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Malignant mesothelioma is an aggressive asbestos-in-
duced cancer, and affected patients have a median sur-
vival of approximately one year after diagnosis. It is often
difficult to reach a conclusive diagnosis, and ancillary
measurements of soluble biomarkers could increase di-
agnostic accuracy. Unfortunately, few soluble mesotheli-
oma biomarkers are suitable for clinical application. Here
we screened the effusion proteomes of mesothelioma
and lung adenocarcinoma patients to identify novel solu-
ble mesothelioma biomarkers. We performed quantitative
mass-spectrometry-based proteomics using isobaric
tags for quantification and used narrow-range immobi-
lized pH gradient/high-resolution isoelectric focusing (pH
4–4.25) prior to analysis by means of nano liquid chroma-
tography coupled to MS/MS. More than 1,300 proteins
were identified in pleural effusions from patients with ma-
lignant mesothelioma (n � 6), lung adenocarcinoma (n �
6), or benign mesotheliosis (n � 7). Data are available via
ProteomeXchange with identifier PXD000531. The identi-
fied proteins included a set of known mesothelioma mark-
ers and proteins that regulate hallmarks of cancer such as
invasion, angiogenesis, and immune evasion, plus several
new candidate proteins. Seven candidates (aldo-keto re-
ductase 1B10, apolipoprotein C-I, galectin 1, myosin-VIIb,
superoxide dismutase 2, tenascin C, and thrombospondin
1) were validated by enzyme-linked immunosorbent as-
says in a larger group of patients with mesothelioma (n �

37) or metastatic carcinomas (n � 25) and in effusions
from patients with benign, reactive conditions (n � 16).
Galectin 1 was identified as overexpressed in effusions
from lung adenocarcinoma relative to mesothelioma and
was validated as an excellent predictor for metastatic
carcinomas against malignant mesothelioma. Galectin 1,
aldo-keto reductase 1B10, and apolipoprotein C-I were all
identified as potential prognostic biomarkers for malignant
mesothelioma. This analysis of the effusion proteome fur-
thers our understanding of malignant mesothelioma, iden-
tified galectin 1 as a potential diagnostic biomarker, and
highlighted several possible prognostic biomarkers of this
disease. Molecular & Cellular Proteomics 13: 10.1074/
mcp.M113.030775, 701–715, 2014.

Malignant mesothelioma affects tissue that covers the se-
rous cavities of the body. Approximately 80% of mesothelio-
mas are of pleural origin, and exposure to high concentrations
of asbestos is the most common cause. The latency period
range is 20–40 years, and by the time patients present with
clinical symptoms, the disease has often progressed to an
advanced stage with limited treatment possibilities (1). Reach-
ing a conclusive mesothelioma diagnosis is often difficult (1,
2). The first symptom is frequently pleural effusion that needs
to be drained to relieve the patient’s discomfort, and this
effusion is often the first biological material that is available for
diagnostic analysis. Identification of soluble biomarkers of
malignant mesothelioma in pleural effusions might comple-
ment the morphological examination and shorten the time
needed to reach a conclusive diagnosis.

To date, several molecular markers for malignant mesothe-
lioma have been analyzed at the tissue and cellular levels, but
few markers are of value when measured in effusions or in
serum. The two best-established soluble biomarkers are
mesothelin, a protein also known as pre-pro-megakaryo-
cyte-potentiating factor, and hyaluronan, which is a linear
polysaccharide. Mesothelin is expressed by both benign and
malignant mesothelial cells (3). This protein is proteolytically
cleaved into two fragments, one that is cell bound (C-ERC/
mesothelin) and one that is soluble (megakaryocyte potenti-
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ating factor or N-ERC/mesothelin). These fragments have
similar diagnostic capabilities (4), with moderate specificity
and sensitivity for malignant mesothelioma (5–10). Mesothelin
has limited specificity for diagnosis because it is also secreted
by tumors such as ovarian and pancreatic adenocarcinomas
(11, 12); in addition, mesothelin levels increase with age and
declining renal function (13–15). Hyaluronan is synthesized by
mesothelial cells, and high levels in mesothelioma effusions
were noted as far back as the early 1940s (16). This linear
polysaccharide is produced in the cell membrane and has a
high specificity, but only moderate sensitivity, for mesotheli-
oma (7, 16–25).

Osteopontin, also called secreted phosphoprotein-1, has
been linked to mesothelioma by transcriptomics analysis (26).
Although an initial study confirmed the diagnostic value of
osteopontin (27), most studies ultimately found that osteo-
pontin was insufficient for diagnostic purposes (4, 28, 29).
Hegmans et al. used surface-enhanced laser desorption/ion-
ization TOF-MS to identify apolipoprotein C-I in the serum of
mesothelioma patients (30). With an area under the curve
(AUC)1 of 0.76, apolipoprotein C-I showed good discrimina-
tory properties but did not outperform C-ERC/mesothelin as a
diagnostic measure. Recently, fibulin-3 was shown to have
promising discriminatory capabilities for mesothelioma (31).
However, further studies are needed to confirm its diagnostic
usefulness. The current biomarkers identify only a proportion
of mesotheliomas, and additional markers are needed to im-
prove diagnostic sensitivity.

In this study we aimed to identify additional biomarkers for
malignant mesothelioma for use in conjunction with morpho-
logical diagnosis. Accordingly, we performed discovery pro-
teome screening of pleural effusions from mesothelioma and
lung adenocarcinoma patients, and candidate biomarkers
were validated in a larger patient cohort.

EXPERIMENTAL PROCEDURES

Ethics Statement—All patients included in this study provided writ-
ten informed consent. The study was approved by regional ethics
committees in Stockholm and at the Eskisehir Osmangazi University
in Turkey.

