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Comparative Proteomics Analysis of Barrett Metaplasia and Esophageal Adenocarcinoma Using Two-dimensional Liquid Mass Mapping*□ S



Jia Zhao‡, Andrew C. Chang§¶, Chen Li‡, Kerby A. Shedden储, Dafydd G. Thomas**, David E. Misek§, Arun Prasad Manoharan‡‡, Thomas J. Giordano¶**, David G. Beer§¶, and David M. Lubman‡§¶§§ Esophageal adenocarcinoma, currently the seventh leading cause of cancer-related death, has been associated with the presence of Barrett metaplasia. The malignant potential of Barrett metaplasia is evidenced by ultimate progression of this condition to invasive adenocarcinoma. We utilized liquid phase separation of proteins with chromatofocusing in the first dimension and nonporous reverse phase HPLC in the second dimension followed by ESI-TOF mass spectrometry to identify proteins differentially expressed in six Barrett metaplasia samples as compared with six esophageal adenocarcinoma samples; all six Barrett samples were obtained from the identical six patients from whom we obtained the esophageal adenocarcinoma tissue. Approximately 300 protein bands were detected by mass mappings, and 38 differentially expressed proteins were identified by LC-MS/MS. The false positive rates of the peptide identifications were evaluated by reversed database searching. Among the proteins that were identified, Rho GDP dissociation inhibitor 2, ␣-enolase, Lamin A/C, and nucleoside-diphosphate kinase A were demonstrated to be up-regulated in both mRNA and protein expression in esophageal adenocarcinomas relative to Barrett metaplasia. Candidate proteins were examined at the mRNA level using high density oligonucleotide microarrays. The cellular expression patterns were verified in both esophageal adenocarcinomas and in Barrett metaplasia by immunohistochemistry. These differentially expressed proteins may have utility as useful candidate markers of esophageal adenocarcinoma. Molecular & Cellular Proteomics 6:987–999, 2007.



Esophageal adenocarcinoma is increasing rapidly in Western countries and is currently the seventh leading cause of cancer-related death (1). Esophageal adenocarcinoma has been associated with the presence of Barrett metaplasia, a From the Departments of ‡Chemistry, 储Statistics, and ‡‡Bioinformatics, University of Michigan and Departments of §Surgery and **Pathology and ¶Comprehensive Cancer Center, University of Michigan Medical Center, Ann Arbor, Michigan 48109 Received, May 10, 2006 Published, MCP Papers in Press, February 26, 2007, DOI 10.1074/ mcp.M600175-MCP200
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condition in which the normal squamous epithelium of the esophagus is replaced by columnar epithelium. The malignant potential of this condition is evidenced by the progression of Barrett metaplasia to low grade dysplasia, high grade dysplasia, and ultimately to invasive adenocarcinoma. The risk of developing adenocarcinoma is 30 –125 times higher in people who have Barrett metaplasia than people who do not. The prognosis of patients with esophageal adenocarcinoma remains poor with overall 5-year survival rates of only 5–15% (1). Unfortunately patients often present with regionally advanced disease (2). Given the poor prognosis associated with esophageal adenocarcinoma, it is imperative to improve our understanding of the tumorigenesis and the factors associated with increased risk. It is possible that therapeutic targets or protein markers can be identified that will ultimately facilitate improved patient survival. Proteomics technologies have been used for the identification of candidate markers for early cancer detection (3). The global analysis of protein expression complements genomics analyses. For example, proteomics analysis may provide further insight into post-translational modifications affecting cellular function that otherwise could not be identified by genomics analysis. It is important to identify changes in global protein expression to identify specific proteins that are involved in cancer-related processes. We and others have demonstrated that two-dimensional (2-D)1 liquid mass mapping can be used for quantitative and comparative proteomics analyses (4 – 6). Ion intensity-based quantitative approaches have progressively gained more popularity as mass spectrometry performance has improved significantly. 2-D fractionation techniques before mass detection simplify the complex proteome. Because mass is a unique tag for intact proteins, this method avoids the problem in quantitation induced by incomplete separation. In addition, liquid phase analysis allows easy interface to mass spectrometry analysis. In this study, we evaluated protein expression differences to identify markers of disease progression of Barrett metapla1



The abbreviations used are: 2-D, two-dimensional; NPS-RP, nonporous reverse phase; CF, chromatofocusing; OG, n-octyl ␤-D-glucopyranoside; bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; RhoGDI, Rho GDP dissociation inhibitor.
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sia to esophageal cancer to gain further insight into potential mechanisms underlying these changes. Protein lysates were prepared from both high grade dysplasia and esophageal adenocarcinoma tissue, both obtained from the same six patients. These lysates were resolved by 2-D LC using chromatofocusing in the first dimension and nonporous silica reverse phase (NPS-RP) HPLC in the second dimension. Separated proteins in liquid phase were ionized by ESI-TOF, and the intact molecular weights were obtained after deconvolution of multiple charged peaks. Proteins were quantified based on individual molecular weight intensity and assembly of a protein mass map. Hierarchical clustering of the mass maps correctly segregated each of the 12 samples by histological type into Barrett metaplasia or esophageal adenocarcinoma. Differentially expressed proteins were identified by LC-MS/MS after protease digestion. Candidate proteins were examined at the mRNA level using high density oligonucleotide microarrays as well as at the protein level using immunohistochemistry to verify cellular expression patterns. The 2-D mass maps and the corresponding protein identification have utility for analysis of cellular protein expression changes that are associated with progression of Barrett metaplasia to esophageal adenocarcinoma. EXPERIMENTAL PROCEDURES



