2. Liquid Separation. 

Current proteomics studies of cancer can be divided into a few main areas: sample 

preparation, separation, and mass spectrometry. Since most biological samples are very 

complex mixtures, attempting to yield comprehensive outcome requires the separation of 

the samples before using mass spectrometry.  The most popular method applied for 

fractionation of protein mixtures has been 2D-PAGE [15], enabling the separation of 

proteins in spot on gels where spot patterns can be compared between samples. However, 

the 2D-PAGE method has several limitations such as reproducibility, throughput and 

interfacing with mass spectrometry [16, 17]. Alternative multidimensional liquid 

separations have been suggested to provide an ideal means to fractionate and purify 
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proteins. The major advantage of the liquid-based technique over gel-based separations is 

that liquid-based separations are amenable to large-scale automation and are also easily 

coupled with mass spectrometry. Liquid-based methods in proteomics are performed with 

either bottom-up or top-down approaches.  Bottom-up methods are often called shotgun 

approaches [18, 19], in which the entire samples are digested and then separated using 

strong cation exchange (SCX) followed by a Reversed Phase High Perforamance Liquid 

Chromatography (RP-HPLC) separation. This shotgun method is rapid in the 

identification of proteins, resulting in a high possibility of obtaining false positive as well 

as losing intact protein information such as protein truncation and protein isoforms. In 

contrast to the bottom up method, top-down approaches preserve the intact protein, 

enabling the study of the structural analysis of proteins. 

Among liquid separation techniques for the top-down approach, the combination of 

two methods have been popular, namely chromatofocusing (CF) and non-porous reverse 

phase high performance liquid chromatography (NP-RP-HPLC) [20,21]. 

Chromatofocusing (CF) [22] is a technique that separates proteins using a pH gradient 

with a weak anion exchange column. In this process a biological sample is loaded into a 

column equilibrated with a starting buffer with higher pH (about pH 7.4). Fractionated 

proteins were eluted gradually based on their pI, using a low pH buffer (elution buffer, 

about pH 4.0) when a pH gradient was formed inside the column between two buffer 

systems. Each fractionated sample from CF is further fractionated using non porous- 

reverse phase-chromatography techniques based on hydrophobilicy of proteins. This NP-

RP-HPLC method provides fast separation, sufficient peak capacity and high recovery. 

Furthermore, using on-line NP-RP-HPLC with ESI (Electrospary ionization)-TOF (Time 
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of flight)-MS, the molecular weight (MW) of proteins can be simultaneously obtained. 

This 2-D liquid separation combination (CF, NP-RP-HPLC) can provide information on 

intact proteins such as pI, hydrophobicity and expression levels to be compared between 

cancer and disease-free samples. Futhermore, obtained information can be visualized 

using software creating a 2-D mass map. A 2-D mass map analogous to that from 2D-

PAGE can display differentially expressed proteins between the cancerous and disease-

free samples.  This approach can be used to suggest potential biomarkers along with 

information obtained from the mass spectrometer.  

 

1.3. Mass spectrometry. 

Mass spectrometry has played a great role in proteomics by identifying proteins and 

providing useful information such as post translational modification in biological samples. 

Although great improvements in separation technologies have been made, the usage of 

mass spectrometry in the proteomics field has been inevitable due to the detection limits 

when biological-sample availability is diminishingly low. The application of mass 

spectrometry in proteomics study has been based on two fundamental instruments, 

electrospray ionization mass spectrometry (ESI-MS) [23, 24] and Matrix-assisted laser-

desorption ionization (MALDI) [25, 26]. Both techniques employ a common soft 

ionization method for biomolecules. Electrospray ionization (ESI) generates multiply-

charged analyte ions in the aqueous state under an electric field, which allows the 

calculation of the molecular weight of the analytes, converting ion m/z to mass. The 

advantage of using the ESI technique is the capability of interfacing with on-line 

chromatography. On-line LC-ESI-MS can decrease the analysis time as well as increase 
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improved peak capacity by well-performed separation. Since sample availability is 

limited, nano-LC-ESI-MS has been performed more frequently in proteomics [27]. In 

nano-LC-ESI-MS, only a nano- to micro-liter of samples is needed for spraying using a 

high voltage at the end of the spray tip. The flow rate of nano-LC-ESI-MS is 20-

300nl/min which is 1000 times smaller than that of standard LC-ESI-MS.  Due to the 

small amount of usage of solvent in nano-LC-ESI-MS, droplet size by spraying at the end 

of capillary in ESI is decreased, generating a more stable spray compared to that from 

regular LC-ESI-MS. 

Another soft ionization method is matrix-assisted laser-desorption ionization 

(MALDI). MALDI has been applied to samples which have been separated by liquid 

chromatography, dried and digested using an enzyme. The digested sample and matrix 

are spotted onto a plate for MALDI and crystallized. Common matrixes used in MALDI 

are alpha-cyano-4-hydroxycinnamic acid (α-CHCA) and 2, 5-dihydroxybenzoic acid 

(DHB). The mechanism of generating ions in MALDI has not yet been firmly established, 

though this technique has been available for the past three decades. Generally, however, 

matrices facilitate the absorption and transference of the pulsed laser energy to the 

sample (analyte) on the spot. Those analyte molecules are simply ionized by protonation, 

generating an [M+H]+ ion (where M is the mass of the analyte molecules). The mass of 

the analyte molecules can be analyzed by different mass analyzers. The most popular 

mass analyzer for MALDI is time-of-flight (TOF). MALDI-TOF has a great capability to 

analyze a complex biological sample (mainly peptide mixtures), which is equipped with a 

reflectron and an ion lens, improving resolution. Also the TOF instrument has unlimited 
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mass range for analyzing biomolecules. Therefore, MALDI-TOF has been an ideal 

technique to apply in proteomics.  

 

1.4. Microarray technology. 

Microarrray technology has been initiated to study DNA in the fields of genomics 

in order to monitor changes in gene expression [28-30].  The principle of microarray is 

that biomolecules are placed into 10-12 blocks of formatted (12 x 12 per block) slides 

and each biomolecule can be reacted with antibody or fluorescence dyes so that those 

reactions can be scanned. Although each spot contains a low concentration of 

biomolecules, the ratio of surface-to-volume ratio is relatively high, allowing lower 

concentrations of the target biomolecule to be monitored [31]. As a result of monitoring, 

the reaction of a femto-molar level of biomolecules can be easily detected [32]. Given the 

success of microarray techniques with DNA analysis, this technique has been applied to 

proteins. Initially, there were concerns about applying microarray techniques to proteins 

due to the tendency of protein denaturation or non-specific binding of proteins with dye 

or antibody. However, advances in microarray technology have enabled protein 

microarray technology to perform immunoassay, autoantibodies detection [33, 34], and 

protein-protein interactions. 

Protein microarray formats can be divided into two major classes. Forward-phase 

arrays (FPA) and reverse-phase arrays (RPA). In FPA, each spot contains one 

immobilized antibody or bait protein which is able to react with the proteins in the cell or 

tissue lysate solution. Proteins in the sample are then loaded directly into each spot on the 

array and incubated to allow for the reaction. In contrast, in RPA, proteins in samples are 
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immobilized first, and each spot on the array undergoes reaction with specific antibody or 

other proteins. RPA provides high linearity, sensitivity, and the possibility of combining 

multi-dimensional separation methods [35]. The utility of reverse-phase protein 

microarrays lies in their ability to provide a map of known cell signaling proteins which 

could be the starting point for drug development. RPA could also be used to perform 

autoimmune humoral response assays.  

 

1.5. Software 

The utility of software in proteomics has tremendously increased with the 

increased amount of data generated by improved mass-spectrometry technology. Mass 

spectrometry provides a mass spectrum for digested peptides from proteins using 

enzymes and mass spectrum providing sequence information. This could be introduced 

into software, which then can be used to search and compare experimental data and 

theoretical data in the data bases. Extensive software has been used for protein 

identification and/or protein post translational modification (phosphorylation, 

glycosylation) [36] studies.  

The softwares that have been generally used are MOWSE, MASOT (Matrix 

Science Inc., Boson, MA), which are available on the web and Sequest (Thermo Fisher 

Scientific) for LC-ESI/MS/MS. Each program has scoring methods which count the 

number of measured peptide masses that match calculated theoretical peptide masses in 

the database. Sequest uses data from peptide fragmentation mass spectra. A cross 

correlation function in Sequest is calculated between the measured fragment mass 

spectrum and the protein sequences and scores the proteins in the database. Other 
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softwares could be in-use to study protein-protein interaction such as molecular concept 

map (University of Michigan, Ann Arbor, MI), GeneGo (GeneGo, Inc., St. Joseph, MI), 

and Ingenuity Pathway Analysis (Ingenuity Systems, Inc., Redwood City, CA). These 

programs are able to explore the network of relationships among molecules based on 

biologically related gene sets. They can provide opportunities to study disease 

classification, and diagnosis as well as study the signaling pathway in cancer progression.  

This dissertation is intended to present a cancer study, mainly ovarian cancer, 

utilizing a high throughput proteomic approach as well as scaled-down proteomics to 

detect potential biomarkers in the disease as well as the pathological behavior of a cancer 

cell.  

 

Chapter 2 discusses the utilization of 2-D liquid-based separation/mass mapping 

techniques to elucidate molecular weight and pI measurements of the differentially 

expressed intact proteins. 2-D protein mass maps were generated to facilitate the analysis 

of protein expression between both the low stage and high stage tumors. These mass 

maps (over a pI range of 5.6–4.6) revealed that the low stage ovarian endometrioid 

adenocarcinomas (OEAs) demonstrated protein over-expression at the lower pI ranges (pI 

4.8–4.6) in comparison to the high stage tumors, which demonstrated protein over-

expression in the higher pI ranges (pI 5.4–5.2). These data suggest that both low and high 

stage OEAs have characteristic pI signatures of abundant protein expression probably 

reflecting, at least in part, the different signaling pathway defects that characterize each 

group. In this study, the low stage OEAs were distinguishable from high stage tumors 

based upon their proteomic profiles. Interestingly, when only high-grade (grade 2 or 3) 
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OEAs were included in the analysis, the tumors still tended to cluster according to stage, 

suggesting that the altered protein expression was not solely dependent upon tumor cell 

differentiation. Further, these protein profiles clearly distinguish OEA from other types of 

ovarian cancer at the protein level. 

 

Chapter 3 presents development of a micro separation technique, micro-CF, for 

analyzing two ovarian cancer cell lines MDAH 2774, and TOV 112D. Due to the limited 

amount of sample availability, micro separation techniques have been important in 

proteomics research. Especially there have been very limited improvements for 

separating intact proteins based on pI. Integrated microCF-nanoLC-MS/MS methods 

detected 700-800 proteins from ovarian cancer cell line lysates using 10μg of samples 

and compared their expression between two samples using label free semi-quantitation 

method.  

 

Chapter 4 describes that Panc-1 cell line was used as bait and the method including 

the combination of protein microarrays with two dimensional separations was used to 

explore specific autoantibodies driven from pancreatic ductal adenocarcinoma (PDAC). 

Fractionated protein solutions were spotted on nitrocellulose slides and probed with 38 

pancreatic cancer sera, 23 pancreatitis sera, and 25 normal sera. The data obtained from 

protein microarrays was analyzed by 4 different statistical analyses (COPA, OS, 

Wilcoxon, Pam). Each statistics generated the list of differential response proteins in 

comparison between cancer vs normal, cancer vs pancreatitis, pancreatitis vs normal. 

Among identified proteins using LC-MS/MS, annxein 2, Malate dehydrogenase, 
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cytoplasmic (MDH1) showed higher response in cancer sera against normal.  This work 

suggests that using a protein microarray approach with several statistical methods to 

study the humoral response against pancreatic cancer may be an effective technique to 

identify potential biomarkers for disease. 

 

Chapter 5 presents the study on mouse of model ovarian endometrioid 

adenocarcinomas using cIEF followed by tandem mass spectrometry. The obtained mice 

with cancer have genetic defects which are PTEN, Apc defects and p53 mutations. Mice 

were grouped into two such as mice with PTEN, Apc defect, which is considered as low 

grade cancer, and mice with PTEN, Apc defect with p53 mutation, which is considered as 

high grade cancer. Mice tumor samples were lysed, digested and separated using cIEF 

and analyzed using mainly LC-MS/MS. To understand genetic defects effect on a 

molecular level in tumor progression, identified proteins were analyzed further using 

Ingenuity Pathway Analysis software (IPA). Spectral count numbers for listed proteins in 

IPA were also uploaded to compare expression level changes. Any change in canonical 

pathway was carefully observed to study ovarian cancer progression based on genetic 

defects. The Right-tailed Fisher’s exact was used for calculating the significance values 

for analyses of network and pathway generation.  

 

Lastly, Chapter 6 described an on-plate digestion method where intact proteins were 

digested on MALDI plate and digested proteins on plate were identified. This work 

presents a method retaining the advantages of top-down proteomics. 
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Chapter 2 
 
 

Comparative proteomic analysis of low stage and high stage  
endometrioid ovarian adenocarcinomas 

 

2.1 Introduction 

 Ovarian cancer, the second most common gynecological malignancy, accounts for 

3% of all cancers among women in the United States [1].  Five-year survival rates can be 

as high as 94% with early detection of the malignancy. However, as ovarian cancer is 

insidious in onset, less than 20% of ovarian tumors present at early stages of tumor 

development.  The 5-year survival of women with advanced stage ovarian cancer is 

approximately 28%, largely because existing therapies for widespread disease are rarely 

curative [1]. 

 Approximately 90% of ovarian cancers are thought to arise from the ovarian 

surface epithelium or from surface epithelial inclusion glands and/or cysts.  Epithelial 

ovarian cancers (carcinomas) occur as several distinct morphological subtypes, including 

serous, endometrioid, clear cell, and mucinous tumors, based on their appearance under 
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the light microscope.  Combined, serous and endometrioid carcinomas account for ~75-

80% of all ovarian cancer. Substantial evidence suggests that the different morphological 

subtypes of ovarian carcinoma likely represent biologically and genetically distinct 

disease entities [2].  For example, about 85% of mucinous ovarian adenocarcinomas 

harbor K-RAS gene mutations, while K-RAS mutations are much less frequently observed 

in clear cell, endometrioid, and typical (high grade) serous carcinomas [3,4,5].  Likewise, 

mutations of the CTNNB1 gene (encoding β-catenin) are observed in 16-38% of ovarian 

endometrioid adenocarcinomas, but are uncommon in the other types of ovarian 

carcinomas [6,7,8,9,10,11].  As in other cancers, the genes mutated in ovarian cancer 

typically encode proteins that function in conserved signaling pathways [12]. 

 Recent investigations of ovarian endometrioid cancers have provided insights 

into the signaling pathways dysregulated during ovarian cancer pathogenesis.  For 

example, the canonical Wnt signaling pathway is frequently deregulated in ovarian 

endometrioid adenocarcinomas (OEAs), and usually occurs as a consequence of 

activating mutations in the gene (CTNNB1) that encodes β-catenin [13,7,9,14,15].  

Similarly, mutations predicted to deregulate the PI3K/Pten/Akt signaling pathway, such 

as inactivating mutations of the PTEN or activating mutations of the PI3K catalytic 

subunit, PIK3CA, are also frequently observed in OEAs [16, 17, 18].  More recently, Wu 
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and colleagues [19] have demonstrated that OEAs with defects in Wnt/β-catenin and/or 

PI3K/Pten/Akt signaling are usually low grade, low stage tumors, whereas high grade, 

high stage (stages 3/4) OEAs typically harbor p53 mutations and lack Wnt/β-catenin and 

PI3K/Pten/Akt signaling pathway defects.  

 Though comprehensive studies of tumor RNA and DNA have provided a number 

of insights into ovarian cancer pathogenesis, proteins are the major effector molecules in 

tumor cells.  Protein levels may be discordant with corresponding transcript levels, and 

post-translational modifications can have biologically critical effects on protein function.  

To date, a number of proteomics-based studies have been conducted on ovarian tumors 

or on sera from patients with ovarian tumors using several methods, including 2-D PAGE 

[20,21], Surface Enhanced Laser Desorption Ionization (SELDI) [22], and 2-D liquid-

based separation methodologies [23,24].  The latter methodology not only has greater 

reproducibility, but also has the ability to identify and quantify proteins, and the 

capability to compare results amongst different sets of experiments and samples [25].  

Cancer-specific protein expression patterns in specific histologic subtypes of ovarian 

carcinomas have not been defined.   

 In this study, we compared protein expression profiles for the low stage (FIGO 

stage 1 or 2) and high stage (FIGO stage 3 or 4) OEAs.  In general, the low stage tumors 
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lacked p53 mutations and had frequent CTNNB1, PTEN, and/or PIK3CA mutations, 

while the high stage tumors were high grade, had mutant p53 and lacked mutations 

predicted to deregulate Wnt/β-catenin and PI3K/Pten/Akt signaling.  We employed 2-D 

liquid-based separation coupled with ESI-TOF MS to accurately obtain intact protein 

molecular weights, and both MALDI-MS, and MALDI-QIT-MS for protein 

identification. Using these methods, protein expression profiles of both low and high 

stage OEAs were obtained from consecutive pH ranges (pH 5.6-4.6), and were visualized 

by a 2-D mass map. We have identified proteins distinguishing low versus high stage 

OEA by mass spectrometry.  Interestingly, when only high-grade (grade 2 or 3) OEAs 

were included in the analysis, the tumors still tended to cluster according to stage, 

suggesting that the altered protein expression was not solely dependent upon tumor cell 

differentiation.  Additionally, we have demonstrated that the proteomic profiles of OEA 

are distinguishable from those of other types of ovarian cancer. 

 

2.2. Materials and Methods 

2. 2. 1. Sample preparation 

We have analyzed twelve OEA tumor samples: six were low stage (stage 1) and six were 

high stage (stages 3/4).  Further, two tumors were analyzed twice, using independent 
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tumor lysates. We also analyzed two OEAs whose staging and mutational status 

remained hidden to the investigators until after completion of experiments within this 

study. The OEA proteomic data obtained herein was also compared to proteomic data 

obtained from a previously published analysis of 16 ovarian clear cell carcinomas and 8 

ovarian serous carcinomas [26], using principal components analysis to view tumor 

interrelationships.  The University of Michigan Institutional Review Board (IRB) 

approved the experimental protocol.  The OEAs were histologically analyzed and staged 

by a Board-Certified Pathologist (K.R.C.) prior to utilization in this study.  The tumor 

tissues were stored at -80°C until use.  The tissue samples were solubilized in lysis buffer 

using a mini-bead beater (Biospec, Inc., Bartlesville, OK). The lysis buffer was 

composed of 7M urea (Sigma-Aldrich, St. Louis, MO), 2M thiourea (Sigma-Aldrich), 

100mM DTT (Sigma-Aldrich), 0.2% n-octyl-β-D-glucopyranoside (OG; Sigma-Aldrich), 

0.5% Biolyte ampholytes, pH 3–10 (Bio-Rad, Hercules, CA), 10% glycerol (Sigma-

Aldrich), and 2% (v/v) of 50X diluted protease inhibitor cocktail solution. The 

homogenized tissue samples were incubated at room temp for 30 min, then centrifuged 

(35,000 x g, 1 h, 4°C) to pellet insoluble material. The lysed samples were exchanged 

from the lysis buffer solution to the buffer solution for further chromatofocusing 

experiments, using a PD–10G column (Amersham Bioscience, Piscataway, N.J.). The 



 19

Bradford protein assay (Bio-Rad) was used for protein quantitation. 

 

 2. 2. 2. Chromatofocusing 

 Chromatofocusing (CF) was performed on a Beckman System Gold model 127s binary 

HPLC pump with high-pressure mixer (Fullerton, CA, USA), and a HPCF 1D column 

(2.1 x 250 mm) (Eprogen, Inc., Darien, IL). Two buffer solutions (a start buffer (SB) and 

an elution buffer (EB)) were utilized for the generation of a pH gradient on the CF 

column. The SB solution was composed of 6M urea and 25mM Bis-Tris (pH 7.4). The 

EB solution was composed of 6M urea and 10% polybuffer74 (pH 3.8). Both buffer 

solutions were brought to pH by addition of a saturated solution of iminodiacetic acid. 

The CF column was pre-equilibrated with SB, after which the mobile phase was 

switched to EB solution for pH gradient initiation. The pH gradient was monitored on-

line with a post detector pH flow cell (Lazar Research Laboratories, Inc., Los Angeles, 

CA). The UV absorbance of the eluent was monitored on-line at 280nm. The flow rate 

was 0.2ml/min, with fractions collected in 0.2 pH units. Each fraction was stored at -

80°C until use. 

 

2. 2. 3. On-line mass mapping by NPS-RP-HPLC with LC–ESI–TOF MS  
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The second dimensional separation and MW determination of proteins were performed 

simultaneously using ESI-TOF-MS (LCT system, Waters-Micromass, Manchester, UK) 

coupled with non-porous silica (NPS) reverse phase HPLC (RP-HPLC). The separation 

was performed with a ODS-I column (4.6 x 33mm), which is a packed column with 

polymeric C18, 1.5µm silica (Eprogen, Inc., Darien, IL). The UV absorbance was 

monitored on-line at 214nm on a Beckman 166 System Gold HPLC system. A 

water/acetonitrile gradient, containing 0.1% trifluoroacetic acid (TFA), was used, with 

0.3% of formic acid (v/v) in 50% acetonitrile solution added separately with a post 

column splitter before ESI-TOF-MS.  The gradient was as follows: from 5% to 10% in 1 

min, 10% to 25% in 1 min, 25% to 35% in 3 min, 35% to 45% in 5 min, 45% to 75% in 

10 min, 75% to 100% in 1 min, 100% in 1 min, and 100% to 5% in 1 min.  The flow rate 

was 0.4ml/min for the separation.  Approximately 30% of the eluent from HPLC was 

delivered on-line to the ESI-TOF MS, with the remainder collected using an automated 

fraction collector.  The ESI-TOF MS was set as follows: capillary voltage 3000V, sample 

cone 37V, extraction cone 5V, desolvation temperature 200°C, source temperature 110°C, 

desolvation gas flow 600L/h, and maximum nebulizer gas flow.  Prior to each 

experiment, the instrument was externally calibrated by direct injection of the NaI/CsI 

solution. Five pM bovine insulin (Sigma-Aldrich) was added to the sample for internal 
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standard and normalization. The intact MW value was determined by deconvoluting the 

combined ESI spectra of the protein utilizing Protein TrawlerTM (BioAnalyte, Inc., 

Portland, ME). The Protein TrawlerTM program allows fast deconvolution processing 

based on MaxEnt 1 algorithm in MassLynx V 4.0 program.  

 

2. 2. 4. Trypsin Digestion 

 All of the NPS RP-HPLC sample fractions were lyophilized to 20 µl, with any 

remaining TFA neutralized by addition of 10% (v/v) NH4HCO3 into samples. After 

addition of 10% (v/v) DTT and 0.25µg of TPCK-treated trypsin (Promega, Madison, WI) 

to each sample, the samples were vortexed, and then incubated at 37°C for 18h.  The 

tryptic digestion was terminated by addition of 2.5 % (v/v) of TFA. 

 

2. 2. 5. MALDI-MS and MALDI-QIT-MS Analysis 

 The digested samples were desalted on 2 µm C18 ZipTips (Millipore) before spotting 

onto a MALDI/QIT plate.  MALDI/QIT targets were prepared by depositing 0.5µl of the 

sample on the plate with 0.5µl of matrix solution (1:4 dilution of saturated α-cyano-4-

hydroxycinnamic acid (α-CHCA, in 50% ACN, 1% TFA), containing 50 fmol of 

angiotensin I, adrenocorticotropin (ACTH, amino acid 1-17), and adrenocorticotropin 
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(ACTH, 18-39) for the internal calibration.  The mixture was dried at ambient conditions.  

The delayed extraction reflectron mode was utilized during MALDI–TOF MS analysis. 

The operation condition was as follows: operating voltage 20kV, extraction voltage 

19950V, focusing voltage 16kV, reflectron 24.5kV, and nitrogen laser operating 337nm. 

The pulse voltage was 2300V, and sensitivity was 100mV. Peptide mass spectra, with a 

mass range from 800–5000 Da, were obtained during MALDI–TOF MS analysis. The 

matrix solution for MALDI-QIT was prepared from DHB (2, 5,-dihydroxybenzoic acid) 

in 50% ACN, 0.1% TFA. Data acquisition and processing during MALDI-QIT-TOF 

analysis were controlled by Kratos “Launchpad” software, with the standard instrument 

setting for optimum transmission at medium mass. The MALDI-QIT-TOF was externally 

calibrated using fullerite deposited directly onto the plate.  The data acquired from 

MALDI-TOF MS analysis was searched in MS-fit 

(http://prospector.ucsf.edu/ucsfhtml13.4/msfit.htm) for protein identification.  For the 

MS-fit, the SWISS-PROT (http://us.expasy.org) databases were searched using the 

following parameters: (1) species: homo sapiens; (2) maximum number of missed 

cleavages: 1; (3) possible modifications: peptide N-terminal glutamine to pyroglutamic 

acid, oxidation of methionine, protein N-terminus acetylated, and phosphorylation of 

serine, threonine and tyrosine; (4) peptide mass tolerance: 50 ppm; (5) MW ranged from 
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1000 to 90000 Da; (6) pI range of proteins 4–8.  The MALDI-QIT-TOF confirmed the 

identified proteins by MALDI-MS.  The data acquired from MALDI-QIT-TOF were 

searched in Mascot using SWISS-PROT with the following parameters; (1) species: 

homo sapiens (2) possible modifications: peptide N-terminal glutamine to pyroglutamic 

acid, oxidation of methionine, protein N-terminus acetylated, and phosphorylation of 

serine, threonine and tyrosine (3) peptide tolerance: 1.2Da (4) MS/MS tolerance: 0.8Da. 