Patients and Effusion Characteristics—
Discovery Population—Pleural effusions in the discovery popula-

tion were subjected to shotgun proteomics to identify biomarker
candidates. Pleural drainage of effusions from patients was per-
formed at the Chest Diseases Department of Eskisehir Osmangazi
University in Eskisehir, Turkey. After collection, effusions were left for
10 min and then centrifuged at 2,000 rcf for 10 min; acellular super-
natants were collected for analyses and stored without additives at
�80 °C. Effusions from patients diagnosed with pleurisy were col-
lected at the Department of Laboratory Medicine, Division of Pathol-

ogy, Karolinska Institutet, Stockholm, Sweden. These seven effusions
were centrifuged at 1,700 rcf for 10 min, and acellular superna-
tants were stored without additives at �20 °C before analyses. Effu-
sions were analyzed from six patients with epithelioid mesothelioma,
six patients with lung adenocarcinoma, and seven patients with be-
nign pleurisy/mesotheliosis (Table I). All cancer diagnoses were ver-
ified by histology and immunohistochemistry, and all patients with
benign pleurisy were alive without a malignant diagnosis three years
after sample collection. No patients had a history of systemic dis-
eases (such as diabetes, rheumatoid arthritis, or systemic lupus) or
other malignancies and none had received chemotherapy prior to
collection of the effusion samples. Cytology on cell pellets collected
after centrifugation was used to ensure a high mesothelial cell content
in the effusions from pleurisy patients.

Validation Population—Biomarker candidate proteins were vali-
dated in a set of effusions from nonconsecutive patients (all samples
were collected in Eskisehir, Turkey, as described above) with malig-
nant mesotheliomas (n � 37), pleural metastases of adenocarcino-
mas (n � 22), squamous carcinoma of the lung (n � 2), adenosqua-
mous non-small cell lung cancer (n � 1), and benign reactive
conditions (n � 16) (Table II). The patient group with pleural metas-
tases included ntotal � 25.

1 The abbreviations used are: AUC, area under the curve; ANOVA,
analysis of variance; CV, cross-validation; FDR, false discovery rate;
HiRIEF, high-resolution isoelectric focusing; IPG, immobilized pH gra-
dient; iTRAQ, isobaric tags for relative and absolute quantification;
OPLS-DA, orthogonal partial least square discriminant analysis; PCA,
principal component analysis.

TABLE I
Characteristics of the discovery population: patients screened by

mass-spectrometry-based quantitative proteomics

Patients screened
with mass

spectrometry
Age (yr) Gender Comorbidities

Mesotheliomas
(n � 6)

Median � 65.5

Epithelioid 70 Male
Epithelioid 65 Male HT, CHF
Epithelioid 55 Male
Epithelioid 66 Male
Epithelioid 53 Male
Epithelioid 75 Male BPH

Adenocarcinomas
(n � 6)

Median � 72.5

Lung 77 Male CAD, HT, COPD,
ICH

Lung 77 Male
Lung 62 Male
Lung 73 Male
Lung 58 Male
Lung 72 Male HT, BPH, COPD

Benign pleurisies
(n � 7)

Median � 81

Pool 1 66 Female
Pool 1 94 Female
Pool 1 89 Female
Pool 2 55 Male
Pool 2 70 Male
Pool 2 81 Male
Pool 2 81 Male

HT, hypertension; CHF, congestive heart failure; BPH, benign pros-
tate hyperplasia; CAD, coronary artery disease; COPD, chronic ob-
structive pulmonary disease; ICH, intracerebral hemorrhage. All pleu-
ral effusions expect those from patients with pleurisy were collected
at the Chest Diseases Department of Eskisehir Osmangazi University
in Eskisehir, Turkey. Patients with pleurisy were sampled at the De-
partment of Laboratory Medicine, Division of Pathology, Karolinska
Institutet, Stockholm, Sweden.
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Depletion of Abundant Proteins by the Multiple Affinity Removal
System—The 14 most abundant serum proteins were removed using
the Agilent Human 14 Multiple Affinity Removal System (MARS-14)
column (Agilent Technologies, Inc., Santa Clara, CA) to reduce the
dynamic range of the pleural effusions. The DC™ Protein Assay
(Bio-Rad Laboratories, Inc.) was used to determine protein concen-
trations in each sample, and aliquots of each sample containing 1.6
mg of protein were depleted using the MARS-14 column coupled to
an Äkta™ chromatography system (GE Healthcare) following the
manufacturer’s instructions. Proteins in the flow-through and re-
tained proteins were followed using UV light absorbance (280 nm).
Removal of abundant proteins was verified on NuPAGE® Novex®
Bis-Tris mini gels (10%; Invitrogen) stained with Coomassie Brilliant
Blue. Protein sizes were determined via comparison to a prestained
protein ladder (SeeBlue®Plus2, Invitrogen).

Preprocessing of Effusion Proteins—
Tryptic Digestion Using Filter-Aided Sample Preparation—All sam-

ples were individually reduced and alkylated before digestion with
trypsin. In brief, samples were placed in centrifugation tubes contain-
ing Microcon YM-10 filters (10-kDa cutoff; Nanosep® Centrifugal
Devices with Omega™ Membrane, 10 k). For further details, please
see Ref. 32. Samples were centrifuged (14,000 rcf for 15 min) in urea
buffer #1 (8 M urea, 1 mM dithiothreitol, 25 mM HEPES, pH 7.6). The
material retained on the filter was then alkylated with urea buffer #2 (4
M urea, 55 mM iodoacetamide, 25 mM HEPES, pH 7.6) for 20 min at
room temperature. Another centrifugation step preceded treatment
with urea buffer #3 (4 M urea, 25 mM HEPES, pH 7.6). Two additional
centrifugation steps were performed to wash the filters. All buffers
were prepared fresh prior to use, and centrifugation was conducted at
room temperature. Samples were trypsinized (Promega, Madison, WI)
0.25 M urea, 100 mM HEPES, pH 7.6 plus trypsin at an enzyme-to-
protein ratio of 1:50) overnight at 37 °C. Finally, the filter units were
centrifuged for 15 min at 14,000 rcf and then subjected to another
centrifugation with Milli-Q water. The flow-through, which contained
the tryptic peptides, was collected.