Tissue Samples—Patients seen by the Section of General Thoracic Surgery at the University of Michigan Hospital between May 1994 and July 2004 for resection of esophageal adenocarcinoma were evaluated for inclusion in this study. Patients receiving previous chemotherapy or radiation treatment were excluded. Consent was obtained from all patients, and the project was approved by the local Institutional Review Board. Medical records were reviewed, and data were coded to protect patient confidentiality. Tumors and adjacent Barrett metaplasia tissue were collected immediately at the time of surgery and transported on ice to the laboratory in Dulbecco’s modified Eagle’s medium (Invitrogen). All tissue samples were stored at ⫺80 °C. Hematoxylin-stained 5-m frozen sections were reviewed by a board-certified pathologist (T. J. Giordano) with expertise in gastrointestinal pathology for tumor cellularity (adenocarcinomas) or mucosa (Barrett metaplasia). Specimens were excluded if tumor cellularity was less than 80% or if extensive lymphocytic infiltration or fibrosis was present. Cell Lysis and Buffer Exchange—Barrett metaplasia or adenocarcinoma tissue samples were quickly thawed and immediately lysed with 2 ml of lysis buffer consisting of 7.5 M urea, 2.5 M thiourea, 4% n-octyl ␤-D-glucopyranoside (OG), 10 mM Tris(2-carboxyethyl)phosphine, 10% (v/v) glycerol, 50 mM Tris, and 40 l of protease inhibitor solution (10-mg tablet in 1 ml of PBS buffer; Roche Applied Science). Samples were homogenized mechanically, vortexed frequently over a period of 1 h at room temperature, and then centrifuged at 30,000 rpm for 70 min at 4 °C. After the supernatant was collected, buffer exchange was conducted against the chromatofocusing start buffer using a PD-10 G-25 column (Amersham Biosciences). Protein concentration in each sample was quantified by the Bradford assay. Chromatofocusing—Chromatofocusing (CF) separation was performed on an HPCF-1D column (250 ⫻ 2.1 mm) (Beckman-Coulter, Fullerton, CA) using a Beckman HPLC pump. The column was equilibrated with start buffer containing 25 mM bis-Tris propane, 6 M urea, and 1% OG adjusted to pH 7.4 with saturated iminodiacetic acid solution. After equilibration, 4.5 mg of total protein was loaded onto
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the CF column. Elution was achieved at pH 4.0 with elution buffer consisting of 10% (v/v) Polybuffer 74 (Amersham Biosciences), 6 M urea, and 1% OG at a flow rate of 0.2 ml/min. A linear pH gradient was generated at the outlet of the column that resulted in proteins eluting off the column according to their pI. Separation was monitored at 280 nm using a UV detector (Beckman-Coulter). The pH of the eluent was measured on line by a postdetector pH electrode/cell (Lazar Research Laboratories, Los Angeles, CA) with low dead volume. Fractions were collected at every 0.2 pH unit from pH 7.0 to 4.0 and split for further analysis by NPS-RP HPLC/ESI-TOF-MS and LC-MS/MS protein identification. NPS-RP HPLC and On-line ESI-TOF MS—Fractions obtained from CF were subjected to NPS-RP HPLC separation using an ODSIII-E (4.6 ⫻ 33-mm) column (Beckman-Coulter) packed with 1.5-m nonporous silica. The reverse phase separation was performed at 0.5 ml/min, and a postcolumn splitter was used so that the 200 l/min flow was directed into an orthogonal acceleration ESI-TOF MS system (LCT; Micromass/Waters, Milford, MA). Formic acid (0.5%) was added after the splitter through a T-connector using a syringe pump. The other 0.3 ml/min flow was monitored at 214 nm using a 166 Model UV detector (Beckman-Coulter), and peaks were collected by an automated fraction collector (Model SC 100; Beckman-Coulter) controlled by in-house designed DOS-based software. To enhance the speed, resolution, and reproducibility of the separation, the reverse phase column was heated to 60 °C using a column heater (Model 7971; Jones Chromatography). Both mobile phase A (water) and mobile phase B (ACN) contained 0.1% (v/v) TFA. The gradient profile was as follows: 5–15% B in 1 min, 15–25% B in 2 min, 25–31% B in 3 min, 31– 41% B in 10 min, 41– 47% B in 3 min, 47– 67% B in 4 min, and 67–100% B in 1 min. The capillary voltage for electrospray was set at 3200 V, the sample cone was set at 35 V, the extraction cone was set at 3 V, and the reflection lens was set at 750 V. Desolvation was accelerated by maintaining the desolvation temperature at 330 °C and the source temperature at 130 °C. The desolvation gas flow was 650 – 800 liters/h. 1 g of bovine insulin was introduced to each sample as an internal standard. The intact molecular weight was obtained by deconvoluting the combined ESI spectra with MaxEnt1 software. Data Analysis and Clustering—A mass map was generated by integrating the pI, Mr, and protein intensity of five CF fractions ranging from pH 4.6 to 5.6 into one single image using DeltaVue software (7). Maps with normalized protein value for Barrett tissue and the corresponding esophageal adenocarcinoma tissue from the same patient are shown at either side with a differential map of these two samples shown in the middle for comparison. The significance of protein expression differences was determined by 2 analysis. After the mass maps of the pH 4.6 –5.6 fractions from all 12 tissue samples were normalized based on insulin intensity and actin levels, the correlation of the mass maps was then visualized as a dendrogram by average-linked hierarchical clustering, which utilizes the mean distance between all possible pairs of entities of the two clusters. Pairs of samples are joined sooner if they have greater correlation. The length and the subdivision of the dendrogram branches reflect the relatedness of the 12 tissue samples based upon the expression of the individual proteins. Tryptic Digestion—Protein fractions of interest from NPS-RP HPLC were concentrated down to ⬃20 l with a SpeedVac concentrator (Labconco Corp., Kansas City, MO) operating at 60 °C. 20 l of 100 mM ammonium bicarbonate with 5 mM DTT (Sigma-Aldrich) was then mixed with each concentrated sample to obtain a pH value of about 7.8. 0.5 l of tosylphenylalanyl chloromethyl ketone-modified sequencing grade porcine trypsin (Promega, Madison, WI) was added and briefly vortexed prior to agitation for 20 h at 37 °C. Protein Identification by Capillary LC-MS/MS—Digested peptide