(5) Peptide charge: +1. The following criteria were used to obtain a confident search 

result: (1) MOWSE score was at least 103; (b) four minimum matched peptides (c) two 

or more consecutive y-or b-series ions for MS/MS; (d) total six or more y-or b ions for 

MS/MS. 

 

2. 2. 6. Data analysis 

 To compare protein expression between low stage (stage 1) versus high stage (stages 

3/4) OEAs, MW and intensity of proteins obtained by deconvoluting the ESI spectra 

were converted to a single text file, and were then transformed by logarithm10 

(max[X+100,0]+100).  Higher abundance proteins were selected and colored in the mass 

map if the t test p-value of the log-transformed data between the two groups (low and 

high stage OEAs) was <0.05, with >2-fold increase in the protein expression ratio. Both 
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hierarchical clustering (HC) and principal component analysis (PCA) techniques were 

utilized to view sample relationships, based upon protein expression similarities. The HC 

produced dendrograms in which points are close if they have greater correlation, found 

by calculating the Pearson correlation coefficient.  PCA facilitated a two-dimensional 

view of protein expression of different types of ovarian cancer (serous, clear, 

endometrioid) at pH 5.4-5.2, thus transforming the dataset to a new coordinate system 

such that the greatest variance from expression dataset turn into the first principal 

component, the second greatest variance becomes the second component, and so on.  

Two components displayed the relationship of the dataset in which similar data are more 

closely located.  Two sets of protein expression data were compared by analysis with 

DeltaVue software (Beckman-Coulter), with each protein map having a different color 

(red, green) and differences between the two protein maps shown in a third map (middle).   

 

2. 2. 7. Ovarian tumor tissue microarrays and immunohistochemistry  

 Two ovarian tumor tissue microarrays were constructed as described [27], with the 

tissues randomly selected from the University of Michigan Pathology archives. These 

two tissue microarrays (combined) contained triplicates of ovarian tumor samples, 

including 5 clear cell carcinomas, 26 ovarian papillary serous carcinomas,  6 ovarian 
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endometrioid carcinomas, 15 metastatic ovarian carcinomas, 8 mixed ovarian 

serous/endometrioid carcinomas, 4 ovarian serous/clear cell carcinomas, 1 papillary 

serous cystadenocarcinoma and 1 mixed anaplastic/endometrioid carcinoma. 

Immunohistochemistry for Lamin A/C was performed using a mouse monoclonal 

antibody (clone JOL2, Chemicon) at 1:50 dilution; immunohistochemistry for S100A9 

(Calgranulin B) was performed using a mouse monoclonal antibody (Clone 1C10, Novus 

Biologicals) at 1:600 dilution. Anti-Lamin A/C and anti-S100A9 primary antibodies were 

hybridized to both tissue microarrays for 30 min at RT using citrate buffer (pH 6.0) and 

microwave antigen retrieval (10 min) and the Dako automated instrument (Dako 

Cytomation, Carpinteria, CA). Detection of the primary antibody was performed using 

the Dako Envision kit. 

 

2.3. Results and Discussion 

In this work, 12 ovarian endometrioid carcinoma tumor samples (six low stage 

(stage 1) and six high stage (stages 3/4) were analyzed in the initial training set by 2-D 

liquid-based protein separation methodology.  Differentially expressed proteins in the 

low stage versus high stage tumors were subsequently identified using mass spectrometry.  

Extracted tumor proteins were resolved by chromatofocusing in the first dimensional 
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separation (based on pI), followed by NPS RP-HPLC separation in the second dimension 

(based on hydrophobicity).  Intact protein MW values obtained by ESI-TOF MS were 

deconvoluted by Protein TrawlerTM to generate a list of protein MW and intensities.  

Proteins were identified using MALDI-TOF-MS, and confirmed by MALDI-TOF-QIT 

MS/MS.  2-D mass maps (based upon the intact protein pI and MW) facilitated 

comparison of protein expression between different samples.  OEA tumor samples were 

categorized as either low stage (stage 1) or high stage (stages 3/4) tumors. Five of six 

low stage OEAs had CTNNB1, PTEN, and/or PIK3CA mutations and lacked p53 

mutations.  In contrast, five of six high stage (stages 3/4) OEAs had mutant p53 and 

lacked mutations predicted to deregulate Wnt/β-catenin and PI3K/Pten/Akt signaling 

(Table 2.1).    

  We used chromatofocusing (CF) to resolve extracted proteins (based upon protein 

pI) to compare protein expression profiles associated with the clinical stage of the tumors. 

We utilized a pH range of 5.6-4.6, as the greatest number of the proteins from the CF 

column eluted in this range according to the UV absorption profile. Within the selected 

pH range, the second dimensional separation and the ESI-TOF-MS were simultaneously 

performed to generate 2D-mass maps displaying both protein MW and expression level. 

Moreover, the 2-D mass maps facilitated comparison of differential protein expression 
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between the low stage and high stage tumors.  A comparison of the mass maps for low 

stage and high stage OEA tumors from pH 5.6-4.6, at 0.2 pI intervals, is shown in Figure 

2.1.  The blue bands represent over-expression of proteins in high stage tumors; the 

purple bands indicate proteins with over-expression in low stage tumors.  Overall, more 

proteins were over-expressed in high stage OEAs, than were over-expressed in low stage 

OEAs.  As shown in Figure 2.1, proteins over-expressed in the high stage OEAs were 

more frequently present in the pI range of 5.4-5.2, whereas proteins over-expressed in 

low stage OEAs were more frequently present in a lower pI range (e.g., pH 4.8-4.6). This 

subtle pH change in terms of protein expression based on OEA stages may indicate post-

translational changes in protein expression during tumor progression.  

Differences in protein expression between low stage and high stage OEAs might 

be related to the mutational status of the OEAs. CTNNB1, PTEN, PIK3CA and/or p53 

mutations may all have profound effects on global protein expression in the tumor cells.  

Table 2.2 indicates the proteins over-expressed in low stage OEAs. Some of these 

proteins were previously identified as candidate markers of ovarian cancer, including 

Calgranulin B, and protein phosphatase 2, catalytic subunit, alpha isoform.  Calgranulin 

B shows the most elevated level of expression difference between low stage and high 

stage OEAs in this study. It is a member of S100 family, and is a Ca2+-binding protein 
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that plays a role in carcinogenesis through the inhibition of p53, and forms a complex 

with Calgranulin A to prevent phosphorylation of various molecules necessary for 

normal transcription and translation [24]. Additionally, Calgranulin B serves as a ligand 

that can bind to the receptor for advanced glycation end products (RAGE).  This 

receptor-ligand complex may activate a cellular signaling cascade that influences cell 

division [28].  Calgranulin B was previously identified in both cystic ovarian carcinomas 

and in the serum of corresponding patients.  This protein may have utility as a diagnostic 

biomarker to distinguish between malignant and benign ovarian tumors [29], and may 

have utility for the diagnosis of OEA and other forms of ovarian cancer.  

Protein phosphatase 2, catalytic subunit, alpha isoform (PP2A) has been 

intensely studied in recent years [30, 31].  We have demonstrated an over-expression of 

PP2A in the low stage OEAs. PP2A may regulate the Wnt signaling pathway at multiple 

levels [32].  It is plausible that over-expression of PP2A results as part of futile negative 

feedback in tumors with downstream mutations in the Wnt signaling pathway.  Thus, the 

over-expression of PP2A proteins in low stage OEAs is not surprising, as five of six low 

stage tumors used in the initial training set have a mutated CTNNB1 gene encoding β-

catenin. Other proteins of interest in OEA include Ras-related protein Rab1A (RAB1A), 

RUN and FYVE domain containing protein 1 (RUFY1), and inorganic pyrophosphatase 
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2, (PPase 2, PPA2; Figure 2.2).  RAB1A is a member of an oncogene family, and plays a 

role in the regulation of vesicular transport from the endoplasmic reticulum to the Golgi 

complex [33]. In a study of alternative mRNA splicing in cancer, the Rab1A transcripts 

are only alternatively spliced variants [34], not with the regularly spliced variants found 

in normal tissues. The absence of regularly spliced isoforms may be associated with 

tumorigenesis, although that study did not include analysis of ovarian cancer.  Rab1A 

protein may be associated with tumor development. Run and FYVE domain containing 

protein1 (RUFY1) contains C-terminal RUN domain and N-terminal FYVE domain with 

two coiled-coil domains in between. RUFY1 protein is tyrosine-phosphorylated and 

interacts with Etk (epithelial and endothelial tyrosine kinase) through the SH3 and SH2 

domains [35].  Although the role of RUFY1 proteins is unclear, interaction with Etk 

appears to be involved in the regulation of endocytosis.  Inorganic pyrophosphatase 2 is 

essential for mitochondrial function. According to previous studies [36, 37], inorganic 

pyrophosphatase 2 participates in regulation of cellular pH in the tumor, and is related to 

alkaline phosphatase, which regulates intracellular to extracellular movement of 

inorganic pyrophosphate.  

Table 2.3 indicates the over-expressed proteins in the high stage OEAs, some of 

which were previously described in other types of malignancies. For example, ATP 



 30

synthase D (Figure 2.3) is over-expressed in high stage tumors in the pH 4.8-4.6 range, 

and has also been shown to be over-expressed in lung cancer [38].  It may play an 

important role in H+ transportation, which is an essential mechanism for tumor 

adaptation in a microenvironment.  High-affinity cGMP-specific 3', 5'-cyclic 

phosphodiesterase 9A (cIAP1) has been studied in both lung [39] and cervical cancer 

[40].  cIAP1 is over-expressed in lung cancer, and functions as a mediator of tumor 

necrosis factor (TNF) receptor signaling. This protein has anti-apoptotic activity [41] and 

protein expression is induced by hypoxia [42].  Tumor protein D53 is a member of tumor 

protein D52 family and its expression is elevated in breast cancer cells [43].  This protein 

shows over-expression at the G2-M transition and is a regulator of cell cycle progression.  

Not all of the proteins identified in our study have obvious biological relevance 

in terms of OEA stage.  Lamin A/C is involved in nuclear stability and chromatin 

structure, and has been primarily studied in lung cancer [44].  In lung cancer, the 

expression of Lamin A/C decreases along with the expression of other cytoskeletal 

proteins, including Vimentin. However, a previous analysis of ovarian cancer cell lines 

demonstrated Lamin A/C over-expression.  In the present study, we have demonstrated a 

1.8-fold increase in Lamin A/C expression in the stage 3/4 tumors that were analyzed. 

Interestingly, four of the eight over-expressed proteins in low stage OEAs are 
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metal binding proteins. In high stage OEAs, three of nine over-expressed proteins are 

metal binding proteins. Most of the metal binding proteins are associated with protein 

structural changes, which may perturb protein functionality.  Further, several ATP and 

GTP-binding proteins were over-expressed in the high stage OEAs.  The increased 

expression of ATP and GTP-binding proteins in high stage OEAs may be associated with 

cancer progression.   

In order to confirm the reproducibility of our findings, we repeated the assays for 

samples OE-24T and OE-28T.  Thus, tumor OE-24T(R) was actually a second, 

independent sample of tumor OE-24T; tumor OE-28T(R) was actually a second, 

independent sample of tumor OE-28T. Both of the repeated tumor samples were 

processed in an identical manner to all the other tumor samples in our study, using the 

two-dimensional liquid-based separation/mass mapping methodology.  Figure 2.4 

displays the 2-D mass map comparing OE-24T(R) versus OE-24T at pH 5.0-4.8.  Figure 

2.5 displays the 2-D mass map comparing OE-28T(R) versus OE-28T at pH 5.4-5.2.  In 

both cases, the protein bands of the tumor tissue from the second (independent) analysis 

matched well with the protein bands of the tumor tissue from the initial analysis. As 

expected, as both of the repeated tumors were high stage tumors, both tumors partitioned 

into the high stage tumors in the dendrogram (Figure 2.6). 
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To determine whether the protein signatures associated with high stage versus 

low stage tumors could correctly classify OEAs of unknown stage, we further analyzed 

two OEA (OE-37T and OE-104T) tumors whose staging and mutational status remained 

hidden to the investigators until after completion of experiments contained in this study, 

using the two-dimensional liquid-based separation/mass mapping methodology.  Based 

upon protein identification and the mass mapping data described in this study, we have 

correctly assigned a clinical stage to both tumor samples.  OE-37T partitioned into the 

other stage I OEAs in the hierarchical clustering dendrogram (Figure 2.6). At pH 5.4-5.2, 

the protein bands from OE-37T matched well with a stage 1 sample, OE-47T (Figure 

2.7). OE-37T is a well-differentiated stage 1 OEA with mutant β-catenin.  Figure 2.7 

displays the 2-D mass map comparing OE-37T versus OE-47T at pH 5.4-5.2.  The 

protein bands from the OE-37T tissue matched well with the protein bands in the OE-

47T tumor tissue. OE-37T tissue partitioned into the other stage 1 tumors (Figure 2.5), as 

OE-37T has features similar to those of other stage 1 cancer tissue samples having 

mutated CTNNB1 and nuclear β-catenin accumulation, indicating that tumors with 

similar mutations may show close relationships in the dendrogram. We also analyzed a 

second tumor sample, OE-104T, whose staging and mutational status remained hidden 

from the investigators until after analysis was completed. It clustered into the high stage 
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OEA group in Figure 6 and the protein bands at pH 5.2-5.0 matched well with the bands 

from OE-39T, which is a stage 3 OEA (Figure 2.8). Indeed, OE-104T is a stage 3 OEA 

that has a p53 mutation. Figure 8 displays the 2-D mass map comparing OE-104T versus 

OE-39T at pH 5.2-5.0.  These results suggest that clustering using proteomic data alone 

may help to reveal staging information about the tumors. Our study shows that it is 

possible to resolve low stage OEA from high stage OEA on a proteomic level.   

Further, we explored whether we would be able to distinguish OEA tumor 

staging independent of tumor grade (degree of tumor cell differentiation). To this end, we 

reanalyzed and re-clustered our data, using only the high grade OEAs (either low or high 

stage) previously analyzed. We compared the three (out of six) independent high grade 

OEAs that were diagnosed at low stage with the six (out of 7) independent high grade 

OEAs that were diagnosed high stage.  Interestingly, although we did not find perfect 

segregation of tumor stage in our clustering dendrogram, we did find that all three low 

stage OEAs tended to cluster together (Figure 2.9).  These results suggest that the altered 

protein expression was not solely dependent upon tumor cell differentiation. 

The proteomic maps produced in this work may have utility to classify OEA 

from other ovarian carcinomas. Gene expression data suggests that OEA is similar to 

clear ovarian cancer in advanced stages and to serous ovarian cancer in the early stages 
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[45]. We have compared our proteomic data for endometrioid ovarian carcinomas 

obtained within to that of serous and clear cell proteomic data obtained previously [26]. 

Figure 2.10 shows the PCA of protein mass map data of three different sub-types (serous, 

endometrioid, clear) of ovarian cancer from the pI range 5.4-5.2, which is the pI range 

from the first dimension separation with the highest abundance of proteins. It is possible 

to classify the different sub-types of ovarian cancer by analysis of proteomic data, thus 

suggesting that different sub-types of ovarian cancer may be discernable at the protein 

level (Figure 2.10).  

 

Immunohistochemical analysis of Lamin A/C and S100A9.  

To further confirm the stage-dependent protein identifications, Lamin A/C and S100A9 

(calgranulin B) expression in ovarian endometrioid tumors was assessed by 

immunohistochemistry (Fig. 2.11), using mouse monoclonal anti-Lamin A/C and anti-

S100A9 antibodies and the ovarian tumor tissue microarrays.  Strong nuclear membrane 

immunoreactivity for Lamin A/C was documented (Fig. 2. 11A, Fig. 2. 11B) in the 

majority of the ovarian endometrioid tumors. There were no significant staining 

differences observed with regard to tumor stage, in apparent discordance with the 

findings from the mass mapping experiments.  However, using immunohistochemistry to 
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discern small differences in protein expression is difficult.  We documented only a 1.8-

fold difference in expression between early and late stage ovarian endometrioid tumors in 

the mass mapping experiments. This fold-change in expression levels may not be 

apparent by immunohistochemistry.  Diffuse and consistent cytosolic immunoreactivity 

for S100A9 was documented in early stage ovarian endometrioid tumors, whereas late 

stage tumors exhibited low levels of immunoreactivity (Fig. 2.11C, Fig. 2.11D).  These 

findings were concordant with the findings from the mass mapping experiments. 

 

2.4. Conclusion 

Gene expression studies have yielded limited results in distinguishing 

endometrioid ovarian cancer from other types of ovarian cancer. We have demonstrated 

that the profiling of proteins in tumor samples, based on pI and molecular weight using 

on-line mass mapping, has facilitated the correct staging of OEA.  Protein expression 

levels for two tumors whose staging and mutational status was not revealed to the 

investigators until after analysis was completed were predictive of correct tumor stage in 

mass mapping dendrograms.  Further, we have demonstrated that endometrioid ovarian 

cancer has a unique protein signature, as compared to other subtypes of ovarian cancer. 

Protein profiling can facilitate stage-dependent ovarian tumor classification. 



 

 

Table 2.1. The Summary of OEAs utilized in this study 
 

Tumor IHC

ID Age Stage Grade AA Codon AA Codon (exon) AA Codon (exon) AA Codon (exon) p53
OE-15T 61 1C 3 -
OE-17T 67 1C 2 Ser-Cys 33 -
OE-20T 69 4 2 +
OE-24T 66 3C 1 Tyr-Asn 236 (Exon 7) +
OE-25T 58 3 3 Arg-His 273 (Exon 8) +
OE-28T 73 4 3 +
OE-35T 70 4 3 Stop 196 (Exon 6) -
OE-37T 40 1A 1 Ser-Cys 37 -
OE-39T 73 3C 2 Val-Leu 216 (Exon 6) +
OE-44T 69 1 1 Ser-Cys 33 -
OE-47T 72 1A 1 Ser-Ala 37 -
OE-48T 37 1C 1 Gly-Glu 34 Thr-Pro 131 (Exon 5) -
OE-71T 49 1C 2 Gly-Val 34 Glu-Lys 542 (Exon 9) -

OE-104T 61 3C 3 Pro-Ser 151 (Exon 5) +

TP53  mutation (exons 5-8)CTNNB1 mutation (exon 3)Clinical data PTEN  mutation (exons 1-9)  PIK3CA  mutation (exons 9 & 20)

 

 

 

 

 

 

   3
6
 



 

38 

 

 

 
Table 2.2 Over-expressed proteins in low stage (stage I) ovarian endometrioid tumors. 

 

 

Protein Name Access 
no. 

Protein 
MW/pI 

Observed 
MW 

Observed 
pH range 

Protein 
fold-

changes 

Mowse  
score 

Sequence 
Coverage 

(%) 
Calgranulin B  P06702 13242/5.7 13524 5.4-5.2 7.9 1.04E+05 54 

Ras-related protein Rab-1A (YPT1-related 
protein) 

P62820-
3 13744/5.4 13795 5.2-5.0 2 7361 53 

E2F transcription factor 7  Q96AV8 14660/5.10 14791 5.4-5.2 2.1 5642 36 

Protein phosphatase 2, catalytic subunit, 
alpha isoform P67775 35571/ 5.30 35504 5.6-5.4 2.7 2.11E+06 33 

Inorganic pyrophosphatase 2, mitochondrial 
precursor (PPase 2)   

Q9H2U
2  37963/7.1 38065 5.4-5.2 2.56 2.29E+04 41 

Ubiquitin ligase protein RNF8  O76064 55518/7.1 55557 5.0-4.8 4.8 8.84E+04 41 
RUN and FYVE domain containing protein 1 Q96T51 69079/5.6 69153 4.8-4.6 5.5 2.10E+06 37 

Myotubularin-related protein 6 Q9Y217 71955/7.6 71961 5.2-5.0 2 1.28E+08 42 
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Table 2.3 Over-expressed proteins in high stage (stage III/IV) ovarian endometrioid tumors. 
 

 

Protein Name Access 
no. 

Protein 
MW/pI 

Observed 
MW 

Observed 
pH range 

Protein 
fold-

changes 

Mowse score Sequence
Coverage 

(%) 
ATP synthase D chain, mitochondrial  O75947  18479/5.21 18594 5.4-5.2 2.39 6689 72 

Tumor protein D53 (hD53) (D52-like 1) Q16890  22449/5.5 22464 5.4-5.2 2 2.13E+05 47 

Ras-related protein Rab-14 P61106 23766/5.8 24085 5.4-5.2 2.8 1.75E+04 44 

Potassium channel tetramerisation domain 
containing protein 4 Q8WVF5 29996/7.0 29979 5.4-5.2 2.9 7037 40 

Alkaline phosphatase, tissue-nonspecific 
isozyme precursor  P05186  57279/6.2 57240 5.4-5.2 1.3 6.62E+06 33 

T-complex protein 1, theta subunit (TCP-
1-theta)  P50990  59621/5.4 59565 5.6-5.4 2 2.90E+08 36 

Lamin A/C (70 kDa lamin) P02545-2 65134.8/6.40 65145 4.8-4.6 1.8 2.93E+11 48 

High-affinity cGMP-specific 3',5'-cyclic 
phosphodiesterase 9A O76083  68493/5.9 68468 5.4-5.2 7.4 2.58E+06 33 

Baculoviral IAP repeat-containing protein 
2  Q13490 69899.67/6.27 69844 5.4-5.2 2.3 2.10E+06 37 

Vesicle-fusing ATPase  P46459  82655/6.4 82717 5.2-5.0 2.1 9.86E+05 29 

                   

                  3
8
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Figure 2.1 Comparison of mass maps showing protein expression differences between 
low stage (stage 1) and high stage (stage 3/4) ovarian endometrioid tumors across several 
pH ranges. The blue bands represent over-expression of proteins in the high stage tumors.  
The purple bands represent over-expression of proteins in the low stage tumors. 
 
 

 

 

 

 

 

 



 40

 

 

 

0

10

20

30

40

50

60

70

80

90

100

%Int.

200 400 600 800 1000 1200 1400 1600 1800
Mass/Charge

0

10

20

30

40

50

60

70

80

90

100

%Int.

200 400 600 800 1000 1200 1400 1600 1800
Mass/Charge

47
2.

9

13
56

.6
  b

*(
12

),b
0(

12
),y

(1
1)

43
0.

9

50
7.

9 
(y

3)
5 5

9.
9

63
0.

9

71
4.

1

81
3.

3

89
4 .3

 (y
7)

40
3.

0

1 1
87

.4
 (b

1 1
)

14
53

.5
 (y

12
)PG

YL
EA

T

 

 

Figure 2.2 Identification of Inorganic pyrophosphatase.  QIT-TOF-MS spectra of the peak 
for m/z 1694.8 
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Figure 2.3 Identification of ATP synthase, synthase D chain, mitochondrial.  QIT-TOF-
MS spectra of peak m/z 1351.6 
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OE-24T OE-24T(R)

 

 

 

Figure 2.4 A mass map showing comparison of protein expression between two 
individual assays from the ovarian endometrioid tumor.  Shown is OE-24T (left) and on 
the right is a repeat analysis, using a lysate prepared from a different region of the same 
tumor).
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Figure 2.5 A mass map showing comparison of protein expression between two 
individual assays from the ovarian endometrioid tumor.   Shown is OE-28T (right) and on 
the left is a repeat analysis, using a lysate prepared from a different region of the same 
tumor). 
 