Isobaric Labeling for Quantification—Labeling with isobaric tags for
relative and absolute quantification (iTRAQ) was performed following
the manufacturer’s instructions (AB Sciex, Framingham, MA). Two
iTRAQ 8-plexes were used, and 100 �g of peptides from each sample
were labeled with each iTRAQ tag (114–119 and 121 Da). Both iTRAQ
113 tags were mixed with 14.3 �g of peptides from all 14 samples (for
a total of 200 �g of peptides); this was divided into two 100-�g

aliquots for use as an internal standard to link the two 8-plexes. The
pooled iTRAQ samples were cleaned using Strata-X-C columns (Phe-
nomenex Inc., Torrance, CA) following the manufacturer’s instruc-
tions (33, 34). The two different iTRAQ 8-plex samples are referred to
as iPool 1 and iPool 2; each pool contained peptides from three
mesotheliomas, three metastatic lung adenocarcinomas, one benign
pool composed of either three or four benign effusions, and the
internal standard.

Isoelectric Focusing of Peptides—To reduce the sample complex-
ity, the two iPools were fractionated by means of high-resolution
isoelectric focusing (HiRIEF) on an ultra-narrow immobilized pH gra-
dient (IPG) covering a pH range of 4–4.25 as described in Ref. 35
(IPG-HiRIEF kindly supplied by GE Healthcare). In silico digestions of
mesothelin (UniProt entry #Q13421), osteopontin (#P10451), and
CA125 (#Q8WXI7) were performed to predict a suitable pH interval
that would include peptides from these proteins in the range of the
IPG-HiRIEF strip. For each iPool, 390 �g of peptides were diluted in
8 M urea and bromphenol blue and applied to an IPG strip (24 cm),
and the strips were allowed to swell overnight. The two IPG-HiRIEFs
were run for at least 100 kVh on an IPGphor-II (GE Healthcare
Bio-Sciences AB) before elution with Milli-Q water three times for
45 min into 72 fractions using a prototype liquid handling robot (GE
Healthcare Bio-Sciences AB). The fractions were dried in a speed
vacuum centrifuge and stored at �80 °C. For further details, please
see Ref. 35.

Liquid Chromatography Electrospray Ionization LTQ-Orbitrap Anal-
ysis—Peptides were separated using an Agilent 1200 nano-LC sys-
tem before analysis on the LTQ Orbitrap Velos (Thermo Fisher Sci-
entific). Samples were trapped on a Zorbax 300SB-C18 and
separated on an NTCC-360/100–5-153 (Nikkyo Technos, Ltd., Tokyo,
Japan) nano-LC column at 0.4 �l/min using a 50-min linear gradient
ranging from 3%–40% acetonitrile in 0.1% formic acid. The LTQ
Orbitrap Velos was operated in a data-dependent manner. Five pre-
cursors were selected for sequential fragmentation by collision-in-
duced dissociation and higher-energy collisional dissociation, and the
results were analyzed by the linear ion trap and Orbitrap, respectively.
The survey scan was performed in the Orbitrap at a resolution of
30,000 in the profile mode from 300–2,000 m/z, using a lock mass of
m/z 445.120025, with a maximum injection time of 500 ms and the
automatic gain control set to 1 � 106 ions. For the generation of
higher-energy collisional dissociation fragmentation spectra, a maxi-
mum ion injection time of 500 ms and an automatic gain control of 5 �
104 were used before fragmentation at 50% normalized collision
energy and 100-ms activation time. For Fourier transform MS2 spec-
tra, a normal mass range was used, centroiding the data at a 7,500
resolution. Peptides for collision-induced dissociation were accumu-
lated for a maximum ion injection time of 200 ms and an automatic
gain control of 3 � 104, fragmented with 35% collision energy, wide-
band activation on, activation q 0.25, and an activation time of 10 ms
before analysis at the normal scan rate and mass range in the linear
ion trap. Precursors were isolated with a width of 2 m/z and put on the
exclusion list for 90 s. Single and unassigned charge states were
rejected from precursor selection.

Peptide and Protein Identification—Orbitrap spectra were initially
mapped by SEQUEST and MASCOT against the UniProt human
canonical sequence protein database (January 18, 2011; Proteome
Discoverer 1.2), and the results were filtered using a 5% false discov-
ery rate (FDR) cutoff. Later, the spectra were searched again using the
SEQUEST search engine and the Percolator algorithm with Proteome
Discoverer 1.3 software (Thermo Scientific) against the UniProt hu-
man canonical sequence protein database (October 7, 2011; 56,869
entries). The results were filtered using a 5% FDR cutoff. A precursor
mass tolerance of 10 ppm and product mass tolerances of 0.02 Da for
higher-energy collisional dissociation Fourier transform MS and 0.8

TABLE II
Characteristics of the validation population

Validation population n

Mesothelioma 37
Epithelioid 30
Biphasic 5
Sarcomatoid 2

Metastatic carcinomas 25
Lung 20
Breast 4
Kidney 1

Benign diseases 16
BAP 9
PPP 3
TBC 2
CHF 2

BAP, benign asbestos pleuritis; PPP, parapneumonic pleurisy;
TBC, tuberculosis; CHF, congestive heart failure. All pleural effusions
were collected at the Chest Diseases Department of Eskisehir Os-
mangazi University in Eskisehir, Turkey.
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Da for collision-induced dissociation ion trap MS were used. In addi-
tion, fixed modifications included trypsin with one missed cleavage,
iodoacetamide on cysteine, and iTRAQ 8-plex on lysine and the N
terminus; oxidation of methionine was set as a variable modification.
Quantification of the iTRAQ 8-plex reporter ions was performed using
Proteome Discoverer on higher-energy collisional dissociation Fourier
transform MS tandem mass spectra using an integration window
tolerance of 20 ppm and median centering for each sample. Only
unique peptides in the dataset were used for quantification determi-
nations. The raw data associated with this manuscript have been
deposited in the ProteomeXchange Consortium via the PRIDE partner
repository (36) with the dataset identifier PXD000531. For proteins
identified with one unique peptide, annotated spectra can be viewed
in supplementary File S1.