Proteomics of Esophageal Adenocarcinoma mixtures were separated by a capillary RP column (C18, 0.3 ⫻ 50 mm) (Michrom Bioresources, Auburn, CA) on Paradigm MG4 micropumps (Michrom Bioresources) with a flow rate of 5 l/min. Both solvent A (water) and solvent B (ACN) contained 0.3% formic acid. The gradient was initiated at 5% solvent B, ramped to 60% solvent B in 25 min, and then finally ramped to 90% in 5 min. The resolved peptides were analyzed on an LTQ mass spectrometer with an ESI ion source (Thermo, San Jose, CA). The capillary temperature was 175 °C, spray voltage was 4.2 kV, and capillary voltage was 30 V. The normalized collision energy was set at 35% for MS/MS. MS/MS spectra were searched using SEQUEST against the SwissProt (8) human protein database. One miscleavage was allowed. Methionine oxidation was considered as a variable modification during the SEQUEST analysis. Peptide tolerance was set at 1.5 Da for DTA file search. The search results were filtered according to specific criteria: the Xcorr cutoffs were set as 1.9, 2.5, and 3.5 for 1⫹, 2⫹, and 3⫹ charged peptides, respectively, and the ⌬Cn cutoff was set as 0.1. Positive protein identification was validated by the Trans-Proteomics Pipeline. This software includes both the PeptideProphet and ProteinProphet programs that were developed by Keller et al. (9). The MS/MS data from all the UV peak fractions collected from reverse phase separation were searched independently against the normal and reversed human International Protein Index (IPI) protein database (41,216 protein entries) (ncrr.pnl.gov/data/) using the SEQUEST algorithm (Thermo Finnigan, San Jose, CA) for evaluation of the false positive rate (10). The reversed protein database was created by reversing the order of amino acid sequences for each protein (the carboxyl terminus becomes the amino terminus and vice versa). The searching parameters were the same as above. The searching results were filtered according to specific criteria: the Xcorr cutoffs were set as 1.9, 2.5, and 3.5 for 1⫹, 2⫹, and 3⫹ charged peptides, respectively, and the ⌬Cn cutoff was set as 0.1. Analysis of mRNA Using Oligonucleotide Arrays—For correlation of protein and RNA gene expression patterns, a range of non-dysplastic and dysplastic Barrett samples and esophageal adenocarcinomas were examined by high density oligonucleotide microarrays as described previously (11, 12). We compared mRNA expression of 46 samples, including nine Barrett metaplasia, seven samples with a mixture of Barrett metaplasia and low grade dysplasia, eight low grade dysplasia, seven high grade dysplasia, and 15 esophageal adenocarcinomas. Total RNA was isolated from 50 esophageal samples using TRIzol (Invitrogen) and purified with RNeasy spin columns (Qiagen, Valencia, CA) according to the manufacturers’ instructions. RNA quality was confirmed by 1% agarose gel electrophoresis and A260/A280 ratios. RNA quality was reassessed with the Agilent Bioanalyzer (Agilent Technologies, Palo Alto, CA) at intermediate steps after double-stranded cDNA and cRNA synthesis. Four samples were excluded due to insufficient quantity of RNA (⬍10 g). cDNA synthesis, cRNA amplification, hybridization, and washing of the HG-U133A GeneChips (Affymetrix, Santa Clara, CA) were performed by the University of Michigan Cancer Center Microarray Core according to the manufacturer’s instructions. To normalize the microarray data, a summary statistic was calculated using the 11 probe pairs for each gene and the robust multichip average method (13) as implemented in the Affymetrix library of Bioconductor (version 1.3), which provides background adjustment, quantile normalization, and summarization. mRNA expression values for each sample were then compared with the mean expression value for the nine Barrett metaplasia samples. -Fold change greater than 2.0 was considered significant (14). Tissue Microarray and Immunohistochemistry—A tissue microarray was created, as described previously (15), with formalin-fixed, paraffin-embedded tissues from 70 patients including 64 tumors, eight lymph node metastases, 11 dysplastic Barrett mucosa, 11 non-dys-