 

 

 

 

 

 

 

 

 



 44

 

 

15
T

48
T

37
T

47
T

71
T

44
T

17
T

25
T

28
T

39
T

35
T

24
T

2 0
T

10
4T

24
T

(R
)

28
T

(R
)

 

 

 

 

Figure 2.6 A hierarchical clustering dendrogram of the OEAs utilized in this study. 
Included in the dendrogram are the two repeat sample analyses (OE-28T(R) and OE-
24T(R)), corresponding to tumors OE-28T and OE-24T, respectively.  Also included are 
the two tumors (OE-37T and OE-104T) whose stage and mutational status was not 
revealed to the investigators until after analysis was completed. 
White dot: low stage (stage 1).  
Black dot: high stage (stage 3/4). 
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OE-37T OE-47TDifference

 

 

Figure 2.7 A mass map comparison of protein expression between OE-47T, a stage 1 
ovarian endometrioid tumor (right) and OE-37T, an OEA whose stage and mutational 
status was not revealed to the investigators until after analysis was completed.  
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Figure 2.8 A mass map comparison of protein expression between OE-39T, a stage III 
ovarian endometrioid tumor (right) and OE-104T, an OEA whose stage and mutational 
status was not revealed to the investigators until after analysis was completed. 
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All samples are high grade (2 and 3) 
Grade 2: 17T, 71T, 20T, 39T 
Grade 3: 15T, 25T, 28T, 35T, 104T 
 
 
 
Figure 2.9 A hierarchical clustering dendrogram of only the high grade OEAs utilized in 
this study.  
White dot: low stage (stage 1).  
Black dot: high stage (stage 3/4) 
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Figure 2.10 PCA analysis of Endometrioid, Serous and Clear cell ovarian cancer.
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Figure 2.11 Immunohistochemical staining of Lamin A/C and S100A9 (calgranulin B). 
Both early stage (stage 1; A) and advanced stage (stage 3; B) ovarian endometrioid 
tumors stained for Lamin A/C immunoreactivity are shown, demonstrating predominantly 
nuclear membrane immunoreactivity in the neoplastic cells, with slightly higher 
immunoreactivity in the advanced stage tumor.  Both early stage (stage 1; C) and 
advanced stage (stage 3; D) ovarian endometrioid tumors stained for S100A9 
immunoreactivity are shown, demonstrating diffuse and consistent cytosolic 
immunoreactivity in the neoplastic cells of the early stage tumor (C), with inflammatory 
cells showing immunoreactivity in the advanced stage tumor (D). 
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Chapter 3 

 

 Micro - Proteome Analysis Using Micro-Chromatofocusing  
in Intact Protein Separations 

 

3.1. Introduction 

An important issue in current proteomic analysis is the ability to work with small 

amounts of samples. This becomes particularly important in situations where only a 

limited amount of sample may be available such as tissue or fluid samples extracted from 

aspirates [1], laser capture micro-dissection [2], tumor micro-environment experiments 

[3] or stem cell research [4] . In these cases, there may be <100,000 cells available or 

fluids in the amount of 50µl or less. This number may correspond to only several 

micrograms of total protein where if there are a thousand proteins present, then on 

average there may only be tens of femtomoles of each protein available. It thus becomes 

critical to find methods capable of separating and analyzing such small amounts of 

sample with the ability to identify the presence of large numbers of proteins.  

A number of methods have been developed to fractionate the protein content of a 

cell on a micro-proteomic scale [5, 6, 7, 8]. These methods may use an approach based 

upon fractionation of intact proteins [6,9] or alternatively fractionation of the protein 

content of a cell following total digestion of the proteins into peptides [5,10,11,12].   

Both of the approaches have been used in previous work for analysis of small amounts of
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 sample. An advantage of the intact protein method is that it may allow isolation of the 

original protein for further analysis by protein molecular weight measurement or 

antibody analysis. The presence of the intact protein information may also ultimately 

provide information on posttranslational modifications [13]. 

Ion exchange chromatography (IEC) is a widely used process that separates 

inorganic ions and proteins based on charge-charge interaction [14, 15, 16]. Protein 

separation by IEC can be performed using two methods, the salt-gradient method, and the 

pH- gradient method. Compared with the salt-gradient method, the pH-gradient method 

has the ability to produce protein separation with a high degree of fractionation based 

upon an on-column pH-based separation. Despite the capabilities of the pH-gradient 

method, IEC has been limited because of the difficulty producing linear pH gradients. 

Several improvements have been made in this area where, for example, Sluyterman and 

co-workers [17, 18] generated linear-pH gradients with no buffer mixture externally in a 

process called chromatofocusing (CF). During CF, a quasi linear-pH gradient was 

produced using simple buffer solutions where proteins elute down the column creating 

focused bands. Most CF has been conducted using a weak anion exchanger. In other 

work, Frey and coworkers [19, 20], have developed an advanced theory for CF using 

simple buffer solutions. Also, Shan and Anderson [21, 22] have generated pH-gradient 

IEC with amine buffer solutions.  

CF has been exploited in proteomics and used as the first dimension in multi- 

dimensional separation because of its ability to obtain pI information, a fundamental 

property of proteins. This information is important for identification of proteins and 

ultimately, posttranslational modifications. For example, Lubman and coworkers [23, 24, 
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25] studied various cancers, e.g. breast, ovary, and pancreatic using chromatofocusing, 

for separation followed by mass spectrometry, and showed a difference of  protein 

expression and post-translational modifications with a mass map based on protein pI and 

molecular weight of proteins. In this work, they used an analytical scale column requiring 

several hundred micrograms to several milligrams for separation. Alternatively, a method 

has been developed using a micro-chromatofocusing (micro-CF) procedure with a weak 

anion exchanger packed in a capillary column. This method is a scaled down version of 

the CF separation currently used in the Beckman PF2D instrument. However, instead of 

milligram amounts of starting material 2-30µg of material can be fractionated based upon 

pH. The intact protein can be collected according to pH value and further analyzed by a 

second dimension. In this work, we demonstrate digestion of the eluted fraction of intact 

proteins from micro-CF followed by nano-RPLC-MS/MS. This micro-proteomic 

procedure is demonstrated for analysis of 700-800 proteins from only 10 µg of two 

ovarian cell lines (MDAH 2774 and TOV 112D).   

 

3.2. Experimental Section 

 

3.2.1. Chemicals and Materials. 

Urea, Thiourea, bis-tris, acetonitrile, n-Octyl-D-glucopyranoside, DTT and formic acid 

were purchased from Sigma-Aldrich. PMSF was purchased from Bio-Rad. Polybuffer 74 

was obtained from Amersham Biosciences (Pittsburgh, PA). The packing material (AX-

300) for micro - CF column was obtained from Eprogen, Inc. (Darien, IL).  The fused-
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silica capillary with 200um i.d./360um o.d. was purchased from Polymicro Technologies, 

LLC. (Phoenix, AZ).  

 

3.2.2. Micro-Chromatofocusing. 

 The column used in this experiment was a fused silica capillary column (200µm x 

200mm), packed with anion exchange packing materials (AX-300) (Eprogen, Inc., 

Darien, IL), using a packing bomb built in house at a pressure of 2000psi for 2-3h. The 

experiments were performed using an ultra-pure II capillary pump with high-pressure 

mixer (Micro-Tech Scientific, Vista, CA). Two buffer solutions, a starting buffer (SB) 

and an elution buffer (EB), were used to generate a pH gradient on the CF column.  The 

SB solution was composed of 6M urea and 25mM Bis-tris.  The upper limit pH of the SB 

solution was set at pH 7.8.  The EB solution was prepared with 6M urea and 

polybuffer74, while the lower limit of the EB was set at pH 3.8-4.0.  The pH for both 

buffer solutions was established by addition of a saturated solution of iminodiacetic acid.  

The CF column was pre-equilibrated with the SB solution. 5-20µg of sample was injected 

into the micro-CF column and the mobile phase was then switched to the EB solution to 

initiate the pH gradient. The pH gradient in the column was monitored by an on-line post 

column detector flow-through pH electrode (Microelectrodes, Inc., Bedford, NH). The 

flow rate was 5ul/min, with fractions collected in 0.2 pH units. The pH fraction above 7.5 

and the elution by salt wash solution (1M NaCl) were collected separately for further 

analysis. Each sample of the MDAH and TOV cell lines was run by micro-CF three times 

for reproducibility. 
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3.2. 3. Analytical Chromatofocusing 

Chromatofocusing (CF) was performed on a Beckman System Gold model 127s binary 

HPLC pump with high-pressure mixer (Fullerton, CA, USA), using a HPCF 1D column 

(2.1 x 250 mm) (Eprogen, Inc., Darien, IL). Two buffer solutions (a start buffer (SB) and 

an elution buffer (EB)) were utilized for the generation of a pH gradient on the CF 

column. The SB solution was composed of 6M urea and 25mM Bis-Tris (pH 7.8). The 

EB solution was composed of 6M urea and 10% polybuffer74 (pH 3.8-4.0). Both buffer 

solutions were brought to pH by addition of a saturated solution of iminodiacetic acid. 

The CF column was pre-equilibrated with SB, after which the mobile phase was switched 

to the EB solution for pH gradient initiation. The pH gradient was monitored on-line with 

a post detector pH flow cell (Lazar Research Laboratories, Inc., Los Angeles, CA). The 

UV absorbance of the eluent was monitored on-line at 280nm. The flow rate was 

0.2ml/min, with fractions collected in 0.2 pH units. Each fraction was stored at -80°C. 

 

3.2.4 Trypsin Digestion 

The NPS RP-HPLC sample fractions were lyophilized by vacuum centrifugation to 

remove remaining solvent in the sample tubes. The remaining TFA was neutralized by 

adding 10% (v/v) NH4HCO3 into the samples. 10% (v/v) DTT and 0.01µg of TPCK-

treated trypsin (Promega, Madison, WI) were added. The samples were vortexed and then 

incubated at 37°C for approximately 18h.  The tryptic digestion was terminated by 

addition of 2.5 % (v/v) of TFA. 

 

3.2.5 Protein Identification and quantification 
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 The digested peptide mixture was analyzed by nano-flow reverse-phase LC/MS/MS 

using the LTQ mass spectrometer with a nano-spray ESI ion source (Thermo, San Jose, 

CA). The samples were separated using a (0.1 x 150mm) capillary reverse phase column 

(MichromBioresources, Auburn, CA) with a flow rate of 5ul/min.  An acetonitrile:water 

gradient method was used, starting with 5% acetonitrile which was ramped to 60% in 

25min and to 90% in another 5min. Both solvent A (water) and B(ACN) contained 0.1% 

formic acid. The electrospray voltage was 2.6V, with a capillary temperature of 200°C 

and a capillary voltage of 4kV. The normalized collision energy was set at 35% for 

MS/MS. The MS/MS spectra obtained were analyzed using the Sequest feature of 

Bioworks 3.1 SR1. Peptide ions were assigned with the Xcorr values to consider >3.5 for 

+3, >2.5 for +2, and >1.7 for +1 ions and a ∆Cn of 0.1 or higher.  To further validate data 

obtained from Sequest, Protein prophet/peptide prophet software [26] modified in house 

were used to provide a confidence level in identification of 95%.  In order to quantify 

proteins, DTA select program has been used as described previously [27]. The DTA 

program is a form of spectral counting where the program reads individual spectra from 

the Sequest output files and evaluates the result using a filter set by the user. This then is 

followed by generating a dtaselect.html file and text file containing information on 

identified proteins and the corresponding spectral counts.  

 

3.2.6 Description of MDAH and TOV 

Two ovarian endometrioid cancer cell lines (MDAH 2774, TOV 112D) were obtained 

from the American Type Culture Collection. The cell lines were cultured as described 

previously [28]. Cultured cells were removed by scrapping with a cell scraper (Costar, 
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Cambridge, MA) and washed three times with PBS solution. Then, cells were lysed with 

lysis buffer solution composed of 6M urea (Sigma), 2M thiourea (Sigma), 1% n-Octyl-D-

glucopyranoside(Sigma), 2mM DTT(Sigma), and 2.5mM PMSF(Bio-Rad). The lysed 

solution containing cells were centrifuged at 35,000rpm at 4°C for 1h and the supernatant 

was stored at -80°C for further use. 

 

3.3. Results and Discussion 

Micro CF column  

Chromatofocusing is an on-column, non-gel fractionation technique that has been 

used as the first dimension in multi-dimensional separations based on the pI values of 

proteins in complex mixtures. The dimension of the column used for chromatofocusing 

(CF) on an analytical scale in our previous work [25] has been 2.1mm (i.d.) x 250mm, 

while the dimension of the column for micro-CF is 200µm (i.d.) x 200mm. These two 

columns, which differ in volume by a factor of 100, result in several experimental 

differences since columns size affects both the amount of protein loaded onto the column 

and the composition of the elution buffer (EB) solution. The amount of protein loaded 

onto the column for multidimensional separation is an important factor in proteomic 

research where it will determine the number of proteins detected, especially those at 

lower abundance. The amount of protein required for analytical scale CF is ~ 5mg, 

whereas in micro-CF the total protein loading can be reduced to typically 5-20µg of 

sample. Indeed, the protein loading in these micro-CF experiments can be as little as 2µg 

of total protein.  
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Another difference between CF and micro-CF is the time required to generate a pH 

gradient. In the analytical scale CF used in prior work, the EB solution contained a 10% 

polybuffer solution, which generates a 40-70 min pH gradient. However, in micro-CF 

separation, a 10% polybuffer solution generates a pH gradient separation for only a 

limited time before reaching a lower pH. This rapid pH gradient was insufficient to 

generate adequate protein separation based on pI or to collect sufficient volume of the 

fractionated samples for further experiments. To generate a longer elution time, a 2% 

polybuffer solution was used in micro-CF for the pH gradient. Highly repeatable pH 

gradients (pH 7.6-3.8) were obtained for micro-CF using the EB solution as shown for 

10µg of sample injected on-column in Figure 3.1. Compared to the gradient change of 

analytical CF involving a 10% polybuffer solution, the 2% polybuffer system yielded a 

pH gradient that was twice as long in our experiments.  

 

Separation and identification of proteins using nano ESI-LC-MS 

Nano-ESI-LC-MS  

 The proteins separated by micro-CF were collected into pH fractions and digested 

into peptides using trypsin. The peptides from each fraction were further analyzed using 

nano-flow HPLC-ESI-MS/MS. The proteins from the pH fractions and the salt gradient 

were analyzed in these experiments. Figure 3.2 shows the base peak chromatogram for 

three pH fractions of a microCF/nano-HPLC-ESI MS/MS of the peptides detected in a 

human ovarian cancer cell line (TOV112D). Though there are some overlapping peptide 

peaks from high abundance proteins across adjacent pH ranges, low abundance proteins 

such as p53 were still identified based upon the reverse phase separation and MS/MS 
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analysis. The reproducibility of the peptide separation and identification was tested using 

the combined microCF/nano-HPLC-ESI MS/MS in multiple runs of tryptic digest 

samples.  Two consecutive experiments were performed for two different analyses from 

repeat micro-CF experiments with the same pH range (pH 5.6-5.4). There is only a small 

difference in elution times of the peptides from the fractionated solution, usually <0.2min. 

Figure 3.3 illustrates the base peak chromatogram and tandem mass spectrometry of the 

sample solution. Mass spectra were generated for the peptide K. 

MEKETAENYLGHTAK.N from GRP75 (Stress-70 protein, mitochondrial precursor) at 

19.47min from Figure 3.3B and 19.33min in Figure 3.3D, respectively. Figure 3.3 

demonstrates the reproducibility of the combined micro-CF/nano-HPLC-ESI-MS/MS 

method.  

 

Comparison of ovarian cancer cell line proteins  

 In the integrated micro-CF/nano HPLC-ESI-MS/MS approach, 700-800 proteins 

were detected using 10µg of sample in each of two cell lines. Each of these samples was 

run three times to increase the number of total proteins detected. However, after the 

second run the number of proteins detected did not increase substantially. The pI 

distribution and location of the identified proteins is illustrated in Figure 3.4 and 3.5 

respectively. The pI distribution of proteins using micro-CF is similar to that obtained 

from analytical scale CF. As can be seen, most of the proteins are located in the Cytosol 

and Nuclear compartments. There was little difference in the location of the proteins in 

the two ovarian endometrioid cell lines.  
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 Table 3.1 lists 173 proteins common to both the MDAH 2774 and TOV 112D cell 

lines. This Table also contains quantitative information on protein expression based upon 

the spectral counting method. For example, structural proteins such as Keratin 9, 19, 22 

and the Histones AA, BA are found with a high Xcorr score from the ESI-MS/MS 

Sequest database search result. It should be noted that there are large differences in 

expression between the histones and keratins between the cell lines, where the presence 

of the different keratins is often used as a marker of the type of cancer [29, 30]. Of the 

common proteins in both cell lines Table 3.1 shows that less than half of the proteins 

undergo pI shifts. Also, approximately 25% of the proteins in Table 3.1 are shifted to 

acidic pH compared to the database value. According to the nano HPLC-ESI/MS/MS 

result, half of the proteins with a pI shift toward the acidic range showed possible 

phosphorylations, while the remainder showed possible methionine oxidation or no PTM 

present. Many of these proteins have been studied in previous work using analytical scale 

chromatofocusing in breast cancer cell lines and showed distinctive phosphorylations in 

aggressive cancers [13]. Some of these proteins include the four histones detected, which 

have a strong shift towards lower pI compared to that expected. In addition, other 

proteins such as elongation factor1-alpha1 and arginine splice factor have been studied by 

these methods and shown to be multiply-phosphorylated in cancer cells. Interestingly, 

proteins with a pI shift toward the acidic range appear to be involved in protein binding at 

the molecular function level such as ATP binding. This may indicate that these proteins 

play a role in signal pathways involved in cancer.  

 

Ovarian cancer cell lines-Pathway proteins detected 
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Two ovarian endometrioid adenocarcinoma (OEA) cell lines have been studied 

to gain insight into the progression of disease through potential proteomic studies of cell 

signaling pathways. Among the signal pathways, the Wnt signaling pathway has been 

known to play a critical role in cell proliferation, regulating morphology, and cell fate at 

the cellular level [31] and is known to be deregulated in endometrioid ovarian cancer 

[32]. Moreover, mutations such as the CTNNB1 gene mutation and the PTEN tumor 

suppressor gene have also been shown to be involved in this pathway [33]. The CTNBB1 

gene encodes beta-catenin which is regulated by a multi-protein complex (Beta-catenin -

Axin-adenomatous polyposis coli (APC)-glycogen synthase kinase (GSK-3β)). In this 

protein complex, GSK-3β phosphorylates NH2-terminal β-catenin, producing beta-

catenin for ubiquitination and proteasome degradation. With the Wnt signal, beta-catenin 

degradation is inhibited allowing β-catenin to enter the nucleus, activating the TCF/LEF 

complex including Bcl-9, PYCO, CBP and turning on genes such as c-Myc and cyclin-D.  

 

In this work, two ovarian endometrioid cell lines (MDAH2774, TOV112D) were 

studied. MDAH2774 and TOV112D are cultured cell lines derived from human ovarian 

endometrioid adenocarcinomas. TOV112D harbors the β-catenin mutation, Wnt pathway 

defect and MDAH2774 has an Axin1 mutation, also a Wnt pathway defect. The effect of 

these mutations is an increase in the cellular level of beta-catenin and subsequent 

transcription of Wnt target genes. In considering the Wnt pathway, no Wnt antagonists 

e.g. secreted frizzled-related proteins (SFRPs) or Wnt-inhibit-factor-1 (WIF-1) were 

observed in either cell line at detectable levels with the capability of our current 

experiment.  However, the Receptor (Frizzled-1[precursor]) and low density lipoprotein 
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receptor for Wnt ligand were detected in each cell line, which suggests the activation of 

the cytoplasmic protein disheveled (Dsh, Dvl). The mechanism for Dsh/Dvl activation is 

not clear yet, but CSK21 (casein kinase II subunit alpha) found in TOV112D has been 

suggested as being involved in this process [34]. Dishevelled proteins have been shown 

to recruit GSK-3 binding protein (GBP), detected in both cell lines herein to the 

multiprotein complex. The resulting complex in both cell lines (TOV112D, MDAH2774) 

was expected to lead to activation of the TCF/LEF target since the mutations of CTNNB1 

(TOV112D) and Axin1(MDAH2774) have been shown in prior work [32]. Bcl-9, and 

CBP (CREB-binding protein), which were detected in TOV112D, are a part of the β-

catenin complex (LEF/TCF- β-catenin-Bcl9-CBP) in the nucleus. This finding may 

support the higher activation of TCF-dependent transcription in TOV112D obtained 

compared to MDAH2774. Also p53 was found in MDAH2774, which could provide an 

alternate pathway for tumor activation in this cell line. 

 

Since both cell lines have different mutations, different cellular behavior may 

result according to protein expression. Compared with MDAH2774, the TOV112D cell 

line expresses a higher number of proteins involved with cell activation, for example, T-

cell surface antigens CD2, CD4, and the Wiskott-Aldrich syndrome protein family 

member 3(WASF3). Also detected was p85A (phosphatidylinositol 3-kinase regulatory 

subunit alpha) which is necessary for the insulin-stimulated increase in glucose uptake 

and glycogen synthesis in insulin-sensitive tissues. In terms of glucose transport, GTR4 

(Solute carrier family 2, facilitated glucose transporter member 4) was found in 

TOV112D. Raf1 protein was detected which is involved in B-cell receptor signaling and 
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IL-6 signaling where IL6 (Interleukin-6 [Precursor]) was detected. Several proteins 

(M3K9, M3K10 and M3K11) involved in the MAPKinase signal pathway were also 

more often observed in TOV112D than in MDAH2774. Although these cell lines are both 

endometrioid cancers, there may be different pathways at work that are responsible for 

their aggressiveness and pathologies. 

 

3.4. Conclusion 

 It is shown that cell lysates can be analyzed using the combined method, micro-

CF/nano-HPLC-ESI-MS/MS, where only limited amounts of sample are available. The 

micro-CF method involves separation of intact proteins where the pI information can be 

used for identifying the potential presence of PTMs and also the change in PTM content 

between cell lines. The method can identify large numbers of proteins (700-800) with 

only 10-20µg total protein where the proteins observed can be associated with protein 

pathways. The proteins identified can be associated with known genetic defects in these 

cancer cell lines and these pathways can potentially be associated with the aggressiveness 

or the progression of disease. 
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Table 3.1: Proteins identified from both cell lines, TOV112D, and MDAH2774. 
 

Access No. Protein Name Expression change(fold) Theritical Experimental pI
TOV112D MDAH2774 pI TOV 112D MDAH 2774

P31947 14-3-3 protein sigma 98.4 4.68 pH4.6-4.4 pH4.4-4.2
P62736 Actin, aortic smooth muscle 6.3 5.24 pH5.6-5.4 pH5.2-5.0
P60709 Actin, cytoplasmic 1 3.6 5.29 pH5.6-5.4 pH5.2-5.0
P63261 Actin, cytoplasmic 2 (Gamma-actin) ⎯ ⎯ 5.31 abovepH7.5 abovepH7.5
P12814 Alpha-actinin-1 (Alpha-actinin cytoskeletal isoform) 1.1 5.25 pH5.2-5.0 pH4.2-4.0
O43707 Alpha-actinin-4 (Non-muscle alpha-actinin 4) ⎯ ⎯ 5.27 abovepH7.5 above pH 7.5
Q9H2P0 Activity-dependent neuroprotector 3.1 6.97 pH6.2-6.0 pH6.8-6.6
P51825 AF4/FMR2 family member 1,Proto-oncogene AF4 2.7 9.26 abovepH7.5 abovepH7.5
Q16352 Alpha-internexin ⎯ ⎯ 5.34 abovepH7.5 salt washing
P02768 Serum albumin [Precursor] 8.9 5.67 pH5.6-5.4 pH5.6-5.4
Q01484 Ankyrin-2 ⎯ ⎯ 5.03 pH5.0-4.8 pH5.2-5.0
Q86YR6 Ankyrin repeat domain-containing protein 21 2.6 6.32 pH6.6-6.4 pH7.0-6.8
P50995 Annexin A11 (Annexin XI) ⎯ ⎯ 7.53 salt washing salt washing
P07355 Annexin A2 7.2 7.56 pH5.8-5.6 pH6.0-5.8
P12429 Annexin A3 8.8 5.63 pH5.6-5.4 pH5.6-5.4

Q9NR81 Rho guanine nucleotide exchange factor 3 4.4 6.03 pH4.8-4.6 pH4.4-4.2
Q68CP9 AT-rich interactive domain-containing protein 2 3.2 7.08 pH7.2-7.0 pH7.2-7.0
P06576 ATP synthase subunit beta, mitochondrial precursor 15.5 5 pH5.6-5.4 pH5.6-5.4
O75173 ADAMTS-4 [Precursor] 3.2 8.23 pH4.6-4.4 abovepH7.5

Q8WWM7 Ataxin-2-like protein 2.7 8.7 above pH7.5 abovepH7.5
Q8IY92 BTB/POZ domain-containing protein 12 1.5 5.32 pH6.2-6.0 abovepH7.5
Q05682 Caldesmon (CDM) 1.8 5.63 abovepH7.5 abovepH7.5
P62158 Calmodulin (CaM) 6.7 4.09 pH4.4-4.2 pH4.4-4.2
P83916 Chromobox protein homolog 1 ⎯ ⎯ 4.85 above pH7.5 abovepH7.5
P47902 Homeobox protein CDX-1 3.3 9.58 pH6.2-6.0 pH6.0-5.8
P49454 Centromere protein F 1.7 5.03 pH4.8-4.6 pH4.6-4.4