Statistical Analyses and Bioinformatics—
Multivariate Analysis—Multivariate analysis was performed on pro-

teins found in both iPool 1 and iPool 2 (i.e. overlapping proteins).
Principal component analysis (PCA) and orthogonal partial least
square discriminant analysis (OPLS-DA) were performed using
SIMCA-P � (v.13) software (Umetrics, Umeå, Sweden). PCA was
performed on unit variance-scaled and median-centered data to
view the data distribution and to identify possible outliers.
OPLS-DA model building is a supervised classification to determine
the quantified proteins that, together, can discriminate between
diseases such as mesotheliomas versus lung cancers. To refine the
OPLS-DA models, proteins with low variable importance scores
(�1) and proteins with nonsignificant weights (i.e. a 95% confi-
dence interval that includes 0) were excluded in successive opti-
mization steps. The OPLS-DA model was validated internally using
7-fold cross-validation (CV), and model validity was assessed with
CV-ANOVA (with the p value indicating the probability that the
model is the result of chance alone). R2Y denotes the percentage
variance in Y that is explained by the model, and Q2 is the fraction
of the total variation of Y that can be predicted by the model.

Univariate Analysis—Significant analysis of microarray (SAM 4.0,
Stanford Tools, Stanford, CA) was used to identify deregulated pro-
teins by assessing the fold-change and the FDR (37). Values were
log2-transformed and median-centered for the analysis. The FDRs are
presented as individual q-values. Significant analysis of microarray
cannot be used for groups with fewer than five samples; therefore, the
analysis was performed on only the overlapping proteins from both
iPools. The primary comparison was of all mesotheliomas against all
lung carcinomas. The two pools that included pleurisy patients were
regarded for benign reference purpose. Different datasets were su-
perimposed using the Web-based tool BioVenn (38).

Network Analyses (DAVID and Ingenuity Pathway AnalysisTM)—
Selected proteins were uploaded into the DAVID database (Database
for Annotation, Visualization and Integrated Discovery) to evaluate
possible associations with known pathways (39). DAVID utilizes data
from other databases, such as KEGG and BioCarta, to determine a
protein group’s involvement in biological processes.

Deregulated proteins (fold-change of �1.5 or �1.5) from the
overlap of the iPools were entered into the Ingenuity Pathway
Analysis software (Ingenuity Systems, Qiagen, Hilden, Germany), a
network-building and pathway annotation tool. Ingenuity Pathway
Analysis employs Fisher’s exact test to calculate the probability that
chance alone explains the overlap of identified proteins and canon-
ical pathways. Associations with a p value � 0.05 were considered
statistically significant.

Validation of Biomarker Candidates in an Extended Patient Group—
Candidate Selection—Proteins with high fold-changes and q-val-

ues of 0% were automatically considered prime biomarker candi-
dates. A second selection accepted higher q-values, and the empha-
sis was on proteins that were selected by the OPLS-DA models or

that seemed to be biologically relevant to mesothelioma or cancer.
“Suggested biological relevance” was defined as top-scoring proteins
involved in known pathways (as determined in the Ingenuity Pathway
Analysis and DAVID databases) or that seemed relevant based on
evidence in the scientific literature.

Enzyme-linked Immunosorbent Assay—A subset of selected can-
didate biomarkers were validated in a larger set of patient effusions
using commercial enzyme-linked immunosorbent assays (ELISAs).
Manufacturer information and the sample dilution factors are listed in
supplementary Table S1.

Comparison of Groups Using One-way ANOVA—The three sample
groups (mesothelioma, metastatic carcinomas, and benign condi-
tions) were compared using the nonparametric Kruskal–Wallis test,
with comparisons between groups performed using Dunn’s post hoc
test to obtain multiplicity-adjusted p values. Analyses were performed
and figures were generated using GraphPad Prism software (v. 5.04,
GraphPad Software Inc., La Jolla, CA).

Receiver Operator Characteristics—The true positive rate (sensi-
tivity) was plotted against the false positive rate (100% � specific-
ity), and the AUC values are reported with the 95% confidence
interval as an estimate of diagnostic usefulness. The curves were
created and the analyses were performed using GraphPad Prism
software. These analyses were performed on all patients in the
validation population. Differences between receiver operator char-
acteristics were calculated using the StAR Web-based application.
This method uses the nonparametric Mann–Whitney U-statistic to
compare distributions and the AUC when computed by the trape-
zoidal rule (40). Patient expression levels from two reference bio-
markers, hyaluronan and N-ERC/mesothelin, were extracted from
an earlier study (41).

Survival Analysis—Survival analysis was performed for patients in
the validation population. The Web-based threshold selection tool
Cutoff Finder was used to condition a threshold for each biomarker
based on its most significant hazard ratio (42). The Kaplan–Meier
estimator was used to evaluate possible prognostic information. The
log-rank (Mantel–Cox) test was performed to compare survival curves
and to estimate hazard ratios. Analyses were performed and graphs
were created using GraphPad Prism software.