plastic Barrett metaplasia samples, and normal esophagus. 4-m sections were transferred to poly(L-lysine)-coated slides, deparaffinized with xylene, rehydrated with a graded series of alcohols, and then rinsed with PBS. Antigen retrieval was performed using microwave pretreatment for 15 min in 0.01 M citrate buffer, pH 6.0. The slides were then blocked with 5% normal goat serum in PBS for 20 min, and endogenous peroxidase activity was quenched with 0.5% hydrogen peroxide in PBS. The slides were incubated with either a mouse anti-ENO1 antibody at a 1:1000 dilution (Abnova Corp., Niehu, Taiwan), rabbit anti-ARHGD1B antibody at a 1:50 dilution (Abnova Corp.), or anti-Lamin A/C (Chemicon International, Temecula, CA) at a 1:50 dilution for 1 h in 1.5% normal goat serum. After washing with PBS, the slides were incubated with a 1:1000 dilution of biotinylated goat anti-mouse antibody (Southern Biotechnology Associates, Birmingham, AL) or anti-rabbit antibody (Vector Laboratories Inc., Burlingame, CA) for 1 h and visualized using an avidin-biotin complex detection kit (VECTASTAIN ABC-GO kit; Vector Laboratories Inc.). A 0.1% solution of 3,3⬘-diaminobenzidine (Vector Laboratories Inc.) served as the chromagen. The slides were then counterstained with hematoxylin. Each sample was scored using a scale of 0, 1, 2, or 3 corresponding to absent, light, moderate, or intense staining. Samples without tumor or esophageal mucosa were excluded from analysis. RESULTS



Liquid Phase 2-D Separation and On-line ESI-TOF MS Analysis—Tissue lysates containing 4.5 mg of protein each from the six premalignant Barrett metaplasia tissues and six esophageal adenocarcinomas (both from the same set of six patients to eliminate confounding genetic polymorphisms) were resolved individually in the first dimension using CF, which combines the high capacity of ion-exchange chromatography with the high resolution of IEF. The proteins elute off the column sequentially according to their pI. Fig. 1a shows the CF chromatogram of a representative esophageal adenocarcinoma extract measured at 280 nm. Approximately 60 min was required for protein to elute off the column linearly from pH 7 to 4. Fractions were collected at 0.2 pH intervals with most protein eluting out between pH 5.8 and 4.4. The fractions of interest (pH 4.6 –5.6) were further separated by NPS-RP HPLC at a flow rate of 0.5 ml/min. A postcolumn splitter was used so that 0.2 ml/min flow was directed into an orthogonal acceleration ESI-TOF MS instrument. The other 0.3 ml/min flow was directed through a UV detector at 214 nm, and the fractions were collected by UV peak for protein identification. Fig. 1b shows the UV chromatogram of an esophageal adenocarcinoma CF fraction (pH 5.2–5.0) at 214 nm. On-line ESI-TOF MS was used to obtain intact protein molecular weights. As shown in Fig. 1c, a series of multiple charged ion peaks in the combined spectrum having the same retention time as the circled UV peak in Fig. 1b were deconvoluted, and an intact mass was obtained (Fig. 1d). The theoretical mass of the protein, nucleoside-diphosphate kinase A, is 17,149 Da, and the experimental mass is 17,150 Da, which suggests a mass accuracy of 58 ppm. The abundance of each protein is indicated by peak area of the deconvoluted peak of the intact protein. Combined spectra of a selected ion
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FIG. 1. a, CF UV chromatogram of esophageal adenocarcinoma tissue lysate (wavelength ⫽ 280 nm, flow rate ⫽ 0.2 ml/min). b, NPS-RP HPLC UV chromatogram of one CF fraction (pH 5.2–5.0) of esophageal adenocarcinoma sample. 1 g of bovine insulin was added as internal standard. The flow rate was 0.5 ml/min. A postcolumn splitter was used so that 200 l/min flow was directed into an orthogonal acceleration ESI-TOF MS instrument. Formic acid (0.5%) was added after the splitter through a T-connector using a syringe pump. The other 0.3 ml/min flow was monitored at 214 nm, and the fractions were collected by UV peak. c, combined multiple charged ion spectrum detected by ESI-TOF MS of intact protein in the circled peak in b. d, intact Mr was obtained after deconvolution. e, a representative 2-D mass map of Barrett metaplasia (red, left), differential mass map (center), and a mass map of esophageal adenocarcinoma (green, right) in pI range 4.6 –5.6 and mass range 5–75 kDa are displayed.