Q86VQ0 Uncharacterized protein C6orf152 1.7 7.31 pH6.6-6.4 pH6.6-6.4
Q9HAC7 Uncharacterized protein C7orf10 2.6 8.54 salt washing salt washing
Q9P2M7 Cingulin 2.2 5.46 pH7.2-7.0 pH7.2-7.0
P53618 Coatomer subunit beta 4.3 5.72 pH4.8-4.6 pH4.6-4.4
Q92828 WD repeat-containing protein 2 2 8.24 pH5.6-5.4 pH6.0-5.8
Q8IVV8 Protein FAM77A 3.2 5.43 above pH7.5 abovepH7.5
Q14118 Dystrophin-associated glycoprotein 1 2.4 9.31 above pH7.5 above pH7.5
Q9UIK4 Death-associated protein kinase 2 28.5 6.45 pH6.8-6.6 abovepH7.5
P16989 DNA-binding protein A 27 9.77 above pH7.5 pH7.2-7.0
Q13561 Dynactin subunit 2 (Dynactin complex 50 kDa subunit) 11.9 5.1 pH5.2-5.0 pH4.6-4.4
P17661 Desmin 2.6 5.21 pH5.4-5.2 pH5.4-5.2
O00273 DNA fragmentation factor subunit alpha 1.4 4.68 pH4.8-4.6 PH4.8-4.6
O60469 Down syndrome cell adhesion molecule [Precursor] 1.7 7.81 pH5.2-5.0 pH5.2-5.0
Q8TE73 Ciliary dynein heavy chain 5 2.4 5.79 pH4.8-4.6 pH4.8-4.6

Q8WXU2 Dyslexia susceptibility 1 candidate gene 1 protein 1.2 8.95 pH5.2-5.0 pH5.2-5.0
P68104 Elongation factor 1-alpha 1 35.8 9.1 pH7.6-7.4 pH7.6-7.4
P26641 Elongation factor 1-gamma (EF-1-gamma) 1 6.27 pH5.2-5.0 pH4.6-4.4
P13639 Elongation factor 2 3.2 6.42 6.2-6.0 pH6.0-5.8
Q14677 Clathrin interactor 1 (Epsin-4) (Epsin-related protein) 1.7 6.01 pH6.2-6.0 pH6.2-6.0
P15311 Ezrin (p81) (Cytovillin) (Villin-2) 4.7 5.95 pH6.0-5.8 pH6.0-5.8
Q5JRC9 Protein FAM47A 2.6 9.15 above pH7.5 above pH7.5
Q96AY3 FK506-binding protein 10 [Precursor] 3.8 5.26 pH5.4-5.2 pH5.4-5.2  
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Access No. Protein Name Expression change(fold) Theritical Experimental pI
TOV112D MDAH2774 pI TOV 112D MDAH 2774

Q16595 Frataxin, mitochondrial [Precursor] 6.8 5.94 pH4.8-4.6 pH4.6-4.4
Q5H8C1 FRAS1-related extracellular matrix protein 1 [Precursor] 2.7 5.5 pH4.6-4.4 salt washing
P32455 Interferon-induced guanylate-binding protein 1 1.2 5.97 pH7.6-7.4 pH7.2-7.0
Q8IWJ2 GRIP and coiled-coil domain-containing protein 2 1.3 5.08 above pH7.5 abovepH7.5
Q02153 Guanylate cyclase soluble subunit beta-1 (GCS-beta-1) 3.7 5.2 salt washing pH5.4-5.2
Q96N19 Integral membrane protein GPR137 2.5 8.78 salt washing pH4.8-4.6
P38646 Stress-70 protein, mitochondrial [Precursor] 150.7 5.44 pH5.6-5.4 pH5.6-5.4
P11021 78 kDa glucose-regulated protein precursor 2.7 5.01 pH5.2-5.0 pH5.2-5.0
P28001 Histone H2A type 1-E 244 11.05 pH6.8-6.6 pH7.6-7.4
P0C0S8 Histone H2A type 1 531.9 10.9 above 7.5 pH7.2-7.0
P62807 Histone H2B type 1-C/E/F/G/I 100 10.32 pH7.6-7.4 pH7.6-7.4
P62805 Histone H4 46.2 11.36 pH7.6-7.4 pH7.6-7.4
P82979 Nuclear protein Hcc-1 2.6 6.12 pH4.6-4.4 pH4.6-4.4
Q16836 Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial 1.1 8.38 pH7.4-7.2 pH7.0-6.8
Q8TBE9 N-acylneuraminate-9-phosphatase(NANP_human) 9.7 6.01 pH4.6-4.4 pH6.2-6.0
P31943 Heterogeneous nuclear ribonucleoprotein H (hnRNP H) 58.6 5.89 pH5.8-5.6 pH5.6-5.4
P52597 Heterogeneous nuclear ribonucleoprotein F (hnRNP F) 2 5.38 pH5.6-5.4 pH5.6-5.4
P61978 Heterogeneous nuclear ribonucleoprotein K (hnRNP K) 1.8 5.39 pH5.2-5.0 pH4.8-4.6
O43390 Heterogeneous nuclear ribonucleoprotein R (hnRNP R) 1.1 8.23 salt washing salt washing
P34931 Heat shock 70 kDa protein 1L 15.3 5.76 pH5.8-5.6 pH5.6-5.4
P07900 Heat shock protein HSP 90-alpha 13.8 4.94 pH6.6-6.4 pH4.4-4.2
P08107 Heat shock 70 kDa protein 1 7.7 5.48 pH5.4-5.2 pH5.2-5.0
P54652 Heat shock-related 70 kDa protein 2 6 5.56 pH5.6-5.4 pH5.6-5.4
P34932 Heat shock 70 kDa protein 4 1.2 5.18 pH5.2-5.0 pH4.8-4.6
P11142 Heat shock cognate 71 kDa protein 7.8 5.37 pH5.6-5.4 pH5.6-5.4
Q9Y3Y2 Uncharacterized protein C1orf77 1.6 12.24 above pH7.5 7.6-7.4
Q7Z6Z7 E3 ubiquitin-protein ligase HUWE1 2.2 5.1 above pH7.5 above pH7.5
P20810 Calpastatin 4.5 4.98 above pH7.5 above pH7.5
P63241 Eukaryotic translation initiation factor 5A-1 1.4 5.08 pH5.0-4.8 pH5.0-4.8
P01563 Interferon alpha-2 [Precursor] 1.3 5.99 pH6.0-5.8 pH6.0-5.8
Q12906 Interleukin enhancer-binding factor 3 1.3 8.86 salt washing pH5.2-5.0
Q14643 Inositol 1,4,5-trisphosphate receptor type 1 2.3 5.71 pH5.8-5.6 pH5.8-5.6
P29375 Histone demethylase JARID1A 1.1 6.42 above pH7.5 pH7.0-6.8
O94953 JmjC domain-containing histone demethylation protein 3B 34.1 6.72 pH6.8-6.6 above pH7.5
Q9HCJ3 Ribonucleoprotein PTB-binding 2 1.4 7.12 pH7.0-6.8 above pH7.5
P13645 Keratin, type I cytoskeletal 10 34 5.13 pH5.8-5.6 pH6.0-5.8
P13646 Keratin, type I cytoskeletal 13 3.6 4.91 pH7.6-7.4 pH7.6-7.4
P08779 Keratin, type I cytoskeletal 16 3.7 4.98 pH7.6-7.4 pH5.2-5.0
P12035 Keratin, type II cytoskeletal 3 2.1 8.16 pH5.6-5.4 pH5.6-5.4
P05787 Keratin, type II cytoskeletal 8 30 5.52 pH5.6-5.4 pH5.6-5.4
P00568 Adenylate kinase isoenzyme 1 11.1 8.73 above 7.5 pH7.2-7.0
O95069 Potassium channel subfamily K member 2 1.4 8.46 above pH7.5 pH7.2-7.0

Q9NQT8 Kinesin-like protein KIF13B 3.4 5.56 pH7.2-7.0 above pH7.5
P46013 Antigen KI-67 1.1 9.49 above pH7.5 pH6.6-6.4
O00139 Kinesin-like protein KIF2A 6.8 6.04 pH6.2-6.0 above pH7.5

Q9BVG8 Kinesin-like protein KIFC3 4.3 7.62 pH7.4-7.2 pH7.2-7.0
P05455 Lupus La protein 2.3 6.68 pH6.0-5.8 pH5.6-5.4
P20700 Lamin-B1 5.4 5.11 pH5.2-5.0 pH5.0-4.8
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Access No. Protein Name Expression change(fold) Theritical Experimental pI
TOV112D MDAH2774 pI TOV 112D MDAH 2774

P02545 Lamin-A/C 16.3 6.57 pH6.2-6.0 pH5.6-5.4
Q14847 LIM and SH3 domain protein 1 1.6 6.61 pH6.8-6.6 pH4.6-4.4
Q6JVE6 Epididymal-specific lipocalin-10 [Precursor] 1.5 10.25 above pH7.5 above pH7.5
P07195 L-lactate dehydrogenase B chain 4.3 5.72 pH6.2-6.0 pH5.6-5.4

Q7L1W4 Leucine-rich repeat-containing protein 8D 1.5 7.76 7.6-7.4 pH5.2-5.0
Q9NX58 Cell growth-regulating nucleolar protein 1.3 9.57 pH4.8-4.6 pH6.0-5.8
Q9UPN3 Microtubule-actin cross-linking factor 1, isoforms 1/2/3/5 1.6 5.27 pH7.0-6.8 above pH7.5
P27816 Microtubule-associated protein 4 1 5.32 pH5.0-4.8 pH4.6-4.4
P43243 Matrin-3 2.8 5.87 pH4.8-4.6 pH4.8-4.6
P41594 Metabotropic glutamate receptor 5 [Precursor] 2.9 8.09 pH5.8-5.6 pH5.6-5.4
P19105 Myosin regulatory light chain 2, nonsarcomeric 2.3 4.67 pH4.8-4.6 pH4.8-4.6
P49006 MARCKS-related protein 4 4.68 pH4.6-4.4 pH4.6-4.4
P60660 Myosin light polypeptide 6 22.2 4.56 above pH7.5 pH4.8-4.6
Q15746 Myosin light chain kinase, smooth muscle ⎯ ⎯ 5.85 pH6.20-6.0 above pH7.5
O95251 Histone acetyltransferase MYST2 1.4 9.01 pH4.8-4.6 pH7.0-6.8
P15531 Nucleoside diphosphate kinase A 3 5.83 pH5.6-5.4 pH5.2-5.0
P20929 Nebulin 1.4 9.1 salt washing pH5.2-5.0
P82970 Nucleosome-binding protein 1 1.8 4.5 pH4.4-4.2 pH4.4-4.2

Q9UNZ2 NSFL1 cofactor p47 1.2 4.99 pH4.6-4.4 pH4.6-4.4
Q02818 Nucleobindin-1 [Precursor] 6 5.09 pH5.2-5.0 pH5.2-5.0
Q96KK4 Olfactory receptor 10C1 ⎯ ⎯ 8.64 above pH7.5 above pH7.5
Q9Y4L1 Hypoxia up-regulated protein 1 [Precursor] 1.2 5.07 pH5.0-4.8 pH4.8-4.6
Q9Y6V0 Protein piccolo 1.4 6.12 pH6.2-6.0 pH6.2-6.0
O95831 Apoptosis-inducing factor 1, mitochondrial [Precursor] 5.5 6.86 pH6.2-6.0 pH5.2-5.0
P30101 Protein disulfide-isomerase A3 [Precursor] 6.9 5.61 pH5.6-5.4 pH5.6-5.4
P41219 Peripherin 1.6 5.37 above pH7.5 above pH7.5
O43933 Peroxisome biogenesis factor 1 ⎯ ⎯ 5.91 pH4.6-4.4 pH7.2-7.0
Q9NQP4 Prefoldin subunit 4 3 4.42 pH4.4-4.2 pH4.4-4.2
P78562 Phosphate-regulating neutral endopeptidase 1.8 8.91 salt washing pH5.2-5.0

Q9ULU4 Protein kinase C-binding protein 1 1.8 6.83 7.4-7.2 pH7.2-7.0
Q96MT3 Prickle-like protein 1 4.1 5.84 pH5.2-5.0 pH5.2-5.0
P17980 26S protease regulatory subunit 6A 13.3 5.13 pH5.2-5.0 pH7.6-7.4
Q15678 Tyrosine-protein phosphatase non-receptor type 14 ⎯ ⎯ 8.45 above pH7.5 above pH7.5
P11498 Pyruvate carboxylase, mitochondrial [Precursor] 1.1 6.14 pH6.8-6.6 pH7.0-6.8
Q7Z5J4 Retinoic acid-induced protein 1 16.5 9.03 pH5.6-5.4 pH7.2-7.0
P43487 Ran-specific GTPase-activating protein 4.6 5.19 pH5.2-5.0 pH5.0-4.8
O76081 Regulator of G-protein signaling 20 5.4 6.48 pH6.6-6.4 pH6.6-6.4
Q99729 Heterogeneous nuclear ribonucleoprotein A/B 1.5 9.04 above pH7.5 ph4.8-4.6
P62263 40S ribosomal protein S14 1.3 10.08 pH6.2-6.0 pH7.6-7.4
Q92545 Transmembrane protein 131 [Fragment] 1.8 no info pH7.2-7.0 abovepH7.5
Q15413 Ryanodine receptor 3 ⎯ ⎯ 5.45 pH7.2-7.0 abovepH7.5
Q92562 SAC domain-containing protein 3 1.5 6.46 pH7.2-7.0 above pH7.5
Q9Y5Y9 Sodium channel protein type 10 subunit alpha 2.8 5.67 pH6.4-6.2 pH6.4-6.2
Q9H190 Syntenin-2 17.8 9.15 pH7.6-7.4 pH4.0-3.8
O43175 D-3-phosphoglycerate dehydrogenase 159.5 6.31 pH6.6-6.4 pH5.2-5.0
O15047 Histone-lysine N-methyltransferase 1.5 5.07 pH5.2-5.0 pH5.2-5.0
P23246 Splicing factor, proline- and glutamine-rich 1.3 9.45 pH6.4-6.2 pH6.2-6.0
P84103 Splicing factor, arginine/serine-rich 3 1.1 11.64 above pH7.5 pH5.2-5.0
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Access No. Protein Name Expression change(fold) Theritical Experimental pI
TOV112D MDAH2774 pI TOV 112D MDAH 2774

Q13813 Spectrin alpha chain, brain 7 5.22 pH5.0-4.8 pH5.4-5.2
Q01082 Spectrin beta chain, brain 1 4 5.39 pH5.0-4.8 pH6.2-6.0
Q13748 Tubulin alpha-2 chain 2 4.98 pH5.2-5.0 pH5.0-4.8
Q71U36 Tubulin alpha-1A chain 2.7 4.94 pH5.0-4.8 pH5.0-4.8
O75764 Transcription elongation factor A protein 3 ⎯ ⎯ 9.32 abovepH7.5 pH5.6-5.4
P48643 T-complex protein 1 subunit epsilon 1.7 5.45 pH5.6-5.4 pH5.2-5.0
P49368 T-complex protein 1 subunit gamma 1.2 6.1 pH4.6-4.4 pH5.6-5.4

Q9UNS1 Timeless homolog 2.3 5.26 pH5.6-5.4 pH5.6-5.4
P11388 DNA topoisomerase 2-alpha 1.4 8.82 above pH7.5 pH7.2-7.0
P55327 Tumor protein D52 1.1 4.94 pH5.0-4.8 pH4.8-4.6
O43399 Tumor protein D54 3 5.26 pH5.0-4.8 pH5.0-4.8
P09493 Tropomyosin-1 alpha chain 1.6 4.69 pH4.4-4.2 pH4.4-4.2
P07951 Tropomyosin beta chain 21.7 4.66 pH4.8-4.6 pH4.8-4.6
P06753 Tropomyosin alpha-3 chain 1.4 4.68 pH4.8-4.6 pH4.8-4.6

Q9Y4A5 Transformation/transcription domain-associated protein 1.4 8.49 above pH7.5 above pH7.5
P26368 Splicing factor U2AF 65 kDa subunit 1.5 9.19 salt washing pH4.8-4.6
Q00341 Vigilin 3.2 6.43 pH6.6-6.4 pH 6.6-6.4
P08670 Vimentin 1.3 5.06 pH4.8-4.6 pH4.8-4.6
P18206 Vinculin 8.3 5.51 pH5.2-5.0 pH5.6-5.4
Q9P1Q0 Vacuolar protein sorting-associated protein 54 2.7 6.1 pH5.6-5.4 pH5.2-5.0
P04275 Von Willebrand factor [Precursor] 2.6 5.06 pH5.2-5.0 pH5.2-5.0
Q9P2L0 WD repeat protein 35 1.1 5.98 pH5.2-5.0 pH4.2-4.0
Q8NI36 WD repeat protein 36 21.6 7.33 pH7.4-7.2 abovepH7.5
O15213 WD repeat protein 46 23.7 9.69 pH7.6-7.4 abovepH7.5
Q8IZP6 RING finger protein 113B 1.1 7.54 pH5.6-5.2 pH7.6-7.4

Q5TAX3 Zinc finger CCHC domain-containing protein 11 1.2 8.3 pH7.0-6.8 pH7.6-7.4
Q9H4I2 Zinc fingers and homeoboxes protein 3 2.5 5.73 pH7.6-7.4 pH7.0-6.8
Q9UL59 Zinc finger protein 214 3.7 8.89 pH7.6-7.4 pH7.2-7.0
O15015 Zinc finger protein 646 1.1 6.97 pH7.0-6.8 above pH7.5
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Figure 3.1. pH gradient obtained by micro-CF 
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Figure 3.2. Base Peak Chromatogram in TOV112D, (A) fr6, (B) fr7, (C) fr8. 
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Figure 3.3. Reproducibility analysis of micro-CF/nano-HPLC-ESI-MS/MS separation. 
Equal amounts of the sample were analyzed. The tandem mass spectrum obtained at 
19.43 min in (A) is shown in (C). The Tandem mass spectrum obtained at 19.33 min in 
(B) is shown in (D). 
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Figure 3.4. pI distribution in both Regular CF and Micro-CF using MDAH2774 cell line. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 75

 
 
 

Cytoplasm
Nucleus
Organelle Membrane
Mitochondrion
Endoplasmic Reticulum
others  

 
 
 

5.9%
4.9%

9.7%

5.7%41%

33%

15%

3.1%
7.1%

6%

37%

32%
MDAH 2774 TOV 112D

 
 

Figure 3.5. Cellular composition for both cell lines 
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Chapter 4 

 

The Identification of Auto-Antibodies in Pancreatic Cancer Patient Sera  
Using a Naturally Fractionated Panc-1 Cell Line 

 

4.1 Introduction 

New methods for detection of cancer are needed to improve diagnosis and 

treatment to improve the survival rate. In particular, pancreatic ductal adenocarcinoma 

(PDAC) has one of the poorest survival rates of any cancers, where according to the 

American Cancer Society, for all stages of pancreatic cancer combined, the one-year 

relative survival rate is 20%, and the five-year rate is 4% [1]. These low survival rates 

result from the fact that fewer than 10% of patients' tumors are confined to the pancreas 

when in most cases, diagnosis of 80% to 90% of PDAC cases are too late for surgical 

procedures to have a positive outcome. Current markers for PDAC have shown 

insufficient sensitivity and specificity for early diagnosis including the commonly used 

CA 19-9 test [2, 3] where serum levels are significantly increased in pancreatitis in 

addition to pancreatic cancer. Therefore there is a real need for developing new screening 

tools and biomarkers for PDAC [4]. The idea that there is an immune response to cancer 

in humans has been demonstrated by the identification of autoantibodies against a number 

of intracellular antigens in patients with various tumor types [4, 5, 6, 7]. This 

phenomenon is known as the humoral response and the detection of such autoantibodies 

has been shown to be of great potential diagnostic and prognostic value in the detection of 
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cancer and the ability to predict the course of the disease [1, 2]. The basis of this humoral 

response is that all cells secrete proteins or fragments of proteins into the bloodstream. 

Cancer cells secrete some proteins that are different than normal cells and these proteins 

that are different may result in the differential autoantibody response that is observed. 

Many of these proteins are secreted in relatively low amounts and would be difficult to 

detect directly. A major advantage of the autoantibody response is that in effect it provides 

a means to amplify these proteins for detection.   

The humoral response has been demonstrated in a number of cases where for 

example, it has been shown that somatic alterations in the p53 gene elicit a humoral 

response in 30-40% of affected patients [6]. The detection of anti-p53 antibodies has been 

shown to sometimes predate the diagnosis as in the case of lung cancer [7,8] and has also 

been shown to be a potential marker for breast [8] and colorectal [9] cancers. In other 

work, 60% of patients with lung adenocarcinoma exhibited a humoral response to 

glycosylated annexins I and/or II whereas none of the noncancerous standards exhibited 

such a response [4]. There are now a substantial number of examples demonstrating this 

humoral response to patient sera. In addition, it has been shown that the majority of 

antigens from tumor cells that elicit this response are not just products of mutated genes. 

These proteins are often differentiation antigens or other proteins over-expressed in 

cancer [6]. 

One of the issues in probing the humoral response is that a platform is required 

where the response can be tested against large numbers of proteins. Most recently 

microarrays have been used to provide such a platform where relatively small amounts of 

often valuable serum can be probed against thousands of protein substrates. There have 
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been a number of approaches used to generate such protein-antigen arrays. Many of these 

approaches use recombinant proteins obtained from cDNA libraries [10, 11, 12] or phage 

display libraries [13]. These methods have been shown to have excellent sensitivity, 

which is sufficient for measurement of many clinically important proteins in patient blood 

samples and sera and arrays with large numbers of proteins or protein components have 

been produced. More recently several groups have developed methods for printing 

cDNAs on arrays where the proteins are transcribed and translated in situ as needed [14, 

15].  A limitation of these technologies though has been that in cellular systems proteins 

may undergo numerous posttranslational modifications which often play an important 

role during the cancer process [21-34].  This makes it important to use fractionated 

cellular proteins as baits to study the autoantibody response. Such methods have included 

the use of tissue microarrays [35] and the extraction of proteins from cells using either 2-

D gel electrophoresis [9] or liquid separation methods [36, 37]. 

In current work, we have used liquid fractionation methods to produce 

microarrays for the humoral response experiment against a Panc-1 pancreatic cell line. 

The methods that are used involve separating intact proteins from cell lysates using two 

dimensions. A total cell fractionation can be performed using chromatofocusing separation 

in the first dimension where the proteins are fractionated according to pI [38-42].  Each 

fraction is then separated in a second dimension by nonporous silica RP HPLC [42-46]. 

The result is a 2-D separation of the proteins from the cell lysate where relatively pure 

proteins in the liquid phase are obtained. Using this method isolated proteins in the liquid 

phase can be collected for spotting on coated glass slides [37]. The protein spots are 

probed for their humoral response by exposing them to sera from cancer and chronic 



 82

pancreatitis patients, type 2 diabetes patients and normal individuals. This method offers a 

means for comprehensive proteomic analysis of proteins from large numbers of purified 

proteins as expressed in cancer cells while maintaining their PTMs that are often critical 

to the humoral response [9]. The method can produce arrays with over a thousand spots 

and can produce large numbers of slides for testing the response against a large number of 

patients. 

The majority of results to date show that in humoral response trials where there 

are a large number of patients tested that only a subset of patients with a specific tumor 

type will develop a response to a specific antigen [5-11, 18, 47], typically 10-20%. The 

reason for this variability over a patient population is not yet clear, however, the results 

generated by the humoral response require statistical analysis to identify the potential 

marker candidates. In the current work, we use several statistical methods to interpret our 

results including Outlier Sum, COPA, Wilcoxon and Pamr analysis. A comparison of the 

results from these methods provides candidates for further testing. Based on our results we 

perform a prevalidation of 4 potential markers for pancreatic cancer against recombinant 

proteins on a microarray based format against samples from pancreatic cancer, 

pancreatitis, diabetes type 2 and normal controls. Several potential markers are identified 

for further work. 

 

4. 2 Materials and Methods. 

4. 2. 1 Chemicals 

Methanol, acetonitrile, urea, thiourea, iminodiacetic acid, dithiothreitol (DTT), n-octyl-D-

glucopyranoside (OG), glycerol, bis-tris, Trifluoroacetic acid (TFA), and PMSF 
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(Phenylmethanesulfonyl fluoride) were purchased from Sigma (St. Louis, MO). Water was 

purified using a Milli-Q water filtration system (Millipore Inc., Bedford, MA) and all 

solvents were HPLC grade unless otherwise specified. Reagents used were in the purest 

form commercially available. Polybuffer 74 and polybuffer 96 were purchased from GE 

Healthcare Bio-Sciences Corp. (Piscataway, NJ). 1x PBS and ultra-pure DNase/RNase 

free distilled water were obtained from Invitrogen (Carlsbad, CA).  

 

4. 2. 2 Serum samples 

Eighty six serum samples were obtained at the time of diagnosis following informed 

consent using IRB-approved guidelines. Sera were obtained from patients with a 

confirmed diagnosis of pancreatic adenocarcinoma in the Multidisciplinary Pancreatic 

Tumor clinic at the University of Michigan Hospital. Inclusion criteria for the study 

included patients with a confirmed diagnosis of pancreatic cancer, the ability to provide 

written, informed consent, and the ability to provide 40 ml bloods. Exclusion criteria 

included inability to provide informed consent, patient’s actively undergoing 

chemotherapy or radiation therapy for pancreatic cancer, and patients with other 

malignancies diagnosed or treated within the last 5 years. Sera were also obtained from 

patients with chronic pancreatitis who were seen in the gastroenterology Clinic at 

University of Michigan Medical Center and from control healthy individuals collected at 

the University of Michigan under the auspices of the Early Detection Research Network 

(EDRN). The mean age of the tumor group was 65.4 years (range 54-74years) and the 

chronic pancreatitis group was 54 years (range 45-65).  The sera from the normal subject 

group was age and sex-matched to the tumor group. The chronic pancreatitis group was 
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sampled when there were no symptoms of acute flare of their disease. All sera were 

processed using identical procedures. The samples were permitted to sit at room 

temperature for a minimum of 30 minutes (and a maximum of 60 minutes) to allow the 

clot to form in the red top tubes, and then centrifuged at 1,300 x g at 4oC for 20 minutes. 