RESULTS

Pleural Effusion Processing before Proteome Screening—
The mesothelioma and lung adenocarcinoma patients in the
discovery population had similar smoking habits and asbes-
tos exposure, although the range was wide for both patient
groups. Patients in all groups were of similar age, and all
were male except for three female pleurisy patients. The
patient characteristics of the discovery population are
shown in Table I. Affinity purification (MARS-14 column,
Agilent) removed �80% of the proteins in each sample as
judged by UV absorption at 280 nm and the DCTM Protein
Assay (data not shown). Coomassie Brilliant Blue staining
verified an overall loss of protein load after purification,
especially at the size of albumin (67 kDa; data not shown). A
schematic workflow for this proteomic discovery phase is
shown in Fig. 1A.

Protein Detection and Identification—We used IPG-HiRIEF
with the pH interval 4.00–4.25 to simplify the samples before
nano-LC-MS/MS. Each iPool’s IPG-HiRIEF gel strip was frac-
tionated into 72 parts before elution of focused peptides. For
further details, please see Ref. 35. Spectra from the LTQ
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Orbitrap Velos were matched against the UniProt database
using SEQUEST and were post-processed with Percolator.
With a 5% FDR cutoff, 1,184 proteins were identified in
iPool 1 and 569 were identified in iPool 2; 382 proteins

overlapped (i.e. were found in both groups) (supplementary
File S2 and Fig. 1B). A total of 1,371 proteins were identified
in the screened pleural effusions.

Statistical Analyses and Bioinformatics—
Multivariate Analysis—Unsupervised PCA—PCA showed

high homogeneity for most samples. One of the lung cancers
from iPool 1 was flagged as a possible outlier (sample L118a
in Fig. 2A), and two mesothelioma patients showed a different
distribution than the bulk of the patients (M115a and M115b in
Figs. 2A and 2B). Proteins clustering around the L118a lung
cancer sample were uploaded to the DAVID database, and
significant BioCarta pathways were involved in the comple-
ment system and in prothrombin-activated coagulation.
However, the fluid was not visibly contaminated with blood/
hemoglobin (i.e. it was a milky yellow color). Proteins sepa-
rating the two M115 mesothelioma patients from the rest were
involved in the glycolysis pathway, the complement and coag-
ulation cascades, and response to hypoxia-induced stress. Up-
loading all proteins into DAVID showed associations with the
complement system but not with prothrombin-activated coag-
ulation. No clustering of disease groups could be discerned with
PCA. There were no outliers when PCA was performed with only
mesothelioma and lung adenocarcinoma samples (Fig. 2B).

Multivariate Analysis—Supervised OPLS-DA—Supervised
OPLS-DA was performed on the six mesothelioma and six
lung cancer samples for multivariate supervised classification
between the groups based on quantitative proteomics data. A
one-component OPLS-DA model gave moderate discrimina-
tion (R2Y � 0.63 and Q2 � 0.56; CV-ANOVA p value � 0.026;
Figs. 3A and 3B). This model comprised 37 proteins, which
are presented in Table III with fold-changes and q-values.
When the analysis was performed without the possible outlier
(L118a), the optimized model included 10 proteins (Fig. 3C)
and showed a better predictive ability (R2Y � 0.71 and Q2
from CV of 0.64; CV-ANOVA p value � 0.016). In the ear-
lier model based on results from a combined search with
SEQUEST and MASCOT, galectin 1 was part of the model
that distinguished malignant mesothelioma from lung cancer.
However, galectin 1 was not part of the model after the data
were searched with an updated database and updated search
software (see supplemental Fig. S1 for the initial OPLS-DA
model).

Univariate Analysis—Deregulated proteins had high q-val-
ues regardless of which groups were compared. A compari-
son of overlapping proteins in iPool 1 and iPool 2 from all
mesothelioma samples against all lung adenocarcinoma sam-
ples resulted in the list of deregulated proteins. Considering
the low number of samples and the large biological variance
between human samples, it might be appropriate to use a
threshold that is more lenient than q-value � 5%. Four pro-
teins were up-regulated with a q-value of 0%, 9 proteins were
up-regulated at q-value � 20%, and a � 35% q-value cutoff
expanded the list to 21 proteins (Table IV). No down-regulated

FIG. 1. Schematic workflow of the proteomic screening proto-
col showing protein quantification and the overlap of proteins in
the two iPool samples. A, a schematic showing the experimental
procedure for the initial discovery phase. MM, malignant mesotheli-
oma; LAC, lung adenocarcinoma; BEN, benign; IPG-HiRIEF, immo-
bilized pH gradient high-resolution isoelectric focusing. B, a Venn
diagram showing the number of inferred proteins (FDR � 5%) in the
two iTRAQ pools (iPools 1 and 2; n � 1,184 and n � 569, respectively)
and the overlapping proteins found in both iPools (n � 382).
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proteins are shown in the table, as all had high q-values
(�40%).

Bioinformatics Analyses—Proteins identified as important
for distinguishing between groups in the OPLS-DA models
were matched to pathways from the DAVID database. These
pathways were associated with complement activity and with
coagulation and also included immune-system-associated
pathways. Ingenuity Pathway Analysis that compared meso-
thelioma patients with either all non-mesothelioma patients or
with patients with lung adenocarcinoma showed that the bi-
ological functions that differed included cell-to-cell signaling
and interaction, cellular movement, cell cycle, cellular growth

and proliferation, free radical scavenging, and antigen pres-
entation (supplementary Table S2).