chromatogram were generated for each protein to obtain a composite of that present in each CF fraction. 1 g of pure insulin was also added to each CF fraction as shown in Fig. 1b, and the deconvoluted peak area was used as internal standard to normalize experimental variation. 2-D Mass Map Generation and Comparison—A mass map was created by integrating the Mr, pI, and the relative abundance of all proteins in all CF fractions into one single image using DeltaVue software. As shown in Fig. 1e, a mass map was generated by integrating the pI, Mr, and abundance of five CF fractions from pH 4.6 to 5.6. The map for Barrett tissue is shown on the left, and the map for esophageal adenocarcinomas from the same patient is shown on the right. The y axis represents intact Mr, and the x axis indicates the pH range of the CF fractions. The abundance of each protein is indicated by the intensity of each band on this map. To test the dynamic range and ion abundance variance of
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our approach, different amounts of bovine pancreatic Ribonuclease A were spiked into 30 g of whole cell lysate of an ovarian cancer cell line. The theoretical mass of Ribonuclease A is 13,690 Da with the actual mass detected as 13,686 Da. The correlation of protein abundance and its corresponding molecular weight ion intensity is shown in Fig. 2. As indicated, the Mr ion intensities increased linearly with the protein abundance at 1:1 ratio when the protein abundance fell in the range of 0.001–2.0 g. Above 2 g, the ions were saturated; thus the intensity will not increase linearly. No ion signals were detected when the protein level fell below 0.001 g. This might be due to limitations in instrument sensitivity and/or data processing software. From the ion intensities, the individual protein abundance in a CF fraction usually fell in the 0.01–1 level. This result indicates that the dynamic range is ⬃2000, thereby facilitating our ability to semiquantify protein abundance in complex protein mixtures.
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FIG. 2. Plot of the bovine pancreatic Ribonuclease A (P61823) concentration with its intact molecular weight ion intensity. 0.0005, 0.001, 0.005, 0.01, 0.1, 0.5, 1, 1.5, 2, and 5 g of Ribonuclease A was added to 30 g of cell lysate of ovarian cancer cells, respectively. Its intact molecular weight was detected on line by LC-ESI-TOF. The experimental mass is 13,686 Da, and the theoretical mass of truncated Ribonuclease A is 13,690 Da.



TABLE II Mr ion variance of five runs of an OVCA432 cell line sample



TABLE I Mr ion variance of six individual samples from normal esophageal tissues



Mr ⫽ 26,867 Mr ⫽ 32,716 Mr ⫽ 54,318 Total ion intensity



Intensity



AVEa



S.D.



%b



Low Medium High All Mr ions



2,277 8,301 48,638 3,031,398



300.1 678.7 2,793.9 462,890.3



13.2 8.2 5.7 15.3



a



The average value of the target Mr ion intensities from different runs. b The percentage of S.D. in the average ion intensity.



As shown in Table I, the standard deviation of total ion intensities of the six individual samples of esophageal tissues is 15.3% of the averaged value. For specific ions, the variance percentage in the six individual samples is 13.2% for the band at 26,867 with an averaged intensity of 2277. For proteins with higher abundance, the variance percentage is 8.2% for the band at 32,716 and 5.7% for the band at 54,318 with an averaged intensity of 8301 and 48,638, respectively. As indicated, lower ion variance was achieved for the higher abundant proteins. We also examined the ion variance by repeating the analysis of the same amount of whole cell lysate from the same ovarian cancer cells (OVCA 432 cell line) five times using LCESI-TOF. As shown in Table II, the averaged ion variance is 5.1% for the Mr ions with intensities higher than 10,000 and 9.2% for intensities lower than 10,000. For the total ion intensities, the variance is 5.8%. The ion variance for the cell line sample was lower than that of the tissue samples because it was not affected by individual variance. The mass maps of three individual experiments are shown in Supplemental Fig. 1. Very



High intensity ions Low intensities ions Total ion intensities



Intensity



AVEa



S.D.



%b



⬎10,000c ⬍10,000c All Mr ions



2,026,708 741,552 2,782,918



102,754.3 67,980.6 160,156.6



5.1 9.2 5.8



a



The average value of the target Mr ion intensities from different runs. b % is the percentage of S.D. in the average ion intensity. c All the Mr ions with intensity higher or lower than 10,000.



similar patterns were observed especially with the high intensity Mr bands, thus demonstrating good reproducibility of the approach. There are ⬃300 bands present for each sample with the dynamic range of observable protein banding patterns being approximately 3 orders of magnitude. A differential map is shown in the middle of Fig. 1e that indicates the differentially expressed proteins between the Barrett metaplasia and the corresponding adenocarcinoma sample from the same patient. Both bovine insulin and actin were used for normalization. Insulin was injected with each sample as an internal control and thus to correct for experimental variation. The total intensity of the actin isoforms, which is shown in the Mr range of 41,600 – 41,900, was then used for normalization of sample amounts and for the protein assay to load similar amounts of protein from each sample. Clustering—The mass maps of all pH 4.6 –5.6 fractions from the 12 tissue samples were normalized based on insulin intensity and actin levels. Correlation of the mass maps was assessed using hierarchical clustering. Fig. 3
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illustrates the average linkage clustering of six Barrett tissue samples and the corresponding esophageal adenocarcinoma samples. All 12 tissue samples segregated into two major clusters according to their histological type, confirming that differences in protein expression may be used to characterize the neoplastic progression from Barrett metaplasia to adenocarcinoma.



FIG. 3. Hierarchical clustering analysis. 12 tissue samples are grouped based on similarities in their protein expression in a mass map using a hierarchical clustering analysis technique. t, esophageal adenocarcinoma; p, Barrett metaplasia.