The serum was removed, transferred to polypropylene, capped tubes in 1 ml aliquots, and 

frozen. The frozen samples were stored at -70oC until assayed. All serum samples were 

labeled with a unique identifier to protect the confidentiality of the patient. None of the 

samples were thawed more than twice before analysis.  This study was approved by the 

Institutional Review Board for the University of Michigan Medical School. 

  

4. 2. 3. Cell culture 

The Panc-1 PDAC cell line was cultured in Dulbecco’s modified Eagle medium 

supplemented with 10% fatal bovine serum, 100 units/mL penicillin and 100 units /mL 

streptomycin (Invitrogen, Carlsbad, CA). Upon reaching 80% confidence, the cells were 

washed twice in 10mL 1X PBS containing 4mM Na3VO4, 10mM NaF and one half of a 

protease inhibitor cocktail tablet. The sample was then solubilized in 300ul lysis buffer 

consisting of 7M urea, 2M thiourea, 100mM DTT, 0.5% biolyte ampholyte 3-10, 2% OG, 

4mM Na3VO4, 10mM NaF and 1mM PMSF at room temperature for 30min, followed by 

centrifugation at 35000 rpm at 4oC for 1hr. The supernatant was stored at -80°C until 

further use. 

 

4. 2. 4 Chromatofocusing(CF) 

Prior to CF, a PD10 column (Amersham Biosciences) was used to exchange the cell 
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lysate from the lysis buffer solution to the CF buffer solution according to the 

manufacturer’s protocols. The start buffer consisted of 6M Urea, 0.2% OG, 25mM bis-tris. 

The elution buffer solution was composed of 6M urea, 0.2% OG, and a 10 fold dilution of 

polybuffer 96 and polybuffer 74 in a ratio of 3:7. The pH of both buffer solutions (7.9, 

4.0) was adjusted with saturated imminodiacetic acid. A chromatofocusing column (weak 

anion exchange HPCF-1D prep column, 250mmL x 4.6mm ID, Eprogen, Darien, IL) was 

pre-equilibrated with the start buffer solution and 13mg of the cell lysate was injected into 

the CF column with multiple injections. Fractionation was started after switching elution 

buffer and a stable based line achieved. The pH fractions were collected in 0.3 pH 

intervals and pH was monitored using a flow-through on-line pH probe. UV absorption 

was recorded at 280 nm wavelength. When a pH of 4.0 was reached, elution buffer 

solution was switched to a 1M NaCl solution to wash the column followed by Isopropanol 

to elute out strongly bound proteins from the column. The collected fractions were stored 

at -80C° until used. 

 

4. 2. 5 Reverse Phase HPLC Separation 

An ODSI-1 (8 x 33 mm) column (Eprogen, Inc.) was used to separate the pH fractions of 

the Panc-1 cell line after CF. Solvent A was 0.1% TFA in water and solvent B was 

0.1%TFA in acetonitrile. The gradient was run from 5% to 15% B in 1min, 15% to 25% in 

2 min, 25% to 31% in 2min, 31% to 45% in 10min, 41% to 47% in 6min, 47% to 67% in 

4min, 67% to 100% B in 3min, and reduced to 5% B in 1min after maintaining 100% B 

for 1min. The flow rate was 1ml/min and the column temperature 65°C. UV absorption 

was monitored at 214 nm wavelength. The fractions were collected in 96 well plates and 
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stored at -80°C.  

 

4. 2. 6. Protein Microarrays 

Approximately 30% of the total sample of the fractionated Panc-1 proteins obtained using 

2D separation were transferred into 96-well printing plates (Bio-Rad) and lyophilized to 

dryness. The fractions were reconstituted in printing buffer which was composed of 

62.5mM Tris-HCl (pH 6.8), 1% w/v sodium dodecyl sulfate (SDS), 5% w/v 

dithiothreitol(DTT) and 1% glycerol in 1 X PBS. Reconstituted fractions in printing plate 

were placed in a shaker overnight at 4°C. The fractions from the printing plate were 

spotted onto nitrocellulose slides using a non-contact piezoelectric printer (nanoplotter 2 

GeSiM). Each spot contained 2.5nL of liquid of ~450µm in diameter, and 600µm in 

distance between spots. Printed slides were dried on the printer deck overnight and stored 

in desiccator at 4C if slides were not used immediately. 

 

4. 2. 7. Hybridization of slides 

The printed slides were blocked in a solution of 1% BSA in PBS-T overnight. Each serum 

sample was diluted 1:400 in probe buffer which consisted of 1% BSA, 0.5mM DTT, 5mM 

magnesium chloride, 0.05% Triton X-100, 5% glycerol in 1 X PBS. The slides were 

hybridized in diluted serum for 2hrs using a mini-rotator at 4°C. After hybridization, slides 

were washed five times using probe buffer in 5min, and then re-hybridized with goat-anti-

human IgG conjugated with Alexafluor 647 (1µg/mL, Invitrogen, Calsbad, CA) for 1hr at 

4°C. The slides were washed five times again with probe buffer for 5min each and dried. 

All slides were scanned using Axon 4000B microarray scanner (Axon Instruments Inc., 
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Foster City, CA). 

 

4. 2. 8. Data acquisition and analysis. 

LC-MS/MS 

The  sample which was not used in microarray experiments in 96 well plates were dried 

down to approximately 10µL and mixed with 10%(v/v) ammonium bicarbonate, 10% 

(v/v) DTT, and 1:50 ratio (v/v) TPCK-treated trypsin (Promega, Madison, WI). The 

solution was incubated at 37°C overnight and the tryptic digestion was terminated by 

addition of 2.5% (v/v) of TFA. The digested peptide mixture was analyzed by nano-flow 

reverse-phase LC/MS/MS using the LTQ mass spectrometer with a nano-spray ESI ion 

source (Thermo, San Jose, CA). The samples were separated using a (0.1 x 150mm) 

capillary reverse phase column (MichromBioresources, Auburn, CA) with a flow rate of 

5ul/min.  An acetonitrile:water gradient method was used, starting with 5% acetonitrile 

which was ramped to 60% in 25min and to 90% in another 5min. Both solvent A (water) 

and B (ACN) contained 0.3% formic acid. The electrospray voltage was 2.6V, with a 

capillary temperature of 200°C and a capillary voltage of 4kV. The normalized collision 

energy was set at 35% for MS/MS. The MS/MS spectra obtained were analyzed using the 

Sequest feature of Bioworks 3.1 SR1, allowing only one missed cleavage during 

SwissProt human protein database searching.  To further validate data obtained from 

Sequest, Protein prophet/peptide prophet software [48] modified in house was used to 

provide a confidence level in identification of 95%. Since there might be more than one 

protein in a protein spot on the microarray slide, we compared proteins identified in 

adjacent fractions. If the spot that responded to the humoral response was unique and did 
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not have an adjacent spot that lit up then the highest scoring protein based on LC-MS/MS 

analysis and protein prophet/peptide prophet was considered as the likely identification. If 

more than one protein was identified in the spot, then we also performed mass spec 

analysis on the adjacent spots. If the proteins were identified in the adjacent spots that did 

not respond then they were likely not to be the protein with the humoral response in our 

unique spot. However, if adjacent spots also showed a humoral response then the protein 

present in all spots was considered as the most likely candidate. 

   

4. 2. 9. Statistical Analysis  

GenePix 6.0 software was used to determine single-channel intensities and median local 

background intensities for each spot. A spot was considered positive for analysis if at least 

2X signal to background intensity were measured. To account for variation between 

arrays, each array was median-centered and scaled by its interquartile range. We perform 

three pairwise comparisons to assess differences in humoral response between in cancer, 

normal and pancreatitis groups. . First, we employed the non-parametric Wilcoxon rank-

sum test for each pair-wise comparison. We applied the FDR approach to calculate the 

FDR-adjusted p value and then visualize the results on the p-value plots. We then tried 

outlier-sum analysis for each pair-wise comparison to determine outlier proteins. In 

addition, we also used z-score statistics on the foreground data to look for differences 

between cancer and normal sera and between pancreatitis and normal sera. Finally, a 

classifier was built from the significantly differential proteins found by these methods. 

 

Outlier Analysis  
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Two outlier analyses were performed: COPA and OS.  COPA (Cancer Outlier Profile 

Analysis) were performed by using copa package in Bioconductor software and OS 

(Outlier Sum) by using R (version 2.8). Instead of using the aforementioned quantile 

normalization, each row of the original foreground data was standardized by subtracting 

the median and dividing by the MAD (median absolute deviation) of each protein. For 

each pair-wise comparison, the Outlier Sum statistic for each protein was calculated as the 

sum of the normalized intensity values in the disease group that beyond the 75th quartile 

[49] plus the interquartile range of that protein. The limit 75th quartile plus interquartile 

range is defined to be outlier protein in statistical sense. Proteins with outlier sum statistics 

ranked top 5% were considered to be differential and used in the later analysis. 

  

Non-parametric method  

Three pair-wise Wilcoxon rank sum tests were performed between cancer versus normal, 

pancreatitis versus normal and cancer versus pancreatitis. Each pH/fraction combination 

was tested and the p-values were visualized in a grid plot to highlight regions of spots that 

exhibited differential response between normal and cancer sera. A p-value threshold of 

0.05 was used to determine differential proteins for further study. 

 

Prediction Analysis for Microarrays (PAM) classification algorithm 

The PAM classification algorithm was used to explore the classificatory power of the 

proteins found to be differential between two groups using the Wilcoxon rank-sum test + 

Outlier Sum Statistics or Wilcoxon rank-sum test + the z-score method. From PAM we 

chose the smallest subset of proteins that gave us the lowest error rate to use as a 
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classifier. 

 

4. 2. 10. Validations  

Recombinant proteins were purchased from Abnova Coporation (Taiwan), and Genway 

Biotech Inc., (SanDiego, CA). The concentration of each recombinant protein is 10ug/mL. 

A piezoelectric non-contact printer (Nano Plotter, GeSIM) was used to print all the 

recombinant protein arrays on ultra-thin nitrocellulose slides (PATH slides, GenTel 

Bioscience). Each spotting event that resulted in 500 pL of solution being deposited was 

programmed to occur 5 times/spot to ensure that 2.5 nL was being deposited on each spot. 

Each recombinant protein was printed in triplicate and 14 identical blocks were printed on 

each slide. The slides were washed three times with 0.1% Tween in PBS buffer (PBST 

0.1) and then blocked with 1% bovine serum albumin (Roche) in PBST 0.1 for one hour. 

The blocked slides were dried by centrifugation and inserted into a SIMplex (GenTel 

Bioscience) multi-array device which divides each of the slides by 16 small wells. The 

wells separate the neighboring blocks and prevent crossing contamination. Serum samples 

were diluted 10 times with PBST 0.1 containing 0.1% Brij. One hundred microliters of 

each diluted sample was applied to the recombinant protein array and the hybridization 

was performed in a humidified chamber for one hour. The slides were then rinsed three 

times to remove unbound proteins. 1ug/mL goat anti-human IgG conjugated with 

Alexafluor647 (Invitrogen, Carlsbad, CA) solution was used for detection. After second 

one-hour hybridization with anti-human IgG, the slides were washed and dried again, then 

scanned with a microarray scanner (Axon 4000A). The program Genepix Pro 6.0 was 

used to extract the numerical data.  The averaged intensity of the spots in the control block 
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was considered to be a fixed number as A.  The intensity for each of the recombinant 

protein spots was calculated as S×A/B where B is averaged intensity of the spots in the 

control block on the specific slide 

 

4. 3. Results and Discussion 

Panc-1 human pancreatic ductal adenocarcinoma (PDAC) cell line was used as 

bait to study the humoral response in pancreatic cancer since the panc-1 cell line has been 

shown to maintain some of the differentiated characteristics of normal mammalian 

pancreatic ductal epithelial cells [50]. The analytical work flow is illustrated in Figure 4.1. 

The solubilized protein solution extracted from Panc 1 cell line was fractionated using 2-D 

liquid separation methods as described consisting of chromatofocusing in the first 

dimension followed by nonporous reversed phase HPLC where intact proteins were 

collected as the final product. Fraction collection was performed where liquid eluent from 

each chromatographic peak was collected into 96 well plates. Each collected protein 

fraction was separated into several parts for further work. One portion was used for 

spotting the microarray plates and a second portion was used for protein identification 

based on LC-MS/MS. There were 1029 protein peaks obtained over a pH range of 8.0-4.0 

spotted using the microarray device onto each nitrocellulose coated glass slide. Each slide 

was hybridized against a patient serum sample where the humoral response was run in this 

work against 38 cancer serum samples, 23 pancreatitis serum samples and 25 normal 

controls. Statistical analysis was then performed over this sample set to determine which 

proteins provided a significant response to patient serum. 
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Statistical Analysis 

The autoantibody response varies over a patient population where statistical 

methods are required to decide which protein responses are significant. In this work on the 

humoral response in pancreatic cancer three categories were used to evaluate the 

differential humoral response toward the disease state using three out of four statistical 

analysis approaches (COPA, OS, Wilcoxon, and Pam). The categories include pancreatic 

cancer vs normal, pancreatitis vs normal, and cancer vs pancreatitis. This humoral 

response study for pancreatic cancer includes evaluating the signal of autoantibodies in 

pancreatitis against normal/cancer since pancreatitis is often confused for pancreatic 

cancer in diagnosis [51].  The use of statistical methods in this work is especially 

important since the variability of the humoral response from patient to patient requires a 

sufficiently large number of samples for evaluation.  There have been two major methods 

to analyze microarray data, non-parametric, and parametric models [52]. It has been 

suggested that parametric statistics are less desirable over non-parametric statistics unless 

there is a strong distributional assumption inherent in the data [53]. However, a number of 

new approaches to analyze data for microarray experiments including parametric methods 

have been proposed.   

  

COPA (cancer profile outlier analysis) 

The recent statistical method called COPA has been proposed by Tomlins and 

coworkers [54]. The COPA analysis detects differential expression of proteins from 

microarray data for cancer studies only in a subset of cancer samples with increased 

expression. Since the majority of cancers have heterogeneous activation, it appears that 
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the application of this method using the “subset” idea where some cancers respond to the 

humoral response and others do not respond may result in an improved performance for 

microarray data relative to traditional t-statistic analysis. COPA can be categorized as a 

parametric method to analyze large amounts of microarray data, but it has as yet only 

found limited applications to microarray work. COPA statistics were used in this work to 

identify differential expression of signals on spots in each comparison, i.e. cancer vs 

normal, cancer vs pancreatitis, and pancreatitis vs normal (Figure 4.2). Figure 4.2 

illustrates three examples of an ordered bar plot for several spots with the largest mutually 

exclusive outlier number above the common value (default is 5) as a cutoff for 'outlier 

status' [49] for each comparison category. The result of the COPA analysis as shown in 

Table 4.1 indicates 6 proteins as significant in cancer vs normal, 7 proteins as significant 

in cancer vs pancreatitis and 14 proteins as significant in pancreatitis vs normal with 

differential response to human sera.  

In the case of cancer vs normal, there are 10 protein spots each of which has 8 

mutually exclusive outliers where the p-value for  having  8 or more outliers by chance 

(based on permutation) is PC vs N = 0.006(data not shown). Among the 10 protein spots, 

there are 6 unique proteins determined in those 10 spots based on mass spec analysis with 

an increased humoral response in pancreatic cancer against normal.  In addition, there are 

20 spots with 6 mutually exclusive outliers  for the distinction of cancer vs pancreatitis 

and a p-value of having  6 or more outliers by chance (based on permutation) is Pc vs p = 

0.037. Seven proteins were identified as unique and 3 out of 7 proteins only showed a 

differential response in cancer against pancreatitis but not in cancer vs normal or 

pancreatitis versus normal. Among the 3 proteins, Phosphoglycerate kinase 1 (PGK-1) is 
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known to be a potential marker for gastric cancer [55] and involved in tumorigenesis of 

human colorectal cancers [56]. In the autoantibody experiments in the third category 

between pancreatitis vs normal, 16 protein pairs have 6 mutually exclusive outliers with  a 

p-value  having more than or equal to 6 outliers by chance(based on permutation) of P P vs 

N = 0.011. Fourteen proteins were identified using mass spec analysis and 11 proteins were 

unique, showing a response in only pancreatitis against normal sera and not in the other 

categories. In two comparisons using COPA analysis, cancer vs normal and cancer vs 

pancreatitis only 1 protein appears to be truly unique to each category and does not 

overlap with results from other categories such as pancreatitis vs normal. The proteins 

identified are C-myc-binding protein Mm-1 for cancer versus normal and Eukaryotic 

translation initiation factor 4B for cancer versus pancreatitis as seen in Table 4.1. 

 

OS analysis 

Another proposed statistical analysis for microarray data known as outlier sum 

(OS) has been used to detect differential expression in cancer [57]. OS and COPA use a 

similar concept to detect increased expression values in a small subset among a class of 

disease samples, however OS was reported to have improved performance relative to 

COPA, resulting in a smaller false discovery rate [58, 59]. OS analysis was applied to our 

humoral response sample set to analyze the signal response with respect to the three 

categories (Figure 4.3). Unlike COPA which used a common value (cut off 5) for the 

threshold to characterize the outlier sample expression, the threshold for OS was set as 

the 75th quartile [49] of the sum over the outlier sample expression. In OS analysis, each 

comparison generated the highest ranked 9 spots based on the outlier sum statistics for 
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the humoral response for each category on the microarray slides (Table 4.2). The 

comparisons between cancer vs normal and between cancer vs pancreatitis show that 

most of the proteins(7 out of 9) are found in both comparisons for the OS analysis, 

however in the case of the OS analysis almost all of the proteins identified in pancreatitis 

vs normal are unique which is not the case for  the COPA analysis. Some of the identified 

proteins have been previously reported as pancreatic cancer markers including 

sulfide:quinone oxidoreductase, mitochondrial precursor. Phosphoglycerate kinase 

1(PGK-1) is one of the proteins identified in both statistical analyses (OS) with an 

upregulated humoral response in cancer versus normal and cancer versus pancreatitis. 

PGK1 protein is an enzyme involved in releasing angiostatin and is secreted by tumor 

cells where secretion can be increased by hypoxia [60]. PGK-1 protein has been flagged 

in colon cancer [61]   and pancreatic cancer [62]. Also a humoral response to PGK-1 was 

observed in another PDAC cell line, MIAPACA, showing a strong response to pancreatic 

cancer compared to pancreatitis and normal. Glyceraldehyde-3-phosphate 

dehydrogenase, liver (GAPDH) protein showed a differential expression in the cancer vs 

normal comparison, but not in cancer vs pancreatitis based on OS. 

Initially it was expected that OS may have improved performance compared to 

COPA for analyzing microarray data. COPA has been used to analyze gene microarray 

data based on the assumption that generic translocations occurs in cancers and a given 

translocation is only likely to occur once per sample Therefore, COPA intended to look 

for gene pairs that have large number of mutually exclusive outlier in cancer sample but 

no outlier in normal sample. These candidate genes are likely to involve in recurrent gene 

translocation with an unknown oncogene. However, there are similar assumptions for the 
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protein data. For a cancer sample, there may be multiple proteins whose intensities are 

significantly higher (or lower) than the average intensities of the cancer samples. 

However, OS analysis shows that most of the identified proteins with higher expression 

exist in both comparisons, cancer vs normal and cancer vs pancreatitis, showing less 

specificity. These OS statistics may need a higher threshold based on the intensity of the 

signal, for example, 90% instead of the 75% which was used in the current protein 

microarray study.  

 

Wilcoxon anlaysis (Non parametric method). 

The application of the Wilcoxon rank sum test to microarray experiments has 

generally shown improved performance relative to traditional t-test [63] results since 

humoral response data does not have a perfect Gaussian distribution. In Wilcoxon rank 

sum tests, three comparisons between cancer vs normal, cancer vs pancreatitis, and 

pancreatitis vs normal have been performed. The Wilcoxon test generated figures for 

protein spots with different p values such as p<0.05, 0.05<p<0.1, 0.1<p<0.25 with 

different colors for each comparison. The p-value here for <0.05 sets the probability is 

>95% for having higher response between categories. The generated figures are plotted in 

a 2D separation mass map format with pI on the x-axis and liquid fraction number 

corresponding to a spot on the microarray which has been tested against the humoral 

response on the y-axis.  The colored bands in the figure generated using Wilcoxon 

analysis were identified using mass spec analysis, for spots with only p<0.05 for elevated 

expression in the comparisons between cancer vs normal, cancer vs pancreatitis, and 

pancreatitis normal as shown in Figure 4.4.   



 97

Three proteins were identified for increased response in the comparison of cancer vs 

normal and pancreatitis vs normal and 2 proteins were also identified for the comparison 

of cancer vs pancreatitis based on the Wilcoxon statistics. Among these are the 

Heterogeneous nuclear ribonucleoproteins (hnRNPs) such as hnRNP A/B, hnRNP K, 

hnRNP Q, and hnRNP D0 (Figure 4.5) which were identified in several statistical 

analyses thus far. hnPNP proteins appear to show humoral response in multiple sclerosis 

[64] and some of the hnRNPs showed even increased expression in pancreatic tissue and 

tumor cells [65]. Elongation factor alpha-1(eEF1A) protein (Figure 4.5) which showed 

increased response in cancer versus pancreatitis  by the Wilcoxon method has been shown 

as an auto-antigen in Felty’s syndrome [66] as well as in a  prostate cancer cell line and in 

breast cancer [67]. It is interesting to note that the Wilcoxon method produces data with 

both upregulated and downregulated humoral response compared to the statistical outlier 

methods used which only showed upregulated response based on the outliers observed. 

 

Pam (Prediction Analysis for Microarray) analysis 

Pam is neither a non-parametric nor parametric statistics method which can be 

used to analyze microarray data. Pam is one of a type of clustering method used for 

classification in this case for cancer, pancreatitis, and normal. It uses a computing 

shrunken centroid [68] for each class and predicts whether the unknown sample falls into 

a class based on the nearest centroid.  In this study, only the comparison of the 

differential response between cancer versus normal was applied using fractions 

determined to be significant from the Wilcoxon test (p value between -0.05 and 0.05) in a 

total of 60 samples and 93 fractions. The PAM results give 19 signature fractions which 
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could be best classified between cancer and normal and present an overall classification 

error rate of 0.297 (Figure 4.6). The same rules were used to determine identification of 

protein as those used in COPA and OS analysis.  

Pam analysis also identified proteins with an increased autoantibody response 

for pancreatic cancer versus normal sera including 40S, 60S human ribosomal proteins 

(Table 4.4). 60S Ribosomal proteins L7a, L19 detected in this study have shown 

increased expression in breast cancer [69] and colorectal cancer [70]. PDZ and LIM 

domain protein 1 also showed a differential humoral response between cancer vs normal 

sera.   The list of proteins with higher response in pancreatic cancer sera versus normal 

sera appears to be very different than the other statistical analyses where only 2 of the 

proteins can be identified in these analyses. However, the Pam test uses a different 

statistical approach such as clustering so the results may be different than the other 

methods. 

 

Pre-Validation  

For selected proteins that showed a differential humoral response in the 

discovery experiments a pre-validation experiment was performed using recombinant 

proteins with a set of independent samples of 16 normal, 24 cancer, 16 type 2 diabetes 

and 14 pancreatitis sera. Type 2 diabetes serum was tested since some fraction of 

pancreatic cancer patients will develop this condition. The four proteins chosen for this 

study were based on our discovery analysis as Annexin 2, Malate dehydrogenase, 

cytoplasmic, Heterogeneous nuclear ribonucleoprotein D0, and Peroxiredoxin 1 (Figure 

4.7). The recombinant proteins were spotted on nitrocellulose slides and probed with 
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normal, pancreatitis, pancreatic cancer, and diabetic sera.  

In order to measure the auto-antibody response that is reactive against the 

recombinant proteins, the serum must be diluted properly i.e. the amount of available 

auto-antibody in the serum should be lower than the binding capacity of the specific 

recombinant protein to avoid saturation while still providing good signal.  Therefore, a 

saturation curve was made using different dilutions of serum to hybridize against 

identical blocks of the recombinant proteins.  The result of the saturation test showed that 

with ten-time dilution, the recombinant proteins were not saturated and  yielded  a 

signal/background ratio of >5.  Higher or lower dilution resulted in partial saturation or 

decreased signal.  In the following pre-validation experiment using recombinant proteins, 

the dilution fold was set at ten times. 