Validation of Biomarker Candidate Proteins in an Extended
Patient Group—Candidate biomarkers for mesothelioma were
selected based on the following criteria: fold-change and
q-value, contribution to the OPLS-DA model, and suggested
biological relevance. Commercial ELISA assays were used to
analyze samples from an extended population to validate
seven biomarker candidates: aldo-keto reductase 1B10, apo-
lipoprotein C-I, galectin 1, myosin-VIIb, superoxide dismutase
2, tenascin C, and thrombospondin 1. Fig. 4 shows the initial
fold-changes and q-values along with expression levels in the

FIG. 2. Principal component analysis (PCA) performed on the 382 overlapping proteins in the two iPool samples. A, the PCA
score plot of components t1 and t2 shows the most variation in the data. L118a is shown as a possible outlier value based on protein
expression (i.e. outside the 95% confidence interval, which is indicated by the circle). B, PCA of samples from mesothelioma and lung
adenocarcinoma patients only (L118a is now just within the 95% confidence interval). M, mesothelioma; L, lung adenocarcinoma; B,
benign. The number indicates the iTRAQ ion used to label the individual sample, and lowercase “a” and “b” indicate iPool 1 and iPool 2,
respectively.
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validation population as measured by MS and ELISA, respec-
tively. Receiver operator characteristic AUCs are reported in
Table V. The receiver operator characteristics were con-
structed, and of seven validated proteins, superoxide dismu-
tase 2, aldo-keto reductase 1B10, and galectin 1 had AUCs
that were significantly different from 0.5 (Fig. 5). Galectin 1
was significantly different in the mesothelioma group com-
pared with the metastatic carcinoma group (p value �

0.0001). The AUCs for galectin 1 for the comparison of
mesothelioma patients against (i) patients with a benign
condition, (ii) all non-mesothelioma patients, and (iii) pa-
tients with metastatic carcinoma were 0.78 (95% confi-
dence interval � 0.65–0.90), 0.87 (0.79–0.95), and 0.93
(0.86–0.99), respectively.

Survival Analyses—Cutoff selections for each biomarker are
reported in supplemental Fig. S2. Aldo-keto reductase 1B10,
apolipoprotein C-I, and galectin 1 showed significant prog-
nostic trends (Fig. 6). For aldo-keto reductase 1B10, there
was a survival difference of 5.5 months for patients below and

above 0.65 ng/ml (11- and 5.5-month median survival, re-
spectively; p value � 0.01), and the corresponding Mantel–
Cox hazard ratio was 3.4 between the two groups (95%
confidence interval � 1.33–8.63). Patients with high apolipo-
protein C-I levels (�5.33 �g/ml) also had a mean survival time
that was 5.5 months longer (10 months compared with low
expressing patients’ survival of 4.5 months; p value � 0.02)
with a reciprocal hazard ratio of 2.30 (1.4–9.0). The last bio-
marker candidate to show significant prognostic value was
galectin 1. At a cutoff of 22.5 ng/ml, galectin 1 separated high-
and low-expressing patients with median survival times of 4.5
and 9.5 months, respectively (p value � 0.04), with a hazard
ratio of 2.34 (1.02–5.41).

DISCUSSION

The role of soluble biomarkers in the diagnostic work-up of
malignant mesothelioma is a topic under ongoing debate (43).
With the correct ancillary techniques, minimally invasive
methods such as effusion cytology are accurate and reliable

FIG. 3. Supervised orthogonal partial least squares discrimination analysis (OPLS-DA) to distinguish between mesothelioma and
lung cancer effusion samples. OPLS-DA analysis was performed on the 382 overlapping proteins in iPool 1 and iPool 2. A, the resulting
one-component model showed moderate predictability (R2Y � 0.63 and Q2 � 0.56; CV-ANOVA p value � 0.026). The plot shows
cross-validated OPLS-DA scores (tcv) and thus reflects the predictive ability of the model based on cross-validation. Gray circles represent
effusion samples from mesothelioma patients, and black squares represent effusion samples from lung adenocarcinoma patients. For patient
samples (x-axis), “M” denotes mesothelioma, “L” denotes lung adenocarcinoma, numbers (e.g. 114) indicate the iTRAQ ion, and “a” and “b”
indicate iPool 1 and iPool 2, respectively. B, proteins that differed between samples from mesothelioma and lung adenocarcinoma patients in
the OPLS-DA model. Loading scores are derived from 7-fold cross-validation. Positive loading scores indicate that the protein was
up-regulated in mesothelioma effusion relative to lung adenocarcinoma effusion, whereas a negative loading score indicates that the protein
was down-regulated in mesothelioma effusion relative to lung adenocarcinoma effusion. The fold-changes and q-values of these 37 proteins
are listed in Table II. C, an OPLS-DA model based on 10 proteins was constructed after excluding lung adenocarcinoma sample L118a. This
model gave R2Y � 0.71 and Q2 � 0.64 with a CV-ANOVA p value � 0.016. Error bars indicate the confidence intervals of the coefficients.
*Model 3C’s only unique protein when compared with model 3B.
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diagnostic routes; one such ancillary technique is to measure
soluble biomarkers (44). To date the most investigated bio-
markers are hyaluronan and soluble mesothelin-related pro-
teins. The soluble mesothelin-related proteins are useful for
discriminating malignant mesothelioma from nonmalignant
diseases but show limited discrimination against other can-
cers, whereas hyaluronan lacks sensitivity. Other biomarkers
have been evaluated, but no single one is accurate enough to
diagnose a mesothelioma from all other conditions (45, 46);
thus, the search for additional mesothelioma biomarkers is of
great importance.

In this study, we screened the proteomes of pleural effu-
sions from patients with epithelioid mesothelioma and com-
pared them to the effusion proteomes from patients with lung
adenocarcinoma to identify new candidate biomarker pro-
teins. Some of the identified proteins have already been pro-

posed as markers for malignant mesothelioma, including os-
teopontin (4, 27–29), apolipoprotein C-I (30), superoxide
dismutase 2 (47), and mesothelin (5–10). These findings sup-
port the validity of our study design. Significant analysis of
microarrays indicated high q-values for the majority of the
deregulated proteins. The high q-values were most likely due
to the small number of samples in each group and to the high
interpatient and technical variance. This was also reflected by
the predictability of the OPLS-DA models, which was moder-
ate, indicating high variability within patient groups in the
dataset. However, it is hard to avoid high q-values in a study
with few clinical replicates that are screened with sensitive
techniques (48). Proteins with high q-values were considered
candidate biomarkers only when additional biological rele-
vance had been described or if the protein was included in an
OPLS-DA model.