FIG. 4. MS/MS spectrum of two peptides from nucleoside-diphosphate kinase A (P15531), which is the circled band in Fig. 1b, using LC-MS/MS. Fragments of peptide YMHSGPVVAMVWEGLNVVK at 1058.32 (2⫹) (A) and VMLGETNPADSKPGTIR at 893.29 (2⫹) (B) are shown.
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Identification of Differentially Expressed Proteins by Capillary LC-MS/MS—Protein bands demonstrating differential expression between Barrett metaplasia and esophageal adenocarcinoma were of most interest. For these proteins, the eluents from the UV peak collection of the reverse phase separation having the same retention time were selected and subjected to tryptic digestion. The proteins were identified by peptide sequencing utilizing capillary LC-MS/MS. Confident identification was indicated if matches were obtained for both the Mr and retention time of the intact protein. Fig. 4, a and b, shows two MS/MS spectra of nucleoside-diphosphate kinase A (P15531) corresponding to the digest of the circled UV peak in Fig. 1b and having the same retention time of the circled band in the mass map shown in Fig. 1e. The theoretical mass of the identified protein is 17,149 Da, matching the experimental mass of the 17,150 Da protein band in the differential map. As indicated in the mass map, this protein demonstrated increased expression in the adenocarcinoma tumor samples. For some proteins, differences between the experimental Mr/pI and the theoretical value were noted. This may be due to post-translational modifications such as truncation and/or protein phosphorylation (16). Some high abundance proteins were also present in more than one CF fraction. For example, the pI of ATP synthase D chain is 5.2, but it was also detected from pH 5.0 to 5.6 as shown in Fig. 5. To quantify these high
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FIG. 5. Differential mass map encompassing Mr 10,000 – 66,000. Proteins with increased expression or abundance in Barrett metaplasia are indicated by red bands, and proteins increased in esophageal adenocarcinoma are indicated by green bands. Selected high abundance proteins are labeled with their identities. Numbers indicate proteins represented in Table III.



abundance proteins accurately, the peak area of each protein in each CF fraction was added together to estimate the total amount of the protein in each tissue sample. We identified 38 proteins differentially expressed in the six differential protein mass maps that were analyzed. Protein identities, abundance, and the significance of differential expression are listed in Table III and displayed graphically in Fig. 5. The peptide sequences identified for each protein are listed in the supplemental table. It should be noted, however, that as most proteins are modified they may have unpredictable intact masses. Furthermore many proteins may not ionize effectively as an intact molecule, whereas their tryptic peptides do ionize. Thus, assignment of protein identifications to specific intact masses should be considered tentative, pending additional verification. Positive protein identification was validated by the TransProteomics Pipeline, which includes both PeptideProphet and ProteinProphet software (9). PeptideProphet automatically validates peptide assignment to MS/MS spectra made by a



database search program such as SEQUEST. For each dataset, it calculates the distribution of search scores and peptide properties among correct and incorrect peptides and uses those distributions to compute for each obtained peptide sequence a probability that it is correct. ProteinProphet takes the peptides and search results and statistically validates the identifications at the protein level. For each differentially expressed protein, the probability that the database search result is correct, as determined by PeptideProphet and ProteinProphet, is shown in the supplemental table. The sensitivity and error rate are affected by the probability threshold, which is for distinguishing the correct and incorrect identifications. Nesvizhskii et al. (17) had reported previously that p ⱖ 0.7 has a sensitivity level of 94% and a false positive error rate of 1.2%. A typical graph of estimated sensitivity and error for different thresholds is shown in Supplemental Fig. 2. The functions are not very smooth for these data due to the small number of proteins in each dataset. Because the analyzed fractions are collected according to UV peak, which corre-
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34 P25705 59,751/9.2 35 P78371 57,489/6.0



Q07960 50404/5.9 P61978 50,944/5.4



P49411 45,045/6.3 P06733 47,038/7.0



55,209/8.3



Tropomyosin 2 Aldo-keto reductase family 1 member B10 Putative GTP-binding protein PTD004 Elongation factor Tu ␣-Enolase



P07951 32,939/4.6 O60218 35,998/7.1



Rho GTPase-activating protein 1 Heterogeneous nuclear ribonucleoprotein K ATP synthase ␣ chain T-complex protein 1, ␤ subunit



Inorganic pyrophosphatase Tropomyosin 1 ␣ chain



Q15181 32,639/5.5 P09493 32,856/4.7



29 Q9NTK5 44,715/7.6



30 31 31 32 33



24,380/5.5



55,182 57,490



50,484 50,942



45,068 47,040



44,643



33,023 35,975



32,649 32,870



20,774 22,238 22,916 23,222 24,400 25,829 26,129 27,528 29,615



Chromobox protein homolog 3 UMP-CMP kinase Rho GDP dissociation inhibitor 2 Rho GDP dissociation inhibitor 1 Proteasome subunit ␤ type 4 Proteasome subunit ␣ type 2 Vacuolar ATP synthase subunit E Glutathione transferase Omega 1 Proteasome subunit ␣ type 1



20,810/5.2 22,222/5.4 22,974/5.1 23,207/5.0 29,173/5.7 25,899/6.9 26,145/7.7 27,548/6.2 29,537/6.2



Q13185 P30085 P52566 P52565 P28070 P25787 P36543 P78417 P25786



16,632



16,280
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10,132
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Nucleoside-diphosphate kinase A 17,150 Stathmin 1 (Op18) 17,215 Myosin regulatory light chain 2 19,738



Calcyclin, S100 calcium-binding protein A6 Calgranulin A Dpy-30-like protein Thioredoxin (ATL-derived factor) Thioredoxin Calgranulin B 40 S ribosomal protein S15a ATP synthase ␦ chain U6 snRNA-associated Sm-like protein LSm1 Ubiquitin-conjugating enzyme E2 variant 2 Eukaryotic translation initiation factor 5A