In this pre-validation experiment Annexin A2 and MDH1 showed higher 

differential response in cancer sera against pancreatitis or normal sera. A recent study has 

revealed increased levels of annexin A2 observed in cancer cells and tissues [71].   The 

pre-validation experiments illustrated that Annexin A2 showed a higher differential 

expression in pancreatic cancer sera (8/24 cancer) versus normals(1/16) or 

pancreatitis(2/14) although there was some response above the baseline shown for the  

diabetes samples(3/16).  Previous studies have shown that Annexin 2 protein can be a 

marker for pancreatic cancer but could not distinguish it from pancreatitis [72].  This 

study shows that Annexin2 may have potential as a marker for further validation studies 

to distinguish cancer from pancreatitis.  

Malate dehydrogenase, cytoplasmic (MDH1) is a protein related to delivering 

NADH across membranes and cell division [73]. An elevated level of expression of 
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MDH1 was observed in a genetic study with thyroid oncocytic tumors [74]. The 

prevalidation study on this protein using our independent test set shows that MDH1 

clearly responds to pancreatic cancer relative to pancreatitis, diabetes or normal sera 

samples where 6/24 cancer samples respond, 1/14 normals respond and there is no 

response for pancreatitis or diabetes. MDH1 may serve as a potential marker for further 

validation in these humoral response experiments.  

Heterogeneous nuclear ribonucleoprotein D0 protein was also tested for its 

humoral response (Figure 4.7c) where this protein showed a clear differential response 

between cancer versus normal sera but showed a comparable response for pancreatitis 

and diabetes. The fourth protein selected, Peroxiredoxin 1, did not show a differential 

response between pancreatic cancer and normal in the experiment using the recombinant 

protein. This is unexpected given that the OS analysis showed differential expression of 

PRDX1 in pancreatic cancer over normal sera and was identified with more than 6 unique 

peptides in the tandem mass experiment. It could be due to the use of the recombinant 

proteins, which may lack the required PTMs to induce a humoral response or the protein 

may not be in a form to induce a humoral response. However, the Peroxiredoxon did 

show some preferential response towards pancreatic cancer versus pancreatitis which was 

predicted from the Wilcoxon analysis. 

 

4. 4. Conclusion 

A humoral response to tumor proteins may have utility for the detection of 

pancreatic cancer. We have used 2-D liquid separation and protein microarrays to study 

the humoral response in pancreatic cancer versus pancreatitis and normal controls. 
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Several different statistical methods were used to identify proteins that elicited a 

differential humoral response pattern between the different clinical groups that could be 

used for further pre-validation. Outlier Sum and COPA statistics based on outlier methods 

were used to identify proteins that could distinguish pancreatic cancer versus pancreatitis 

and normals where these two methods generally identified different groups of proteins as 

significant from each other in each of the groups. Although these methods are both based 

on outlier techniques they use different criteria for evaluating microarray data. 

Nevertheless, several proteins were chosen as good prospects for further evaluation 

including Malate dehydrogenase, cytoplasmic, PGK-1, Heterogeneous nuclear 

ribonucleoprotein D0 and Peroxiredoxin 1. Wilcoxon and Pamr statistical methods were 

also used to evaluate the humoral response data where there was some overlap with those 

proteins identified from outlier analysis but in general a different set of proteins was 

identified. From these analyses Annexin A2 and Peroxiredoxin were chosen for further 

evaluation. A pre-validation experiment was run with an independent set of serum 

samples against recombinant proteins obtained commercially. This experiment showed 

that Annexin 2 and Malate dehydrogenase, cytoplasmic responded to cancer above the 

baseline compared to pancreatitis and normal sera. Also PGK-1 from a previous study 

was shown to respond to cancer versus pancreatitis or normal.  Heterogeneous nuclear 

ribonucleoprotein D0 was shown to respond to cancer versus normal but could not 

discriminate against pancreatitis or diabetes. Peroxiredoxin 1 showed some 

discrimination against pancreatitis but not against normal sera or diabetes which was 

predicted from the Wilcoxon statistics. Further work will require experiments with early 

stage cancer sera which currently is not available in sufficient numbers for these 
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experiments. Also, further work on the use of truncated or modified forms of these 

proteins may provide an improved response. In addition, as larger numbers of samples are 

collected larger validation sets can be run to test the validity of these potential targets for 

biomarker response. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

Table 4.1 Protein identifications of spots according to COPA results 
 

 

Cancer vs Normal 
 
 

Fraction Access 

number 

Protein Name Fraction 

pH 

MW %mass 

cov 

Therotical

pI 

#unique

pep 

match  

2f2 P46783 40S ribosomal protein S10. 7.3-7.0 18886 8.31 10.15 2 

4d3 
Q99471 

Prefoldin subunit 5 (C-myc-binding protein 

Mm-1) 
6.7-6.4 17318 13.48 5.94 2 

4h3 Q7Z739 YTH domain family protein 3. 6.4-6.1 63822 9.07 6.45 3 

7f7 Q14103 Heterogeneous nuclear ribonucleoprotein D0 5.2-4.9 38411 12.54 7.61 3 

7g9 P30101 Protein disulfide-isomerase A3 precursor 5.2-4.9 56747 21.09 5.98 9 

10a5 P27816 Microtubule-associated protein 4 (MAP 4) 4.3-4.0 120944 22.58 5.32 14 
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Table 4.1. (Continued) 
 
 

Cancer vs Pancreatitis 
 

Fraction Access 

number 

Protein Name Fraction 

pH 

MW %mass 

cov 

Therotical

pI 

#unique 

pep 

match 

1f11 P00558 Phosphoglycerate kinase 1 7.9-7.6 44587 18.21 8.3 5 

6b11 
O75368 

SH3 domain-binding glutamic acid-rich-like 

protein 
5.8-5.5 12767 20.57 5.22 2 

7f7 Q14103 Heterogeneous nuclear ribonucleoprotein D0 5.2-4.9 38411 12.54 7.61 3 

7g9 P30101 Protein disulfide-isomerase A3 precursor 5.2-4.9 56747 21.09 5.98 9 

10a5 P27816 Microtubule-associated protein 4 (MAP 4) 4.3-4.0 120944 22.58 5.32 14 

10g12 O60506 Heterogeneous nuclear ribonucleoprotein Q 4.3-4.0 69506 13.15 8.68 8 

11b8 P23588 Eukaryotic translation initiation factor 4B salt wash 69184 17.52 5.49 9 
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Table 4.1. (Continued) 
 

Pancreatitis vs Normal 
 

Fraction Access 

number 

Protein Name Fraction 

pH 

MW %mass 

cov 

Therotical 

pI 

#unique 

pep 

match 

1a7 Q9UNX3 60S ribosomal protein L26-like 1. 7.9-7.6 17246 25.04 10.55 4 

2f2 P46783 40S ribosomal protein S10. 7.3-7.0 18886 8.31 10.15 2 

2g6 P62937 Peptidyl-prolyl cis-trans isomerase A 7.3-7.0 18001 19.17 7.68 3 

4a5 P61353 60S ribosomal protein L27. 6.7-6.4 15788 6.65 10.56 2 

4c1 P62249 40S ribosomal protein S16 6.7-6.4 16436 18.37 10.21 3 

4c4 Q07020 60S ribosomal protein L18. 6.7-6.4 21622 18.59 11.73 3 

4d1 P60174 Triosephosphate isomerase 6.7-6.4 26653 19.17 6.45 4 

5g12 Q13572 Inositol-tetrakisphosphate 1-kinase 6.1-5.8 45593 4.64 5.78 1 

6f12 P29373 Cellular retinoic acid-binding protein 2 5.5-5.2 15684 25.08 5.42 3 

7e6 P40925 Malate dehydrogenase, cytoplasmic 5.2-4.9 36404 3.83 6.91 1 

8e9 Q9NQG5 Uncharacterized protein C20orf77 4.9-4.6 36878 9.17 5.73 2 

9c12 P12956 ATP-dependent DNA helicase 2 subunit 1 4.6-4.3 69800 6.33 6.23 4 

10a12 O60506 Heterogeneous nuclear ribonucleoprotein Q 4.3-4.0 69506 13.15 8.68 8 

10g2 Q00765 Receptor expression-enhancing protein 5 Injection 

peak 

21480 10.9 8.25 3 
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Table 4.2. Protein identifications of spots according to OS results 
 

Cancer vs Normal 
 

Fraction Access 

number 

Protein Name Fraction 

pH 

MW % 

mass 

cov 

Therotical 

pI 

#unique

pep 

match 

1b1 P62847 40S ribosomal protein S24. 7.9-7.6 15414 28.59 10.79 3 

1f11 P00558 Phosphoglycerate kinase 1 7.9-7.6 44587 18.21 8.3 5 

1f6 Q15369 Transcription elongation factor B polypeptide 1 7.9-7.6 12466 17.74 4.74 2 

3e5 P04406 Glyceraldehyde-3-phosphate dehydrogenase 7.0-6.7 35900 18.97 8.58 4 

4d6 Q9Y6N5 Sulfide:quinone oxidoreductase,  

mitochondrial precursor 

6.7-6.4 49929 11.62 9.18 4 

5g2 Q06830 Peroxiredoxin 1 (Thioredoxin peroxidase 2) 6.1-5.8 22097 29.35 8.27 6 

8c3 O95881 Thioredoxin domain containing protein 12 

precursor 

4.9-4.6 19194 37.98 5.25 5 

9a9 Q99729 Heterogeneous nuclear ribonucleoprotein A/B 4.6-4.3 36590 9.15 9.04 3 

11d5 Q8NC51 Plasminogen activator inhibitor 1 RNA-binding 

protein 

IPA wash 44939 18.43 8.66 5 
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Table 4.2. (Continued) 
 
 

Cancer vs Pancreatitis 
 

Fraction Access 

number 

Protein Name Fraction 

pH 

MW % 

mass 

cov 

Therotical 

pI 

#unique

pep 

match 

1b1 P62847  40S ribosomal protein S24. 7.9-7.6 15414 28.59 10.79 3 

1f11 P00558 Phosphoglycerate kinase 1 7.9-7.6 44587 18.21 8.3 5 

1f6 Q15369  Transcription elongation factor B polypeptide 1 7.9-7.6 12466 17.74 4.74 2 

4d6 
Q9Y6N5  

Sulfide:quinone oxidoreductase, mitochondrial 

precursor 
6.7-6.4 49929 11.62 9.18 4 

5g2 Q06830  Peroxiredoxin 1 (Thioredoxin peroxidase 2) 6.1-5.8 22097 29.35 8.27 6 

7a8 Q9NTK5 GTP-binding protein 9(Obg-like ATPase 1) 5.5-5.2 44716 10.75 7.64 3 

8c3 O95881  
Thioredoxin domain containing protein 12 

precursor 
4.9-4.6 19194 37.98 5.25 5 

9a9 Q99729  Heterogeneous nuclear ribonucleoprotein A/B 4.6-4.3 36590 9.15 9.04 3 

11d5 Q8NC51  
Plasminogen activator inhibitor 1 RNA-binding 

protein  
IPA wash 44939 18.43 8.66 5 
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Table 4.2 (Continued) 
 
 

Pancreatitis vs Normal 
 
 

Fraction Access 

number 

Protein Name Fraction 

pH 

MW % 

mass 

cov 

Therotical 

pI 

#unique

pep 

match 

1e11 P09012 U1 small nuclear ribonucleoprotein A 7.9-7.6 31129 27.64 9.83 6 

2b6 P32969 60S ribosomal protein L9 7.6-7.3 21850 12.55 9.96 3 

2d9 
Q96JB2 

Conserved oligomeric Golgi complex component 

3 
7.6-7.3 93906 2.17 5.39 2 

2h8 P23396 40S ribosomal protein S3. 7.3-7.0 26672 36.03 9.68 8 

3a1 P06493 Cell division control protein 2 homolog 7.3-7.0 34074 21.8 8.38 5 

3f11 Q9H7Z7 Prostaglandin E synthase 2 7.0-6.7 41917 20.38 9.22 5 

4g9 Q13242 Splicing factor, arginine/serine-rich 9 6.7-6.4 25527 14.29 8.74 3 

7e6 P40925 Malate dehydrogenase, cytoplasmic 5.2-4.9 36404 3.83 6.91 1 

10f8 P06733 Alpha enolase 13 47009 16.73 6.99 5 
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Table 4.3 Protein identifications of spots according to Wilcoxon results 
 
Cancer vs Normal 
 

Fraction Access 
number Protein Name Fraction 

pH MW %mass 
cov 

#unique
pep 

match 

1h3-1h6 P22626  
Heterogeneous nuclear 

ribonucleoproteins 
A2/B1 

8.97 37407 11.57 3 

3b1,3c1-
10 P46776 60S ribosomal protein 

L27a. 11 16421 6.77 1 

4b3-4c1 P23528 Cofilin-1 8.26 18360 26.18 3 
10b4-
10b8 P61978  

Heterogeneous nuclear 
ribonucleoprotein K 

5.39 50945 12.58 5 

 
Pancreatitis vs Normal 

      

Fraction Access 
number Protein Name Fraction 

pH MW %mass 
cov 

#unique
pep 

match 

1d7-1d11 P62701 40S ribosomal protein 
S4, X isoform  10.16 29449 29.84 9 

7f6-7f2 Q14103 Heterogeneous nuclear 
ribonucleoprotein D0 7.61 38411 14.63 4 

10b5-
10b8 P61978  

Heterogeneous nuclear 
ribonucleoprotein K 

5.39 50945 12.58 5 

       
Cancer vs Pancreatitis 

      

Fraction Access 
number Protein Name Fraction 

pH MW %mass 
cov 

#unique
pep 

match 

2b9-2b4 P68104  Elongation factor 1-
alpha 1  9.1 50110 11.39 5 

5h5-5h12 P07355 Annexin A2 7.56 38449 41.19 13 
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Table 4.4 Protein identifications of spots according to Pam results. 
 
 
 

Fraction Access 
number Protein Name Fraction 

 pH MW %mass 
cov 

#unique 
pep 

match 

1b12 P63173 60S ribosomal protein 
L38 10.1 8082 51.3 3 

1c2 P62241 40S ribosomal protein 
S8 10.32 24060 18.71 3 

1d1 P22087 
Fibrillarin (34 kDa 

nucleolar scleroderma 
antigen) 

10.18 33764 18.51 4 

1d3 Q06830 Peroxiredoxin-1 8.27 22097 27.08 5 

1g12 P84098 60S ribosomal protein 
L19 11.48 23452 24.78 5 

1h10- 
1h11 P62847 40S ribosomal protein 

S24 10.79 15414 28.59 4 

1h2 Q02878 60S ribosomal protein 
L6 10.59 32577 11.03 3 

2a1 Q92945 Far upstream element 
binding protein 2 8.02 72664 14.6 8 

2a11 P62424 60S ribosomal protein 
L7a 10.61 29847 14.05 5 

2a7 P30050 
60S ribosomal protein 

L12 9.48 17808 23.56 4 

3d4 O00151 PDZ and LIM domain 
protein 1 6.55 35919 7.85 2 

3d7 Q9Y2S7 Polymerase delta 
interacting protein 2 8.8 42008 21.19 6 

7b3 P53365 
Arfaptin-2 (ADP-

ribosylation factor-
interacting protein 2) 

5.72 37833 11.24 3 

9f4 P19105 Myosin regulatory light 
chain 2, nonsarcomeric 4.67 19651 19.72 3 

11e5-
11e7 P02545 Lamin-A/C 6.57 74095 21.96 12 
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Lysis of Panc1 cell line

2-D liquid separation (Chromatofocusing, NPS-RP-HPLC)

Protein microarray

Processing slides with sera

Scanning of humoral response from slides

Nano-LC-MS/MS

TPP filtering: 95% probability

Statistical Analysis

Database searching: Sequest

Identification

Validation

 
Figure 4.1. Flow Chart 
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Figure 4.2. Results of COPA analysis for selected spots. 

 

Y axis: COPA outlier number 

X axis: samples. 

 

Number on top of the figure is spot location on slides. 

Green bar correspond to the normal adjacent samples and Salmon color bar correspond to the tumor samples. 
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Figure 4.3. OS analysis results for selected spots. 

 

Plots of the expression values in each class for the spot ranked highest by the outliers sum statistics. 

The number in brackets is the location of spot on the slides. 

The red points are identified as positive outliers; the black points are negative outliers. 

 

X axis: outlier sum number 

Y axis: classification, 0: disease state, 1: normal 

 

 

 

 

               113 



 

114 

            

 

 

                       (a)      (b)      

 
 

           

         114 



 

115 

 

 

 

 

          (C) 

 
 

       

      115 



 

116 

 

 

 
 

 
 

 

Figure 4.5 Selected microarray shots of differential humoral response as well as selected tandem mass spectrum for sequence 

confirmation of (a) EF1A1 and (b) hnRNP D0 
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Figure 4.7 Scatterplot illustrating the differential humoral response in 4 diffferent recombinant proteins used for validating 

initial experimental results. (a) Annexin A2 (b) Malate dehydrogenase, cytoplasmic, (c) Heterogeneous nuclear 

ribonucleoprotein D0, and (d)Peroxiredoxin 1. 
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Chapter 5 

 

Analysis of protein interaction changes based on genetic defects 

 

    5.1. Introduction 

Ovarian cancer is a leading cause of cancer-related death among women in the 

United States [1]. More than 90% of ovarian cancers are thought to arise from the 

ovarian surface epithelium. Ovarian tumors are classified, based upon histology, as 4 

different subtypes: serous, clear, endometrioid, and mucinous [2]. Of these subtypes of 

ovarian tumors, 10-30% of the tumors are classified as endometrioid ovarian cancer 

(OEA). OEA often presents similarly to serous ovarian cancer in early stage tumors. 

However, genetic studies have shown that K-RAS and CTNNB1 (encoding β-catenin) 

gene mutations occur more frequently in endometrioid and mucinous ovarian cancers [3-

6]. Mutation of genes can impact the many signaling pathways involved in cell death, 

survival, and tumor progression [7].  

One obstacle in studying low stage ovarian cancer is the difficulty of obtaining
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 sufficient amounts of tissue for research. As ovarian cancer is insidious in onset, less 

than 30% of ovarian cancers are detected at a low stage. Thus, most ovarian cancer 

presents as high stage tumors with correspondingly high mortality rates. Improvements 

in the early detection of tumors while they are at low stage, and the development of novel 

therapies for ovarian carcinomas are crucial to understanding this disease. As such, an 

alternative method has been developed to facilitate low stage cancer. Genetically 

engineered mouse (GEM) models of each subtype of ovarian cancer provide access to 

low stage tumors which faithfully recapitulate human tumors of the same sub-type. 

Another advantage of using GEM models is increased sample availability. Some studies 

have used GEM model of serous ovarian tumors [8, 9] and also a GEM model with 

depletion /activation of K-RAS and/or Pten genes in ovarian cancer [10]. Wu et al have 

studied gene expression in endometrioid ovarian cancer using high density 

oligonucleotide arrays [11] and have developed a GEM model of OEA that faithfully 

recapitulates human OEA [12].  

Results from these studies demonstrated that 16-38% of endometrioid ovarian 

cancer have mutation of the CTNNB gene, rare in other types of ovarian cancer, and that 

deregulation of PI3K/Pten signaling based on Pten inactivation and/or PIK3CA mutation 

is significantly associated with Wnt (Wnt/β-catenin) signaling defects. This study also 
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demonstrated that deregulation of two signaling pathways in murine ovarian surface 

epithelium results in similar morphology and gene expression to human endometrioid 

ovarian cancer, especially in early stages [12]. Although gene studies have been very 

successful, and comprehensive studies of tumor RNA and DNA have provided a number 

of insights into ovarian cancer pathogenesis, it is known that proteins are the major 

effector molecules in tumor cells. Protein levels may be discordant with corresponding 

transcript levels, and posttranslational modifications (PTMs) can have biologically 

critical effects on protein function.  

Within this study, we have performed proteomics analysis of GEM models of 

OEAs. Two groups of mouse tumor samples were utilized: Group 1 tumors had defects in 

the PI3K/Pten and Wnt/β-catenin pathway due to the conditional inactivation of tumor 

suppressor genes Pten and Apc. Group 2 tumors had, in addition to the conditional 

inactivation of tumor suppressor genes Pten and Apc, a p53 mutation. Four ovarian 

tumors from the Group 1 mice and three ovarian tumors from the Group 2 mice were 

analyzed for differences in protein expression, using a combined method of cIEF 

followed by nano/LC-MS/MS. The results obtained from nano/LC-MS/MS were semi-

quantitated by a label free spectral counting method, and the characterization of proteins 

detected from each mice group was performed using the Ingenuity Pathway Analysis 
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(IPA) program.  In this work, proteins in mouse tumors with signaling pathway defects 

and/or mutations of tumor suppressor genes were identified and the networks associated 

with these signaling pathways provided biological insight into cellular perturbations 

resulting from the genetic defects.   

 

5.2 Experimental section 

5.2.1 Sample preparation 

We have analyzed seven GEM OEA tumor tissue samples: four mouse tumor samples 

have both a Pten and Apc genetic defect and three mouse tumors have the Pten and Apc 

defects, as well as a p53 mutation [12]. The tumors were histologically analyzed by a 

board-certified pathologist (K. R. C.) prior to utilization in this study. The mouse tumor 

tissues were solubilized in lysis buffer using a mini-bead beater (Biospec, Bartlesville, 

OK). The lysis buffer was composed of 7 M urea (Sigma–Aldrich, St. Louis, MO), 2 M 

thiourea (Sigma–Aldrich), 100 mM DTT (Sigma–Aldrich), 0.2% n-octyl-β-D-

glucopyranoside (OG; Sigma–Aldrich), pH 3–10 (Bio-Rad, Hercules, CA), 10% glycerol 

(Sigma–Aldrich), and 2% v/v of 50 x diluted protease inhibitor cocktail solution. The 

homogenized tissue samples were incubated at room temperature for 30 min, and then 

centrifuged (35,000 x g, 1 h, 4°C) to pellet the insoluble material. The proteins were 
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quantified with the micro-BCA assay kit from Pierce (Rockford, IL). 

 

5.2.2 Trypsin Digestion 

5mM dithiothreitol (DTT) was added and the mixture was incubated at 60°C for 30 min. 

After cooling, 5mM iodoacetamide (IAA) was added and the mixture was placed in the 

dark at room temperature for 30 min in order to carboxamidomethylate the cysteine 

residues. Then 1:50 w/v TPCK-treated trypsin (Promega, Madison, WI) was added to 

each sample, the samples were vortexed, and then incubated at 37°C for 18 h. The tryptic 

digestion was terminated by the addition of 2.5% v/v TFA. 

 

5.2.3 cIEF separation. 

cIEF was performed using a ProteomeLab PA 800 (Beckman, CA). A 70 cm cIEF (100 

µm i.d. 365 µm o.d.) capillary was coated with hydropropyl cellulose for eliminating 

electroosmotic flow and absorption of peptides onto the capillary wall. Sodium hydroxide 

solution at pH 10.8 and 0.1 M phosphate acid solution were employed as catholyte and 

anolyte. One end of the capillary was emerged in the anolyte, while the other end was 

kept in coaxial metal tubing with a sheath flow composed of catholyte eluting flush with 

the exit of the capillary. The capillary was initially filled with sample gel buffer 
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containing 2% ampholyte 3-10 and 10 µg tryptic peptides. The flow rate was controlled 

by a syringe pump at 2 µl/min, and was adjusted to ensure that a proper droplet formed at 

the exit to carry the peptides fractionated into individual wells in the sample plate. 

Isoelectric focusing was performed at 21 kV (300 V/cm) over the entire capillary. The 

current decreased continuously as the peptides were focused and the process was 

considered complete when the current stabilized. The focused bands of peptides were 

sequentially mobilized slowly under pressure towards the cathode and delivered as 

droplets with catholyte sheath flow into individual wells on a sample plate, where the 

fractions were collected with a modified Beckman HPLC sample collector. Each cIEF 

separation was run at least twice for reproducibility and takes approximately 90 min for 

each run.  

 

5.2.4 Nano-RPLC-ESI-MS/MS  

Fractionated peptide solutions from cIEF separation were analyzed by nano-flow reverse 

phase LC/MS/MS using an LTQ mass spectrometer equipped with a nano spray ESI 

source (Thermo, San Jose, CA). The samples were injected into a Paradigm AS1 

micropump (Michrom Biosciences, Auburn, CA) via Paradigm autosampler (Michrom 

Biosciences), connected to capillary reverse phase column (0.1 mm×150 mm, Michrom 
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Biosciences). The samples were separated using a (0.1mm×150mm) capillary reverse 

phase column (Michrom Bioresources, Auburn, CA) with a flow rate of 5 µl/min. An 

acetonitrile:water gradient method was used. Both solvent A (water) and B (acetonitrile 

(ACN)) contained 0.1% formic acid and 2% ACN/water in water (solvent A), ACN 

(solvent B) respectively. The linear gradient for separation was as follows: from 3% ACN 

to 12% ACN in 5 min, from 12% ACN to 40% ACN in 30 min, from 40% ACN to 80% 

ACN in 15 min, and decreased from 80% ACN to 3% ACN in 10 min. The electrospray 

voltage was 2.4 V, with a capillary temperature of 200° C and a capillary voltage of 4 kV. 

The normalized collision energy was set at 35% for MS/MS. 