TABLE III
Proteins included in the optimized OPLS-DA model

Gene name UniProt entry Protein name FC q-value

SOD2 P04179 Superoxide dismutase 	Mn
, mitochondrial 4.1 0.0
AFF3 P51826 AF4/FMR2 family, member 3 2.8 20.2
THBS1 P07996 Thrombospondin-1 2.4 0.0
ATP5A1 P25705 ATP synthase subunit � 2.3 34.6
COL6A1 P12109 Collagen, type VI, � 1 2.1 20.2
RPL21 P46778 60S ribosomal protein L21 1.8 40.4
RAB1B E9PLD0 Ras-related protein Rab-1B 1.7 45.8
SEPT10 Q9P0V9 Septin 10 �1.1 76.4
C8B P07358 Complement component C8 � chain �1.1 76.5
DSG2 Q14126 Desmoglein-2 �1.2 67.6
KNTC1 P50748 Kinetochore-associated protein 1 �1.3 66.4
TUBA1B P68363 Tubulin �-1B chain �1.3 68.9
HGFAC Q04756 Hepatocyte growth factor activator �1.4 66.4
ICAM1 P05362 Intercellular adhesion molecule 1 �1.5 65.1
CP P00450 Ceruloplasmin �1.5 65.1
KRT71 Q3SY84 Keratin, type II cytoskeletal 71 �1.5 65.1
ZNF704 Q6ZNC4 Zinc finger protein 704 �1.5 65.1
C8G P07360 Complement component C8 � chain �1.5 64.1
ZNF670 Q9BS34 Zinc finger protein 670 �1.5 67.6
C9 P02748 Complement component C9 �1.6 64.1
C1S P09871 Complement component 1, s subcomponent �1.6 64.1
COL3A1 P02461 Collagen �-1(III) chain �1.6 65.1
GOLM1 Q8NBJ4 Golgi membrane protein 1 �1.7 64.1
C16orf71 Q8IYS4 Uncharacterized protein C16orf71 �1.7 65.1
SDC1 P18827 Syndecan-1 �1.8 64.1
NRP1 O14786 Neuropilin 1 �1.8 64.1
HRG P04196 Histidine-rich glycoprotein �1.8 64.1
F12 P00748 Coagulation factor XII �1.9 64.1
LRRC28 Q86X40 Leucine-rich repeat-containing protein 28 �2.0 64.1
SERPINA4 P29622 Kallistatin (KAL) �2.0 64.1
LRG1 P02750 Leucine-rich �-2-glycoprotein �2.1 64.1
MMRN2 Q9H8L6 Multimerin 2 �2.3 64.1
POU4F3 Q15319 POU domain, class 4, transcription factor 3 �2.3 64.1
LAMA4 Q16363 Laminin, � 4 �2.5 64.1
FBF1 Q8TES7 Fas binding factor 1 �2.5 64.1
FXYD3 Q14802 FXYD domain-containing ion transport regulator 3 �2.6 64.1
C4BPA P04003 C4b-binding protein � chain �3.0 64.1

Fold-change (FC) and q-values (false discovery rate in percentages) were calculated with significant analysis of microarray based on the
same patients included in the model. Positive FC � up-regulated and negative FC � down-regulated in effusions from mesothelioma patients
relative to those from lung adenocarcinoma patients.
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Some of the proteins that were highly expressed in the
mesothelioma effusions were factors that were related to
metastasis, angiogenesis, redox regulation, proliferation,
and immune evasion. Taken together, these results reflect a
malignant state in which the immune response is modu-
lated, cells are primed for proliferation, and the microenvi-
ronment favors angiogenesis and invasion. Notably, our
data showed links to several mesothelioma-specific path-
ways (Fig. 7). The pathogenesis of mesothelioma is linked to
oxidative stress (49) caused by iron-coated asbestos fibers
in addition to incomplete digestion of these fibers by macro-
phages. Reactive oxygen species, which contribute to oxi-
dative stress, induce expression of both superoxide dismu-
tase 2 and catalase (47, 50). Additionally, in malignant
mesothelioma, physical activation of the TNF-� receptor by
asbestos fibers also induces superoxide dismutase 2 via the
NFkB pathway (47); this enzyme has a protective role in that
it dismutates superoxide anions into peroxide and oxygen.
The validation experiments in this study only indicated di-
agnostic and prognostic trends for superoxide dismutase 2
(Figs. 4 and 6).

Kallistatin reduces the activity of VEGF, TNF-�, and NFkB in
a lung cancer model (51), and a recent analysis of a panel of
biomarkers showed that its down-regulation predicts malig-
nant mesothelioma (52). Tenascin C, in contrast, induces
NFkB via the Wnt-�-catenin axis or via fibronectin and integ-

rins. Fibronectin/integrin activation can also be dependent on
thrombospondin 1 or osteopontin, resulting in an intracellular
signaling cascade operating through the Raf-pERK-AP1 axis
(53). The AP1 complex is deregulated in mesotheliomas (47)
as demonstrated by direct epidermal growth factor receptor
activation by asbestos fibers (54). The collagen �-1(VI) chain is
an inducer of metastasis (55, 56), whereas osteoglycin and
pigment epithelium-derived factor have both been reported to
inhibit cancer metastasis (55–59), tumor progression, and
angiogenesis in a murine mesothelioma model (60). Up-reg-
ulation of collagen �-1(VI) and simultaneous down-regulation
of osteoglycin and pigment epithelium-derived factor could
explain in part the aggressive and highly invasive nature of
mesotheliomas.