Protein ID



P15531 17,149/5.8 P16949 17,303/5.8 P19105 19,663/4.7



12 P63241 16,690/5.1
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Truncated Mr/pI (theo)



10,828/6.5 11,250/4.8 11,599/4.8 18,372/8.5 11,867/4.9 13,242/5.7 14,699/10.1 17,479/5.4 15,020/4.5 15,170/5.1
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Gene expression (n ⫽ 15)c



TABLE III Differentially expressed proteins between Barrett metaplasia and esophageal adenocarcinoma tissue lysates and their frequency among 12 samples Acc, accession; theo, theoretical; ID, identity; LCT, ESI-TOF MS; Prot, protein; ATL, adult T-cell leukemia; snRNA, small nuclear RNA; E2, ubiquitin carrier protein; N, no, Y, yes.
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⫹



⫹⫹



⫺



⫹ 16,429 Thioredoxin domain-containing protein 12



74,095



57,990 70,871



⫹, weak; ⫹⫹, medium; ⫹⫹⫹, high expression; ⫺, not found. Comparison based on six pairs of samples (six Barrett metaplasia and six tumor samples); differences evaluated by  2 test. c Value indicates the number of tumors demonstrating increased or decreased mRNA expression compared with mean expression ⫾ 1 S.D. observed in Barrett metaplasia. d Indicates the probability for significant difference between mean mRNA expression values of Barrett metaplasia and esophageal adenocarcinoma by Student’s t test, assuming unequal sample variance. b
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Protein ID
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TABLE III— continued



a



p Barrett Tumor valueb



Gene symbol



mRNA



Prot/mRNA correlation



Gene expression (n ⫽ 15)c



Proteomics of Esophageal Adenocarcinoma



sponds to 0.2–2 min in a 35-min RP HPLC separation of each CF fraction, only ⬃5 proteins will be identified in each fraction. As shown, the probability of most selected proteins is 1, which means that the identifications of these differentially expressed proteins are expected to be correct. All of the proteins reported in Table III have a probability higher than 0.95. The use of the reversed protein database for assessing the false positive rates of peptide identifications resulting from SEQUEST searching has been reported previously for yeast proteome, human plasma, and other samples (10, 18 –20). Peptides passing the filtering parameters derived from the reversed database (Nrev) are defined as a false positive. The peptides identified from the normal database (Nnor) contain both true and false positives. Therefore, by dividing the number of peptides found from the reversed database by the number of identified peptides from normal databases according to the formula Nrev/Nnor, the overall false positive rate can be estimated as reported by Qian et al. (10). The false positive rate for all 38 fractions was calculated and listed corresponding to the identified differentially expressed proteins in the supplemental table. The average false positive rate of the peptide identification for these fractions is 0.065, which is reasonable with this Xcorr and ⌬Cn cutoff. Expression of mRNA and Localization of Candidate Proteins—Proteins demonstrating altered expression in the progression from metaplasia to adenocarcinoma may play an important role in the esophageal adenocarcinoma tumorigenesis. We evaluated the mRNA expression levels for the selected proteins as determined by high density Affymetrix oligonucleotide microarrays. Several proteins identified in Table III (notably Rho GDP dissociation inhibitor 2 (RhoGDI-2; P52566), ARHGDIB; ␣-enolase (P06733), ENO1; Lamin A/C (P02545), LMNA; and nucleoside-diphosphate kinase A (P15531), NME1) demonstrated increased mean mRNA expression in esophageal adenocarcinomas relative to Barrett metaplasia with individual tumors showing higher expression (Fig. 6). RhoGDI-2 plays an essential role in control of a variety of cellular functions through interactions with Rho family GTPases, and it is overexpressed on the protein level in several tumor types, including ovarian (21) and breast carcinomas (22). Additionally overexpression of RhoGDI is associated with increased resistance of cancer cells to the induction of druginduced apoptosis (23). As shown in Table III, our result indicates that both RhoGDI-1 (P52565) and RhoGDI-2 (P52566) expression is increased in esophageal cancer and that Rho GTPases might participate in apoptosis of these cancers. By immunohistochemistry, using an antibody to RhoGDI-2, we observed relatively low protein expression in Barrett metaplasia or in dysplastic Barrett mucosa but much higher levels of cytoplasmic expression in esophageal adenocarcinomas (Fig. 7, a– d). ␣-Enolase (P06733) was increased at the protein and mRNA level in esophageal adenocarcinomas (Table III and Fig. 6c) and was found by immunohistochemistry to be more
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FIG. 6. Scatter plots (A–D) of Affymetrix oligonucleotide microarray (HG-U133A) mRNA expression levels for samples of Barrett metaplasia (n ⴝ 9) and esophageal adenocarcinoma (n ⴝ 15). Shown is a comparison of means by Student’s t test, unequal variance (SPSS 14.0); error bars indicate mean ⫾ 1 S.D.