 

5.2.5 Identification, Quantification, and Bioinformatic Analysis of Proteins.  

MS/MS spectra obtained were analyzed using the Sequest feature of Bioworks 3.1 SR1 

(Thermo Finnigan). Peptide ions were searched in mouse UniProt FASTA database using 

the following parameters: (1) Enzyme: trypsin; (2) two missed cleavage allowed; (3) 

peptide ion mass tolerance: 1.5 Da; (3) fragment ion mass tolerance 0.0 Da; (4) mass 

tolerance for precursor ions 1.4 Da. The identified peptides were further validated 

through the Trans Proteomic Pipeline (TPP) that was modified in house [13]. In the TPP, 

the search results were first evaluated by Peptide Prophet, ascertaining that peptides 
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corresponded to the correct spectra using Bayesian statistics. Protein Prophet utilized the 

Peptides Prophet results to assign corresponding proteins based on probabilities. In this 

study, a protein probability score of ≥0.90 was used as the threshold for protein 

identification to ensure that the minimized overall error rate is below 0.1. After 

identifying proteins using Sequest followed by TPP, a spectral counting method was 

applied to compare protein expression level differences between the two groups of mouse 

tumor tissues. The relative protein abundance fold change was calculated by the ratio of 

the spectral count of proteins in two sample groups. In order to normalize the data, we 

first calculated the ratio of the total spectral count of 3 runs of each sample and then 

multiplied the spectral count of each protein in the numerator by this ratio. If a protein 

was found in Group 1 tumors but not in Group 2 tumors, then the spectral counting 

number for that protein in group 2 was assigned as zero. 

 

5.2.6 Ingenuity Pathway Analysis 

To understand the genetic defects in the GEM OEA tumors, and their effects on proteins 

involved in tumor progression, the identified tumor proteins were analyzed using 

Ingenuity Pathway Analysis software (IPA). The IPA program utilizes a knowledge 

database that was derived from the scientific literature that contains information on 
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interactions between genes, proteins and other biological molecules, producing networks 

/ comparison of pathways / metabolism with input molecule lists [14]. Two sets of 

protein lists, one for the Group 1 tumors (with the Pten and Apc defects) and the other for 

the Group 2 tumors (with Pten and Apc defects and p53 mutations), were uploaded into 

IPA analysis software. Spectral count numbers for listed proteins were also uploaded to 

compare expression level changes. Any change in a canonical pathway was carefully 

analyzed as an example of OEA progression based upon a genetic defect. The Fisher’s 

exact test p value was used for calculating the significance values for analyses of network 

and pathway generation.  

 

5.3 Results and Discussion. 

Our work presents the study of proteomics in the mouse model of ovarian 

endometrioid adenocarcinomas (OEAs) with defects in either the Pten and Apc genes or 

Pten, Apc and p53 genes using cIEF-LC/MS/MS (Figure 5.1, and 5.2). Seven ovarian 

endometrioid carcinomas (OEAs) mouse tumor samples - four tumors with defects in the 

Wnt/β catenin and PI3K/Pten signaling pathway (Pten and Apc genes; Group 1 tumors) 

and three mice tumors with defects in the Wnt/β-catenin, PI3K/Pten signaling pathway 

and p53 mutation (Pten, Apc and p53 genes; designated Group 2 tumors) - were analyzed 
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in the initial training set using a shotgun method, followed by bioinformatics analysis 

using the Ingenuity Pathway Analysis (IPA). The mice used in this study were genetically 

engineered to possess defects in the signaling pathways in order to study morphology and 

biological behavior of OEA. These tumors faithfully recapitulated human ovarian 

endometrioid carcinomas with the same signaling pathway defects.  

 

Mice with genetic defects on Wnt/β catenin and PI3K/Pten signaling pathway. 

Four mouse tumor samples (Group 1) with genetic defects in Wnt/β-catenin and 

PI3K/Pten signaling pathways were analyzed. A total of 1025 proteins were detected 

from the Group 1 mice and were categorically assigned into subcellular compartments. 

The majority of the identified proteins are normally localized in the cytoplasm and 

nucleus (Figure 5.3). The proteins normally localized in the plasma membranes and 

extracellular spaces occupy 8-10% of each total proteome. The location of 20% of the 

detected proteins was unknown. In some cases proteins may have been located in 

multiple subcellular compartments. The top 5 associated network functions generated 

from the IPA for both tumor groups are presented in Table 5.1. 

The defects in the Wnt/β-catenin signaling pathway in Group 1 mice were 

caused by conditional inactivation of the Adenomatous Polyposis Coli (Apc) tumor 
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suppressor gene. Apc gene is a key tumor suppressor gene, and the mutations in this gene 

are often found in other types of tumors [15,16]. Apc is considered to be involved in 

regulation of biological processes such as cell-cell adhesion, proliferation, and 

differentiation. The Apc protein is known to be a part of a multi-protein complex that 

negatively regulates the Wnt signaling pathway by promoting the proteasomal 

degradation of beta-catenin [17]. The Apc protein also interacts with microtubules, a part 

of the cytoskeleton network, and associates with the plasma membrane in an actin-

dependent manner [18].  

In this study, the actin cytoskeleton was shown to be one of the most important 

compartments in the Group 1 mouse tumors. The Group 1 tumors possess increased 

expression of proteins related to this compartment, as shown by IPA (Ingenuity Pathway 

Analysis). Increased actin and myosin were found, as well as IQGAP1 (IQ motif 

containing GTPase-activating-like protein 1), which binds to activated CDC42, and 

which plays a role in promoting polarized reorganization of the microtubule cytoskeleton 

[19]. The IQGAP1 may act as a connector between Apc and F-actin [20], playing an 

important role in cell migration.  It shows a twelve fold increased expression in Group 1 

mouse tumor samples compared to that in Group 2 tumor samples.  
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Detection of increased expression of proteins involved in cell migration could 

help elucidate mechanisms of tumor metastasis. Some studies suggested that depletion of 

Apc partly affects the distribution of F-actin and ZO-1 (tight junction protein 1) in cancer 

[21]. ZO-1 protein may bind to tropomyosin and the actins (such as G-actin, and F-actin), 

and interacting with Myosin, in Group 1 tumors, though distribution of the proteins, ZO-

1 and F-actin could not be tested further. Also, ZO-1 was shown to interact with spectrin, 

alpha, non-erythrocytic 1 (SPTAN1). The SPTAN1 protein was one of the proteins 

detected in apoptotic signaling in Group 1 mice, and is known as a protein that undergoes 

cleavage during cell death, and may play an important role in membrane stability and 

cytoskeletal integrity [21].  

 In Group 1 tumor samples, there is another tumor suppressor gene (Pten), the 

inactivation of which causes deregulation of the PI3K/Pten signaling pathway. Pten 

(Phosphatase and Tensin Homolog deleted on chromosome Ten) was discovered 

relatively recently, yet is known to play important roles in cellular migration, apoptosis 

and embryonic development [22-24].  Pten mutations have been found in several types 

of tumors [25, 26] including OEA’s [27]. Some studies suggested that Pten may associate 

with focal adhesion kinase (FAK) activity [28], and also be involved in activation of 

PI3K [29] and Akt [30]. In the Group 1 tumors, proteins involved in FAK signaling were 
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not detected, however PI3K was detected (Figure 5.5), suggesting involvement of 

calmodulin, CaMKII (calmodulin-dependent protein kinase II), LDL (beta lipoprotein), 

Rho (Ras homolog) and LASP1 (LIM and SH3 protein 1). Interestingly, most of the 

above mentioned proteins act indirectly on the PI3K protein, resulting in modulation of 

the LASP1 protein. This finding is concordant with the results of a study in a breast 

cancer cell line [31].  

Akt proteins in the Group 1 tumor group showed interaction with Hsp90 (heat 

shock protein 90KDa), and CDC 37 (cell division cycle 37 homolog) using IPA analysis 

(Figure 5.5). The results from a recent study illustrated that Akt binds with the Hsp90 

protein and CDC37, forming a complex, which is destabilized by the Hsp90 inhibitor 

function [32]. Akt failed to bind to the Cdc37 chaperone in cells expressing NPM-ALK, 

which also correlates with increased Akt stability [33]. However, the result from our IPA 

suggested that the Akt protein may be inhibited by CRBP1 (RBP1, retinol binding 

protein 1, cellular) which interacts with transthyretin (TTR, pre-albumin, amyloidosis 

type I), but is only detected in Group 1 tumors (data not shown). The expression level of 

RBP1 in the group 1 mice is almost 25-fold greater than that in the Group 2 tumors. This 

result may result in lower expression of Akt in Group 1 tumors compared to that in 

Group 2 tumors (Figure 5.4), although the inhibition of Akt by RBP1 was also found in 
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the Group 2 tumors.  The potential synergistic effects of p53 mutation in Group 2 tumor 

samples are not clear. 

 

Mice with genetic defects on the Wnt/β catenin and PI3K/Pten signaling 

pathways and p53 mutations. 

Three tumor samples (Group 2 tumors) with inactivation of the Pten and Apc 

tumor suppressor genes and the p53 mutation were analyzed. 1394 proteins were 

detected. The distribution of subcellular compartmentalization in Group 2 tumor samples 

was similar to that found in Group 1 tumors (Figure 5.3). There are increased numbers of 

proteins assigned to the nucleus and plasma membrane compartments, although the 

amount of increase is not significant.  

The results from a recent study suggested that the murine OEA tumors that 

developed in the setting of Apc and Pten inactivation presented nuclear accumulation of 

the beta-catenin protein [12]. It has been reported that mutations in Apc caused 

accelerated Wnt signaling by stabilizing beta-catenin [34]. The amount of accumulated 

beta-catenin protein in the nucleus in both tumor samples could not be measured in this 

study. However, in Group 2 tumor samples, the Wnt protein was found, showing indirect 

interaction with MYH4 (myosin, heavy chain4), CK1 (Casein Kinase 1) and CTNNB1 
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(beta catenin). Notably, there was an association found between MYH4 and IQGAP1 

(IQmotif containing GTPase activating protein1) which interacts with CTNNB1 

(Catenin:cadherin-associated protein, beta, 88 KDa). This association was not detected in 

Group 1 tumors, although the IQGAP1 showed lower expression in Group 2 tumors than 

was found in the Group 1 tumors.   

The genetic difference between the two tumor groups is the existence of the p53 

mutation. All of the Group 2 mice have a mutated p53 gene, in addition to inactivation of 

the Pten and Apc genes. TP53 is a well known tumor suppressor gene, involved in the 

DNA repair process, in the cell cycle, and in apoptosis. At the protein level, the results 

from the current study suggested that p53 has an association with DAPK1 (death 

associated protein kinase 1), with MAPK 3 and MAPK 9 proteins, and with CSNK1A1 

(casein kinase I, alpha1) using IPA. The DAPK1 protein has been shown to play a role in 

stabilizing p53 and apoptosis, while the MAPK family proteins are known to act in 

response to membrane damage and oxidative stress [35]. With respect to apoptosis in the 

p53 mutated tumors [36], the well-known mdm2 protein was not found in Group 2 mice, 

suggesting that mutated p53 may be altered in conformation, thereby inducing anti-

apoptosis [37], although CSNK1A1 (casein kinase I, alpha1), and creatine kinase were 

shown to bind p53, suggesting involvement of the Wnt/beta-catenin pathway. Also, 
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oncostatin M (OSM) protein is known to induce growth arrest and differentiation of cells. 

OSM was found in Group 2 tumors, suggesting direct involvement with p53 and 

CTNNB1 in three mouse tumor samples. Another protein, LGALS3 (lectin, galactoside-

biding, soluble, 3) also showed a similar relationship to that observed between p53 and 

CTNNB1 except that p53 seemed to repress LGALS3 expression (Figure 5.6).  

Akt (serine-threonine kinase) protein promotes cell survival by protein 

phosphorylation, in opposition to p53 which induces cell death when damage of DNA is 

not repairable.  Akt and p53 are known to link to the positive feedback loop between 

them through Pten and Mdm2 [38, 39]. The feedback between p53 and Akt involves PIP3 

(phosphatidylinositol-3,4,5-trisphosphate) and Pten (phosphatase and tensin homolog). 

There are two theories about this feedback. One is that Pten expression causes p53 

indirectly inhibiting production of PIP3; the other is that activity of a subunit of PI3K 

(phosphatidylinositol 3-kinase) catalyzes the formation of PIP3 [40]. In the Group 2 

tumor samples, the cell death-survival association between p53 and Akt was not shown 

clearly at the protein level. Since crosstalk between these two proteins coexists in two 

stable pathways and also involves other pathways, it is more complex than what can be 

ascertained from our study. However, as shown in Figure 5.6, p53 can act independently 

of PI3K proteins, but not the other way around, in a reaction with mdm2, which is 
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consistent with the well known regulatory network. Other proteins like MAPK9 

(mitogen-activated protein kinase 9) directly interacts on TP53 through several protein 

interactions from PI3K to MAPK9. For example, p53 exerts effects upon Akt indirectly 

and also by direct action on PRKDC (protein kinase, DNA-activated, catalytic 

polypeptide) from TP53 to Akt; TP53 interacts with DAPK1 which, in turn, interacts 

with CDC37 (cell division cycle 37 homolog); CDC37 interacts with PIK3CA, which 

directly interacts with Akt. The expression level of CDC37 protein showed no difference 

between both tumor groups; however the protein-protein interactions were quite different, 

presumably resulting in changes in biological behavior based on tumor progression. 

 

 The comparison of profiling of proteins in two mice groups 

The difference between the two mouse tumor groups is that the Group 2 tumors 

have a p53 mutation in addition to defects in two signaling pathways. Table 5.2 illustrates 

the list of proteins detected in tumor samples with expression change between the two 

tumor samples. In general, the Group 1 tumors without p53 mutation presented up-

regulated expression of proteins in apoptotic signaling and in the actin cytoskeleton, 

while showing fewer proteins involved in cellular signaling and metabolism. The Group 

2 tumors showed increases in the number of proteins and/or increased expression of 
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proteins involved in signaling pathways and metabolism, such as estrogen receptor 

signaling, and glutathione metabolism.  

Inflammation-mediated protein expression changes involved proteins from both 

tumor Groups, a critical part of tumor progression [41]. We have identified seven positive 

and five negative acute-phase response proteins. Among the negative acute phase 

response proteins, transferrin showed 5.3 fold increased expression in the Group 2 

tumors and alpha-2-HS-glycoprotein demonstrated approximately a 2-fold increase.  

Interestingly, for apolipoprotein A1, 2 proteins show similar expression levels in both 

tumor groups, although the expression level of these proteins were not compared with 

those in regular mice without tumors or in OEA tumors with other genetic defects. 

However, for positive acute–phase response, three proteins presented higher expression 

in Group 1 tumors and four proteins showed higher expression in Group 2 tumors. These 

results may suggest that 3 isoforms of Serpin peptidase inhibitor, clade A (alpha-1 

antiproteinase, antitrypsin), member 1, could be new target molecules to measure as early 

detection biomarkers for OEA, as these proteins showed 3-fold increases in expression in 

Group 1 tumors, which are considered to be low stage tumors [12].   

Among other identified proteins in the mouse OEA tumors, heat shock protein 

27 kDa, heat shock 70K protein 5, 8, 9, and heat shock 90 kDa alpha protein showed 
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high expression in Group 1 tumors. Heat shock 27 kDa protein 1 and heat shock protein 

90 kDa alpha (cytosolic), class A member 1 showed approximately 13-fold and 27-fold 

increased expression, respectively, over that in Group 2 samples. Heat shock proteins 

have been shown to be over expressed in various human cancers, implying cellular stress, 

tumor cell proliferation and cell death [42]. Heat shock proteins 27k, 70k, 90kDa are 

associated with several oncogenes and may have utility in determining prognosis of 

cancer [43-45].  

When heat shock proteins were involved with increased aryl hydrocarbon 

receptor signaling in Group 1 tumors, FAS (fatty acid synthase) protein was also 

identified, suggesting involvement in aryl hydrocarbon receptor signaling as well as fatty 

acid biosynthesis in Group 1 tumors. FAS protein is known to be involved with 

functioning estrogen and progesterone receptors, but the mechanism of this protein’s 

function is not clear. The expression of FAS protein increased 7-fold in Group 1 tumors, 

as compared to that found in Group 2 tumors, and has been demonstrated to be up-

regulated in breast and prostate cancer cell lines [46, 47]. Interestingly, FAS protein was 

reported to have an inverse relationship with Pten expression in prostate cancer[48].  

Additionally, most of the proteins involved in PI3K/Pten signaling pathways showed 
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lower expression in the Group 1 tumors in this study, suggesting that mutated p53 may 

play a role in their expression in endometrioid ovarian cancer.   

 

5.4 Conclusion 

Gene expression studies using GEM tumors have yielded limited results at the 

molecular level in endometrioid ovarian cancer. We have demonstrated that the profiling 

of proteins based on defects in signaling pathways and gene mutation in two groups of 

tumor samples has facilitated the study of endometrioid ovarian cancer. Mouse tumors 

with the p53 mutation, in addition to defects on Wnt/β-catenin and PI3K/Pten signaling 

pathways, has revealed an increased number of detected proteins involved in signaling, 

and up-regulated expression of proteins in many signaling and metabolic pathways. p53 

appears to play an important role with regards to tumor progression. Also, a number of 

proteins detected in tumors without mutant p53 showed increased expression levels, 

suggesting the possibility of improved early detection of endometrioid ovarian cancer. 

 

 

 



Table 5.1  Top five listed associated network functions shown in IPA using proteins from two mice tumor groups. 
 

 
 

 Group 1 mice tumor samples Group 2 mice tumor samples 

1 

 

Cellular Function and maintenance 

 

RNA Post-Transcriptional Modification,Cancer, 

Cellular Growth and Proliferatoin 

2 

Lipid Metabolism, 

Small Molecule Biochemistry, Cancer Molecular Transport, RAN Trafficking, Protein Trafficking 

3 Small Molecule Biochemsitry, Hematological 

Disease, 

Cellular Assembly and Organization, Cancer, Cellular Growth and 

Proliferation 

4 

 Cancer, gastrointestinal Disease, Energy Production 
 

Skeletal and Muscular Disorders, Neurological Disease, 

Cellular Assembly and Organization 

5 
 

RNA Post-Transcriptional Modification 
 

RNA Damage and Repair, Molecular Transport, 
Nucleic Aicd Metabolism 
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  Table 5.2. Highly expressed protein lists (partial) in each mice tumor groups. 
 

   fold changes   

Symbol 
Access 

number Name group 1 group 2 Location Type 

 Q99KI0  ACO2 
 aconitase 2, 
mitochondrial 53.6   Cytoplasm  enzyme 

 Q8VDN3  AHNAK  AHNAK nucleoprotein  6.8  Nucleus  other 

 Q3UEK9  AHSG  alpha-2-HS-glycoprotein  1.9 
 Extracellular 

Space  other 

 Q1L6K5  AIFM1 

 apoptosis-inducing factor, 
mitochondrion-associated, 

1 3.153   Cytoplasm  enzyme 

 Q3TP05  AMOTL2  angiomotin like 2 19.707  
 Plasma 

Membrane  other 

 P48036  ANXA5  annexin A5  4.4 
 Plasma 

Membrane  other 

 Q99PT1  ARHGDIA 
 Rho GDP dissociation 
inhibitor (GDI) alpha  13  Cytoplasm  other 

 Q207D2  C3  complement component 3  1.8 
 Extracellular 

Space  peptidase 

 Q3UKW2  CALM1 

 calmodulin 1 
(phosphorylase kinase, 

delta) 6.3  
 Plasma 

Membrane  other 

 P24452  CAPG 
 capping protein (actin 
filament), gelsolin-like 6.3   Nucleus  other 

 Q3TEY4  CAPRIN1 
 cell cycle associated 

protein 1 9.5  
 Plasma 

Membrane  other 

 Q544Y7  CFL1  cofilin 1 (non-muscle)   59  Nucleus  other 

 Q3UHW9  CFL2  cofilin 2 (muscle) 2.7   Nucleus  other 

 Q8BMK4  CKAP4 
 cytoskeleton-associated 

protein 4 6.3   Cytoplasm  other 

 Q60847  COL12A1 
 collagen, type XII, 

 alpha 1  3.5 
 Extracellular 

Space  other 

 P12787  COX5A 
 cytochrome c oxidase 

subunit Va 21   Cytoplasm  enzyme 

 Q4FJX4  CSRP1 
 cysteine and glycine-rich 

protein 1   15  Nucleus  other 

 Q6NV50  CTNNA1 

 catenin (cadherin-
associated protein),  

alpha 1, 102kDa  2.5 
 Plasma 

Membrane  other 

 Q4FJX4  CSRP1 
 cysteine and glycine-rich 

protein 1   15  Nucleus  other 

 Q6NV50  CTNNA1 

 catenin (cadherin-
associated protein),  

alpha 1, 102kDa  2.5 
 Plasma 

Membrane  other 

 O89060  FASN  fatty acid synthase 7.4   Cytoplasm  enzyme 

 Q80UL3  GALK1  galactokinase 1 9.5   Cytoplasm  kinase 

 P26443  GLUD1 
 glutamate dehydrogenase 

1 5.3   Cytoplasm  enzyme 
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Table 5.2. (Continued). 
 

   fold changes   

Symbol 
Access 

number Name group 1 group 2 Location Type 

 Q5FB19  HNRPA3 
 heterogeneous nuclear 
ribonucleoprotein A3  2  Nucleus  other 

 Q544Z3  HNRPAB 
 heterogeneous nuclear 
ribonucleoprotein A/B   18  Nucleus  enzyme 

 Q60668  HNRPD 
 heterogeneous nuclear 

ribonucleoprotein D   26  Nucleus 

 
transcription 

regulator 

 Q80YC2  HSP90AB1 

 heat shock protein 90kDa 
alpha (cytosolic), class B 

member 1 5   Cytoplasm  other 

 Q3U6V3  HSPA5 

 heat shock 70kDa protein 
5 (glucose-regulated 

protein, 78kDa) 5.2   Cytoplasm  other 

 P54071  IDH2 

 isocitrate dehydrogenase 
2 (NADP+), 

mitochondrial  2.9  Cytoplasm  enzyme 

 Q8CGH5  IQGAP1  

 IQ motif containing 
GTPase activating protein 

1 12.6   Cytoplasm  other 

 Q6PHM1  LAMC1 
 laminin, gamma 1 
(formerly LAMB2)  2.9 

 Extracellular 
Space  other 

 P16045  LGALS1 

 lectin, galactoside-
binding, soluble, 1 

(galectin 1)  21.7 
 Extracellular 

Space  other 

 P99027  RPLP2 
 ribosomal protein, large, 

P2  12.3  Cytoplasm  other 

 P07759 
 

SERPINA3K  

 serine (or cysteine) 
peptidase inhibitor, clade 

A, member 3K  11.1 
 Extracellular 

Space  other 
 Q6A0C6  TAGLN2  transgelin 2  4.3  Cytoplasm  other 

 Q921I1  TF  transferrin  5.4 
 Extracellular 

Space  transporter 

 Q922B6  TRAF7 
 TNF receptor-associated 

factor 7  4.8  Cytoplasm  enzyme 
 P10639  TXN  thioredoxin  53  Cytoplasm  enzyme 

 Q3TFD9  VIM  vimentin  1.7  Cytoplasm  other 
       

 P10649  GSTM1  
 glutathione S-transferase, 

mu 1 not detected detected  Unknown  other 

 P48774  GSTM3 
 glutathione S-transferase 

M3 (brain) not detected detected  Cytoplasm  enzyme 

 P19157  GSTP1 
 glutathione S-transferase 

pi 1 not detected detected  Cytoplasm  enzyme 
 Q8C7W3  FUK  fucokinase not detected detected  Unknown  kinase 

 Q3V2Z4  ANXA6  annexin A6 not detected detected 
 Plasma 

Membrane  other 

 P19091  AR 

 androgen receptor 
(dihydrotestosterone 

receptor) not detected detected  Nucleus 

 ligand-
dependent 

nuclear 
receptor 

 Q99LL6  COL1A1  collagen, type I, alpha 1 not detected detected 
 Extracellular 

Space  other 

 Q3TUE2  COL1A2  collagen, type I, alpha 2 not detected detected 
 Extracellular 

Space  other 

 O70251  EEF1B2 
 eukaryotic translation 

elongation factor 1 beta 2 not detected detected  Cytoplasm 
 translation 

regulator 
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Figure 5.1.  Experimental flow chart 
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Figure 5.2. The chromatogram of cIEF separation. 
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Figure 5.3. The comparison of cellular composition of identified proteins from two mice tumor 
samples. (Left: group 2 tumors, Right: group 1 tumors)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

Figure 5.4. Comparison of canonical signaling pathways between two mice tumor groups. 
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Figure 5.5 The pathway network generated from integrative analysis using proteins from group 1 mice tumors. 
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Figure 5.6. The pathway network generated from integrative analysis using proteins from group 2 mice tumors 
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Chapter 6 

 
The application of newly designed plate to proteomics study using MALDI-QIT-MS. 

6.1 Introduction 

 
Matrix Assisted Laser Desorption Ionization (MALDI) was introduced by 

Hillenkamp, Karas et al.[1-3] and commercialized in the early 1990’s. MALDI is a 

ionization technique that utilizes a short pulsed laser as source, and matrix as a material 

for desorption of energy from laser to deliver to analyte in the mixture of analyte and 

matrix, generating analyte ion [M+H]+ ion (where M is the mass of the analyte 

molecules) [4].   

The most common of matrixes are α-cyano-4-hydroxycinnamic acid (α-CHCA) 

and 2, 5-dihydroxybenzoic acid (DHB). The matrix is generally a low molecular weight 

molecule that vaporizes easily but not low enough to evaporate during sample preparation. 

The matrix is acidic to provide a proton for enhancing ionization of analyte and generally 

an acid such as trifluoroacetic acd (TFA) was added to the matrix solution to facilitate 

protonation. Those matrixes are functionalized with a polar group to utilize them in 

aqueous solution.     

The most popular mass analyzer for MALDI is the time-of-flight mass spectrometer 

(TOF-MS). The TOF-MS is simple, inexpensive and a non-scanning instrument. TOF-
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MS has the advantages of high speed, wide mass range, and high sensitivity [5] although 

the main difficulty of using TOF-MS is the operating condition which is under pulsed 

mode to establish a start time to accomplish time resolution. In order to solve this 

problem, pulsed orthogonal extraction geometry has been adopted [6-8] and a high pulsed 

extraction repetition rate (>2000Hz) to achieve a high duty cycle. The coupling of 

MALDI with TOF-MS has been an ideal technique in proteomics for analyzing 

biomolecules such as oligopeptides, proteins [9-11].   

The quadruple ion trap has been coupled with TOF-MS to perform MS/MS 

experiment [12]. The major feature of ion trap in mass spec is the ability to trap ion in a 

three dimensional electrical field. The ion trap which is composed of a ring electrode and 

end cap electrodes is capable of isolating and retaining specific ions for fragmentation 

upon collision with an inert gas in the cell. With variable energy CID (collision-induced 

dissociation) control, QIT-TOF-MS/MS provides high resolution precursor selection, 

high resolution detection and constant accuracy across MS and MSn modes for structural 

studies of biological samples.   

 The application of MALDI-QIT-TOF-MS/MS has been popular in proteomics 

and numerous methods of sample preparation for these techniques have been suggested 

including dried droplet, crushed-crystal [13], thin layer [14], and sandwich methods [15].  

Although MALDI has shown relatively high tolerance to impurities such as salt, pre-

concentration /desalting step before utilizing mass spec has been highly recommended. 

One of the popular methods to achieve purification is using microcolumn [16] or Zip-Tip 

[17]. Though there were various methods to prepare sample to improve quality of spectra 

obtained from mass spec, the prepared samples often suffered from heterogeneity, in 
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which specific components were detected in certain positions of the sample but not in 

others. This phenomenon has been shown to significantly influence the MALDI-TOF-MS 

or MALDI-QIT-TOF-MS/MS response of peptide/proteins.  

 In this study, the newly developed plate for MALDI-QIT-TOF-MS and MSn 

called the µ-focusing plate was tested to observe the possibility to use this new plate in 

proteomics when the heterogeneity problem could be reduced, and for the studying of the 

comparison of performance between this new plate and common stainless steal plate. 

Also the new plate was utilized to measure the availability for the on-plate digestion 

method which was studied in Dr. Lubman’s lab [18]. 

 

6.2 Experimental Section 

6.2.1Materials 

 Acetonitrile, Methanol, Ethanol, Water were purchased from Sigma-Aldrich in HPLC 

grade. Trifluoroacetic acid (TFA) was purchased from VWR International (West Chester, 

PA).  α-CHCA (α-cyano-4-hydroxycinnamic acid) was purchased from Sigma-Aldrich. 

DHB (2, 5-dihydroxybenzoic acid) and synthetic serine phosphopeptide were purchased 

from Waters Corporation. Standard protein / peptide materials (beta-casein) were 

purchased from Sigma-Aldrich and Focusing plate was a gift from Hudson Surface 

Technology, Inc. (Newark, NJ). 

 

6.2.2 Stock solution for standard protein solution 
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 2-5mg/1ml stock solutions were prepared in water to make a solution with a final 

concentration of 1-100ppm. 

 

6.2.3. Digestion 

1) regular digestion procedure: standard proteins solution was placed in a speedvac 

concentrator to reduce the volume of solvent and NH4HCO3, 100 mM, and 10 mM DTT 

were added to these samples. Then modified trypsin was added at an enzyme-to-substrate 

ratio of 1:50, gently stirred, and incubated at 37 °C for 24 h. TFA, 2.5%, was used to end 

the digestion. ZipTips (Millipore, Inc.) were used to clean the sample before spotting the 

MALDI plate. The peptides were eluted from ZipTips and concentrated in 50% 

acenonitrile with 0.1% TFA.  

2) on-plate digestion: The MALDI plate was precoated with 0.5 µL of trypsin stock 

solution of ∼0.15 µg/µL and 0.5 µL of 50 mM ammonium bicarbonate was added to the 

top layer of each spot. The plate was kept in a humidifier chamber for 5 min at room 

temperature for digestion. Then, 0.5 µL of 0.1% TFA was added to each spot to stop the 

digestion, followed by adding 0.5 µL of α-CHCA and/or DHB matrix solution prepared 

by diluting saturated α-CHCA with 60% acetonitrile/ 0.1% TFA at a 1:4 ratio and DHB 

with 50% acetonitrile/0.1% TFA.  

 

6.2.4 MALDI-QIT-TOF-MS 

 MS and MS2 spectra of peptide samples were obtained from a Shimadzu Axima QIT 

MALDI quadrupole ion trap-TOF (MALDI-QIT; Manchester, UK). Data acquisition and 
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processing during MALDI-QIT-TOF analysis were controlled by Kratos “Launchpad” 

software, with the standard instrument setting for optimum transmission at medium mass. 

A pulsed N2 laser light (337 nm) with a pulse rate of 5 Hz was used for ionization. Each 

profile resulted from two laser shots. Argon was used as the collision gas for CID, and 

helium was used for cooling the trapped ions. The TOF was externally calibrated using 

500 fmol/µL bradykinin fragment 1-7 (757.40 m/z), angiotensin II (1046.54 m/z), P14R 

(1533.86 m/z), and ACTH (2465.20 m/z) (Sigma). The MALDI-QIT-TOF was also 

externally calibrated using fullerite deposited directly onto the stainless steel plate.  The 

data acquired from MALDI-TOF MS analysis was searched in MS-fit 

(http://prospector.ucsf.edu/ucsfhtml13.4/msfit.htm) for protein identification.   

 

6.3 Results and Discussion 

MALDI-QIT-TOF-MS/MS has been one of the popular instruments used in 

proteomics. In the process of preparing a sample for MALDI-QIT-TOF–MS/MS, the 

mixture of bio-sample (peptide/protein) and matrix (α-CHCA/DHB) was spotted onto the 

plate and dried. The dried sample/matrix mixture on the plate was typically measured as 

5-15mm2, where of only a small portion (0.002-0.03mm2) [18] was irradiated by a pulsed 

laser, generating analyte ions. Since a liquid sample, purified using Zip-Tip [19], was 

dropped on the plate and dried, the prepared samples often suffered from heterogeneity, 

in which specific components were detected in certain positions of the sample but not in 

other positions. This occurrence is a critical disadvantage of this sample preparation 

method for mass spectrometry during spectral acquisition and accumulation of spectra 
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per sample. There have been improvements such as reducing sample diameter [20, 21] 

and using sample support [22].  

 Recently, a new plate has been developed using lithography techniques, resulting 

in hydrophobicity on the plate. This plate is called a µ-focusing plate. The µ-focusing 

plate offered several advantages such as convenience due to disposability, fewer 

contamination problems due to minimizing the chances of cross-contamination between 

samples, and increased MS sensitivity based on reduced contact angle to the plate 

compared to that of a stainless plate [23]. However, there are fewer recognized 

experiments using this plate to the study of peptide/protein detection. In this study, the µ-

focusing plate was tested with standard peptide/protein for its use in proteomics, 

compared to that of a stainless steel plate for several aspects such as the direct 

comparison of signal intensity, usage of two matrixes for MS/MS, solvent effect, and on-

plate washing method. 

Figure 6.1 shows the result of using the hydrophobic plate versus the stainless 

steel plate in the MALDI-QIT-TOF-MS. The digested β-casein dissolved in water has 

been used as the sample with DHB as the matrix. These spectra were taken under similar 

conditions for both plates, and showed that the peaks on the hydrophobic plate showed 

almost double the intensity compared to that from a regular stainless steel plate in Figure 

6.1(a). It is evident in Figure 6.1b that the use of the hydrophobic plate improves 

resolution and the relative intensity of the phosphorylated β-casein peaks where the two 

quadruply, and a singly phosphorylated peaks appear in the spectrum at m/s 3477.50, 

3122.25, 2106.17 respectively. This result may confirm the crystal formed on the spot on 

the plate. The Figure 6.2 shows the image of crystal which is the mixture of 
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peptide/matrix on a regular stainless plate and new plate using the camera attached to the 

MALDI-QIT instrument. The crystal of mixture of peptide/matrix on the µ-focusing 

shows less heterogeneity than that on the stainless steel plate. 

An important issue in the use of the MALDI-QIT-TOF-MS/MS has been that this 

device has been limited to the use of the DHB matrix, which is a relatively cold matrix. 

However, α-CHCA has often proved of greater utility for detection of peptides in 

complex digest mixtures. α-CHCA has generally not been used successfully as a matrix 

for external injection of ions into the QIT-TOF. We have found that the use of the 

hydrophobic plate allows the use of the α-CHCA matrix with results that are very 

comparable to that obtained using the DHB matrix. A direct comparison of the MALDI 

spectrum obtained for three standard peptides with the use of DHB or α-CHCA is shown 

in Figure 6.3(a). Figure 6.3(b) presents MS2 spectrum of synthetic serine phosphopeptide 

with α-CHCA as the matrix on the new plate.  The choice of matrix for MS/MS could be 

wider, For the particular sample the MALDI-MS spectrum may be optimized using a 

mixture of DHB and α-CHCA where a ratio of DHB: α-CHCA of 3:1 was found to 

optimize the detection of the quadruply phosphorylated molecular ion peak. This is 

shown in Figure 6.4 for β-casein for a mixture of DHB and α-CHCA in a ratio of 3:1 

using the hydrophobic plate and acetonitrile as the solvent in the matrix preparation.  

In numerous studies, the protein from separated samples was digested using 

tryptic enzyme followed by purification using a C18 Zip-Tip before subjecting the 

sample to mass spectrometry. This process typically occurs overnight and sample 

purification is time consuming with a high risk of losing the sample during the processes. 

Various methods have been proposed to improve this critical sample preparation step 
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before using mass spectrometry, including microwave-digestion [24, 25], and on-line 

digestion [26-28].  Another new approach suggested, is called on-plate digestion [17, 29-

30]. This method was able to reduce preparation time and sample loss. In this study, the 

on-plate digestion method was conducted onto the µ-focusing plate.  Before performing 

direct on-plate digestion, the solvent effect was studied. The on-plate digestion method 

was suggested for the application of the on-line LC-MALDI-MS experiment and most of 

protein/peptide from biological samples was separated using HPLC based on their 

hydrophobicity using different types of solvent. The fractionated liquid sample using LC 

was directly spotted onto the plate containing a different amount of solvents which may 

affect signal intensity. The most common solvent used for separation based on 

hydrophobicity in reverse phase chromatography is acetonitrile.      

The signal intensity was compared using different amounts of solvent with two 

matrixes. This is shown in Figure 6.5(a) for detection of β-casein peptides mixed with the 

DHB matrix in a different percent of acetonitrile using the hydrophobic plate in the 

sample preparation. The solvent used with the DHB matrix is changed from 75% 

acetonitrile to pure water where the higher molecular weight peaks are enhanced at the 

expense of the lower molecular peaks as the percent acetonitrile increases. The amount of 

75% acetonitrile is usable to detect peaks at 3121.9, 2925.6 which correspond to 

quadruply phosphorylated peptide and H3PO4 loss. This new plate showed the availability 

for usage of both matrixes (DHB, α-CHCA). The usage of matrix DHB in the new plate 

presents a higher suitability for acetonitrile with higher contents up to 75% compared to 

that with α-CHCA which showed a lower suitability up to 60% in Figure 6.5(b). It is 

shown that β-casein can be detected using α-CHCA and the detection of the quadruply 
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phosphorylated peak is optimized versus the lower molecular weight peaks for a percent 

acetonitrile of 35% compared to pure water and higher acetonitrile content. The spectra 

obtained can be further modified depending on the percent acetonitrile used in the matrix 

preparation, and physical properties of samples (peptide/protein) which was from cell line 

or tissues. Considering noise peaks from the solvent, it could be recommended to use the 

amount of solvent up to 60-65%. The separation of peptides based on hydrophobicity has 

been performed mainly under 50% so that this result showed quite good signal detection 

using on-plate digestion directly after separation.  

The quality of the MALDI mass spectra could be further improved using a 

combination of the hydrophobic plate and an on-plate washing procedure. In the 

proteomics study, a biological sample (proteins from cell line or tissues) was digested 

using enzymes, and then purified to remove remaining salts or impurities using Zip-Tips 

which is time-consuming and causes sample loss. In order to increase efficiency of 

enzymatic digestion, the pH was adjusted to basic pH using NH4HCO3.  This salt could 

affect signal intensity and detection limits. Since the on-plate digestion is performed on 

the plate using the pre-coated tryptic enzyme under basic conditions, it is necessary to 

remove extra impurities or salt on the plate. The procedure of washing and re-

crystallization was followed using the protocol described in the experimental section. It 

seems that usage of the Zip-Tip produces a cleaner spectrum. However, the on-plate 

digestion method produced a spectrum similar to the spectrum from using the ZipTip 

procedure, but in much less time using the on-plate digestion method. Another on-plate 

washing after digestion on the plate was tested under the condition with a higher content 

of solvent (45%) as shown in Figure 6.6a. It seems that the signal in the higher contents 
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of solvent produced a spectrum with a lower noise level when using on-plate washing. 

Since β-casein contains phosphopeptides, it may provide strong ion signal in the negative 

mode due to the phosphate group. Negative mode also was performed and Figure 6.6b 

shows similar results obtained from the negative mode compared to the positive mode 

using on-plate washing procedure. A signal of the quadruply phosphoyrlated β-casein 

peptide (marked as *) without conditioning mass spectrometry for the high mass range of 

peptides showed effectiveness using this washing in both the positive and negative modes 

in this instrument.  

Since the on-plate digestion and washing procedure was performing well with β-

casein, on-plate digestion with mouse tumor sample was performed. Less than 2µg of a 

lysed liquid sample solution was separated using reverse–phase chromatography based on 

hydrophobicity and directly spotted on the µ-focusing plate which was pre-coated with 

trypsin. After digesting and washing of the spot on the plate, a spectrum was obtained 

using MALDI-QIT-TOF-MS/MS. Figure 6.7 shows an example of MALDI spectrum 

obtained from one of the spots on the plate, identifying four proteins, RING finger 

protein 181, Poly [ADP-ribose] polymerase 1, Lymphoid-restricted membrane protein 

and Ephrin type-B receptor 2(data not shown).  There was a limitation of performing MS3 

experiments, unlike a well-performed MS3 with standard materials. The current study 

presented good test results for using the new plate in proteomics application with a low 

amount of sample usage. It will be necessary to perform the experiment with the best 

optimized condition in order to analyze small amounts of sample since sample-loss may 

be the one of main concerns while performing multi-steps (separation, purification, etc.) 

in proteomics using a very limited amount of sample.  
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6.4 Conclusion 

The newly developed µ-focusing plate for MALDI-QIT-TOF-MS/MS experiment 

was tested. This plate has shown to have hydrophobicity and showed an excellent 

possibility for usage in proteomics.  The new plate showed an increased signal compared 

to that from the stainless steel plate for standard materials such as β-casein, as well as a 

higher tolerance for solvent (acetonitrile), up to 75% with a proper matrix. Also an 

uncommon matrix, α-CHCA for MALDI-QIT-TOF-MS/MS was shown to give a good 

signal for MS2. The best condition for using a matrix combination between DHB: α-

CHCA is a 3:1 ratio. When the new plate was subjected to on-plate digestion, more 

digested peaks were likely shown in spectra after the on-plate washing step, and several 

signals was detected in one spot. This study may suggest this hydrophobicity plate will be 

well suited in the proteomics field, and that coupling with micro-separation may produce 

improved performance in terms of detection of limited amounts of sample.   

.  
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Figure 6.1. The spectra of digested β-casein peptide obtained from µ-focusing plate (1) 
and stainless plate (2) in Figure 1(a). The high m/z range is zooming-in in the Figure 1(b). 
DHB was used as matrix, and phosphorylated peaks marked as * 
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          (a)                                                                   (b) 
 
Figure 6.2. The image of crystal which is the mixture of sample and matrix on the regular 
stainless steel plate (a, left) and µ-focusing plate (b, right). DHB was used as matrix. 
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Figure 6.3 (a). The spectra obtained using different matrixes on the µ-focusing plate.  
The spectrum (1) on the bottom: DHB matrix, Top spectrum (2) on the top: α-CHCA 
matrix

 
 
Figure 6.3(b) The MS/MS spectrum of synthetic serine phosphopeptide. 
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Figure 6.4. The MS2 spectrum of beta-casein in positive mode using matrix mixture 
(DHB: α-CHCA) on the µ-focusing plate.  
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Figure 6.5(a).  The comparison of signal intensity with DHB in the different amount of 
solvents. 
 

 
 
Figure 6.5(b). The comparison of signal intensity with α-CHCA in the different amount 
of solvents. 
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Figure 6.6(a). The comparison of signal using on-plate washing after on-plate digestion 
(1) and using zip-tip(2) in 45% ACN in positive mode.  
 

 
 
Figure 6.6(b). The comparison of signal using on-plate washing after on-plate digestion 
(1) and using zip-tip(2) in 30% ACN in positive mode. 
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Figure 6.7. On-plate digestion and identification of mouse tumor samples with MALDI-
QIT-TOF-MS/MS in positive mode. DHB was used as matrix.  
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Chapter 7 

 

Conclusion 

 

The study of the proteome has great challenges due to its complexity and dynamic 

range of biological samples to be analyzed in cancer studies. Analytical technologies for 

proteomics have improved to overcome these problems and posses the ability to detect 

low concentrations of proteins or peptides with biological significance. In addition to 

continuously developing techniques including mass spectrometry, improved software 

allowed researchers to study proteins not only highly expressed in cancer but also 

involved in signal pathways related to tumor progressions. 

This dissertation has described the development and application of an integrated 

liquid separation, protein microarray and tandem mass spectrometry strategy for global 

screening of proteins in ovarian adenocarcinomas and pancreatic ductal adenocarcinoma.   

 The mass mapping approach using liquid 2D separation followed by mass 

spectrometry to detect molecular weights of proteins was investigated for comparative 

proteins in low-stage (FIGO stage 1 or 2) versus high-stage (FIGO stage 3 or 4) human 

OEAs. Two-dimensional liquid-based separation/mass mapping techniques to elucidate 

molecular weight and pI measurements of the differentially expressed intact proteins was 

done. These mass maps (over a pI range of 5.6-4.6) revealed that the low-stage OEAs 

demonstrated protein over-expression at the lower pI ranges (pI 4.8-4.6) in comparison to
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the high-stage tumors, which demonstrated protein over-expression in the higher pI 

ranges (pI 5.4-5.2). These data suggest that both low- and high-stage OEAs have 

characteristic pI signatures of abundant protein expression probably reflecting, at least in 

part, the different signaling pathway defects that characterize each group. In Chapter II, 

the low-stage OEAs were distinguishable from high-stage tumors based upon their 

proteomic profiles.  Interestingly, when only high-grade (grade 2 or 3) OEAs were 

included in the analysis, the tumors still tended to cluster according to stage, suggesting 

that the altered protein expression was not solely dependent upon tumor cell 

differentiation.  Further, these protein profiles clearly distinguish OEA from other types 

of ovarian cancer at the protein level.  

Another global screening of protein in cancer was studied for humoral response 

in cancer, using protein microarrays.  The idea that there is an immune response to cancer 

in humans has been demonstrated by the identification of autoantibodies against a 

number of intracellular antigens in patients with various tumor types. This phenomenon 

is known as the humoral response and the detection of such autoantibodies has been 

shown to be of great potential diagnostic and prognostic value in the detection of cancer 

and the ability to predict the course of the disease. The autoantibody response to 

pancreatic cancer has been explored using a natural liquid-based microarray approach. A 

Panc-1 cell line was fractionated using a 2-D liquid separation method into over 1029 

proteins as expressed in the cell and spotted onto nitrocellulose-coated glass slides. Each 

slide was probed with samples from 38 pancreatic cancer sera, 23 pancreatitis sera and 25 

normal sera and probed for the humoral response against each protein spot. The response 

data obtained from protein microarrays for each sample over the protein set was analyzed 
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by four different statistical methods (COPA, OS, Wilcoxon, Pamr) to determine the 

proteins that showed the greatest differential response against serum. Each statistical 

method generated a list of differential response proteins in a comparison between cancer 

vs normal, cancer vs pancreatitis and pancreatitis vs normal. Among identified proteins 

using LC-MS/MS were annxein 2 and cytoplasmic, malate dehydrogenase which showed 

a higher response in cancer sera versus normal sera.  Further work was performed using 

recombinant proteins and a blotting method on microarrays for the proteins identified in 

the discovery set using sera from cancer, pancreatitis, type-2 diabetes and normals.  This 

pre-validation experiment identified proteins that could potentially identify cancer from 

pancreatitis, normal controls or type-2 diabetes. 

An important issue in current proteomic analysis is the ability to work with 

small-volume samples. This becomes particularly important in situations where only a 

limited amount of sample may be available, such as tissue or fluid samples extracted 

from aspirates, laser-capture micro-dissection, tumor micro-environment experiments or 

stem-cell research. In these cases, there may be <100,000 cells available or fluids in the 

amount of 50µl or less. This number may correspond to only several micrograms of total 

protein where, if there are a thousand proteins present, then on average there may only be 

tens of femtomoles of each protein available. It thus becomes critical to find methods 

capable of separating and analyzing such small amounts of sample with the ability to 

identify the presence of large numbers of proteins.  

A method has been developed using a micro-chromatofocusing (micro-CF) 

procedure with a weak-anion exchanger packed in a capillary column. This method is a 

scaled-down version of the CF separation currently used in the Beckman PF2D 
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instrument and described in Chapter Ш. Instead of milligram amounts of the starting 

material, 2-30µg of material can be fractionated based upon pH using the micro-CF 

method. The intact proteins can be collected according to pH value and further analyzed 

by a second dimension. Digestion of the eluted fraction of intact proteins from micro-CF 

was demonstarated and followed by nano-RPLC-MS/MS. This micro-proteomic 

procedure is demonstrated for analysis of 700-800 proteins from only 10 µg of two 

ovarian cell lines (MDAH 2774 and TOV 112D).   

Another analytical method to utilize limited amounts of sample is the use of the 

cIEF/nano-LC/MS-MS technique.  Using this technique, profiling of proteins based on 

defects in signaling pathways and gene mutation in two groups of tumor samples has 

facilitated the study of a genetically engineered mouse-model of human endometrioid 

ovarian cancer in Chapter V. Mouse tumors with the p53 mutation, in addition to defects 

on Wnt/β-catenin and PI3K/Pten signaling pathways, has revealed an increased number 

of detected proteins involved in signaling, and up-regulated expression of proteins in 

many signaling and metabolic pathways. p53 appears to play an important role with 

regard to tumor progression. Also, a number of proteins detected in tumors without 

mutant p53 showed increased expression-levels, suggesting the possibility of improved 

early detection of endometrioid ovarian cancer.  

The development of new methods can help to increase the ability to study 

proteomics. The newly developed plate for the MALDI-QIT-TOF-MS/MS experiment 

was tested in Chapter VI. This plate has been shown to have hydrophobicity and showed 

an excellent possibility for usage in proteomics.  The new plate showed an increased 

signal compared to that from stainless steel for standard materials such as β-casein, as 
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well as a higher tolerance for solvent (acetonitrile), up to 75% with a proper matrix. Also 

an uncommon matrix, α-CHCA for MALDI-QIT-TOF-MS/MS was shown to provide a 

good signal for MS2. The best condition for using a matrix combination between DHB: 

α-CHCA is a 3:1 ratio. When the new plate was subjected to on-plate digestion, more 

digested peaks were likely shown in spectra after the on-plate washing step, and several 

signals detected in one spot. This study may suggest this hydrophobicity plate will be 

well-suited in the proteomics field, and that coupling with good micro-separation may 

produce better performance in terms of detection of limited amounts of sample.   

The strategy described herein can be successfully utilized to study a variety of 

cancers with different amounts of sample-scale (milligram to microgram scale) in order 

to detect proteins associated tumor progression / genetic defects. The described 

techniques are applicable to answer biological questions that can help to understand 

cancer pathology as well as to detect proteins for early diagnosis in cancer. However 

further work needs to be done to stretch the limits of use of sample pools in the GEM 

study of ovarian endometrioid cancer and the microarray study of pancreatic cancer in 

order to assess the quality of the markers highlighted and described in this dissertation. 
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