highly expressed in the cytoplasm of a subset of tumors (Fig. 7j) as compared with Barrett metaplasia with or without dysplasia (Fig. 7i). Overexpression of ␣-enolase has been reported previously in cervical (24) and colon (25) cancer cell lines and in breast cancer (26). This gene product likely reflects the increased glycolysis in cancer cells.
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Although attempts to examine nucleoside-diphosphate kinase (NME1) by immunochemistry were not successful we found both protein and mRNA expression (Table III and Fig. 6a) to be increased in esophageal tumors. As shown in Table III and Fig. 6a we observed increased NME1 in esophageal adenocarcinomas. NME1 is involved in the synthesis of nucleoside
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FIG. 7. Representative samples from tissue microarray for Rho GDP dissociation inhibitor ␤ (ARHGDIB) (a– d), Lamin A/C (e– h), and ␣-enolase (i and j) in Barrett metaplasia and esophageal adenocarcinoma.



triphosphates and may regulate signal transduction by complexing with G proteins, causing activation/inactivation of developmental pathways. In our analyses the phosphorylated form of NME1 was not detected. One plausible reason may be that phosphorylated NME1 has a reactive intermediate having a rapid turnover and may be lost during analysis. This protein appears to have distinct, if not opposite, roles in different tumors. It is reported as reduced in tumors with increased metastatic potential (27) but increased in aggressive neuroblastoma (28). This protein was found to have increased expression in the esophageal adenocarcinomas relative to Barrett metaplasia in our study, and its expression might be related to increased cell proliferation in these cancers. Similarly Lamin A was found to be increased (Table III) in esophageal adenocarcinoma relative to Barrett metaplasia (Fig. 6d). A specific antibody directed against just Lamin A was not available. However, analysis of esophageal tissues using Lamin A/C antibodies demonstrated a very strong perinuclear localization that showed variable expression in individual cells in the Barrett mucosa but generally increased and more uniform expression in the esophageal adenocarcinomas (Fig. 7, e– h). The increase in the expression of this protein may reflect increased neoplastic cell proliferation.



Tropomyosin 1 (P09493) and tropomyosin 2 (P07951) were found to have decreased expression in esophageal adenocarcinomas, consistent with reports of down-regulation of high Mr tropomyosin isoforms observed in breast cancer (29) and transformed cells (30). Multiple tropomyosin protein isoforms are known to bind actin filaments in muscle and nonmuscle human cells (31). The down-regulation of key cytoskeletal proteins such as tropomyosin 1 might reflect or contribute to the formation of aberrant cytoskeleton and account at least in part for the metastatic potential of cancer cells (32). Finally, we identified several additional interesting candidates showing differential protein expression but with no significantly different mRNA expression. Calgranulin B (S100A9, P06702), a member of the large family of S100 calciumbinding proteins, has been reported as overexpressed in poorly differentiated adenocarcinomas (33). In our study, both Calgranulin B and Calgranulin A (S100A8, P05109) were detected in esophageal adenocarcinoma samples but not in Barrett metaplasia by liquid separation mass mapping. The mRNA levels for their associated genes were not demonstrably increased in esophageal adenocarcinoma, demonstrating the potential for these combined techniques to identify proteins subject to post-translational rather than transcriptional
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regulation. Conversely it is known that both Calgranulins A and B are expressed by inflammatory cells; thus increased protein expression found in the tumors may be reflective of the inflammatory nature of esophageal adenocarcinomas. DISCUSSION



We utilized liquid phase separation of proteins incorporating chromatofocusing in the first dimension and NPS-RP HPLC in the second dimension followed by ESI-TOF mass spectrometry to identify multiple proteins differentially expressed in the progression from Barrett metaplasia to esophageal adenocarcinoma. In our analysis, we used six Barrett metaplasia samples and six esophageal adenocarcinoma samples; all six Barrett samples were obtained from the identical six patients from whom we obtained the esophageal adenocarcinoma tissue, thereby eliminating possible genetic polymorphisms between preneoplastic and neoplastic tissues as a confounding variable. This increased expression was verified at the messenger level and further confirmed by immunohistochemistry for several of these proteins, notably Rho GDP dissociation inhibitor 2 and ␣-enolase. This approach of candidate identification with subsequent verification has strong potential for identifying candidate protein markers and mechanisms involved in the tumorigenesis of esophageal adenocarcinoma. In contrast to large scale analysis of transcriptional regulation, this combined approach has the additional capability to identify post-translationally modified proteins. We identified several such candidates, including Calgranulin B, whose mRNA levels did not differ significantly in adenocarcinoma compared with Barrett metaplasia samples. Furthermore with our clustering analysis we observed that both metaplastic and neoplastic tissues segregated into two large groups, recapitulating their designated histology. This is reflective of the differential protein expression between Barrett metaplasia and esophageal adenocarcinoma that we demonstrated for several individual proteins. Although our findings require extensive validation in larger independent sets of tissue samples, this high throughput approach may have broad potential for tumor identification and classification as we have demonstrated previously in other tissue types (34) and as others have suggested for a variety of proteomics strategies (35, 36). Currently detection of esophageal cancer, especially adenocarcinoma arising in Barrett esophagus, relies on histological examination of multiple endoscopic biopsies obtained at regularly spaced intervals in a segment of abnormal-appearing esophagus. Given the poor prognosis associated with this disease, a better understanding of the pathogenesis of the disease is essential. Utilization of 2-D mass maps with corresponding protein identification can provide detailed analyses of cellular protein expression changes that are associated with esophageal adenocarcinoma progression. These identified proteins may have utility as candidate markers of progression from Barrett metaplasia to esophageal adenocarcinoma.
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