Galectin 1 inhibits the immune system, both in normal con-
ditions and in pathological states (61). Galectin 1 induces
T-cell apoptosis in lung cancer, suppressing the immune sys-
tem and increasing invasion and metastasis (62, 63). As a
consequence, lung cancer patients with high levels of galectin
1 have a worse prognosis than those expressing lower levels
(64). Furthermore, galectin 3, another galectin family member,
has been reported to be up-regulated in pleural effusions from
adenocarcinomas relative to effusions from malignant meso-
theliomas (65).

Seven of the identified proteins were validated in a larger
population composed of mesotheliomas of alternating phe-
notypes, the most commonly metastasizing adenocarcino-
mas to the pleura, and effusions from nonmalignant condi-
tions such as exudates due to inflammatory conditions and
transudates caused by congestive heart failure. This popula-
tion represents an initial validation cohort, covering the most
commonly seen causes of pleural fluids, and acts as a good
starting point for validating novel biomarkers. Although the
most common metastases that cause pleural effusions are
adenocarcinomas of pulmonary and mammary origin, the
candidates identified in this study need to be validated
against a broader spectrum of malignancies, such as ovarian
and gastrointestinal cancers.

In the initial phase of this study, MASCOT and SEQUEST
were used to search the data. Galectin 1 was then included in
an early OPLS-DA model (supplemental Fig. S1). Literature
searches revealed galectin 1’s involvement in cancer progres-
sion and prognosis, as described above, which led us to
include galectin 1 as a candidate for validation. Subsequent
re-analysis of our raw data with an updated database and a
newer version of Proteome Discoverer, using SEQUEST and
Percolator, resulted in slightly different levels of galectin 1.
Nevertheless, galectin 1 was still included in the dataset and
predicted to be down-regulated in malignant mesothelioma rel-
ative to lung cancer. The protein was also included in OPLS-DA
models; however, upon OPLS-DA model trimming (conditioning
for high variable importance scores and significances) it was
excluded before the final model was constructed, as presented
in Fig. 3. Validation of galectin 1 confirmed negative prediction

TABLE IV
List of the proteins identified and quantified in the significant

analysis of microarrays

Protein name FC q-value

Myosin-VIIb 4.5 0
Superoxide dismutase 2a 4.1 0
Keratin, type II cytoskeletal 8 3.1 0
Thrombospondin 1 2.7 0
AF4/FMR2 family, member 3 2.9 20.2
Apolipoprotein C-Ia 2.5 20.2
Fructose-bisphosphate aldolase A 2.4 20.2
Tenascin C 2.3 20.2
Collagen �-1(VI) chain 2.1 20.2
Conserved oligomeric Golgi complex subunit 3 2.7 34.6
Keratin 81 2.6 34.6
Versican core protein 2.6 34.6
Negative elongation factor B 2.6 34.6
Aldo-keto reductase family 1 member B10 2.4 34.6
Osteopontina 2.3 34.6
ATP synthase subunit � 2.3 34.6
Splicing factor, arginine/serine-rich 3 2.2 34.6
Lamin B1 2.0 34.6
Niemann-Pick disease, type C2 1.9 34.6
Coiled-coil domain containing 91 1.9 34.6
Actin, � cardiac muscle 1 1.6 34.6

a Proteins with known links to malignant mesothelioma and/or me-
sothelioma diagnosis.

All fold changes (FC) are positive, indicating that proteins were
up-regulated in effusions from the screened mesothelioma patients
relative to those from lung adenocarcinoma patients. (q-values in
percentage).
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for mesothelioma when compared with metastatic carcino-
mas (Figs. 4 and 5). With an AUC of 0.93 (95% confidence
interval � 0.86–0.99), galectin 1 showed excellent perform-
ance as a negative discriminator and compared well to the
reference markers hyaluronan (0.82 (0.70–0.94)) and N-
ERC/mesothelin (0.87 (0.77–0.96)). Although galectin 1
must be validated in a larger cohort of patients, measuring
galectin 1 levels in patient effusions shows great promise as
an accurate way to discriminate between malignant mesotheli-
oma and metastatic cancers. As a strong negative predictor,
galectin 1 would be a key candidate to be combined in a
biomarker panel with positive diagnostic markers such as me-
sothelin and fibulin 3.

Furthermore, we showed a possible link connecting aldo-
keto reductase 1B10, apolipoprotein C-I, galectin 1, and the
survival of malignant mesothelioma patients (Fig. 6). As al-
ready stated, the expression of galectin 1 affects the immune
system and is prognostic for lung cancer (61). Even though
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FIG. 4. Mass-spectrometry-based quantification and ELISA-based validation of selected candidate biomarkers. The left-hand panel
for each protein shows the initial findings from the MS/MS analysis. Black bars indicate mesothelioma samples (MM), gray bars indicate lung
adenocarcinoma samples (LAC), and white bars indicate samples from patients with a benign reactive condition (BEN). Significant analysis of
microarrays was performed by comparing all MM against all LAC. The fold-change (FC) and q-value (q) are reported in the graph for each
protein. The FC and q-value for galectin 1 were calculated after excluding the outlying lung cancer sample (gray bar with white stripes). The
right-hand panel for each protein shows the subsequent validation in pleural effusions from a larger population. This validation cohort included
patients with epithelioid, sarcomatoid, and mixed phenotype mesotheliomas (MM), with metastatic carcinomas of the lung and breast, and one
patient with renal cell adenocarcinoma (Mets). The validation cohort also included patients with effusions due to pleurisy, benign asbestos
pleuritis, tuberculosis, and two congestive heart failures (BEN). For validation, the multiplicity p values were based on Dunn’s pos hoc tests after
nonparametric Kruskal–Wallis tests; the mean and standard error of the mean are indicated for ELISA results. Other t tests did not result in
p values � 0.2 and are not reported.

TABLE V
Receiver operator characteristic curves for validated candidates

Biomarker candidate
AUC (95%CI)

MM vs. non-MM MM vs. Mets

Aldo-keto reductase
1B10

0.71 (0.59–0.83) 0.66 (0.52–0.81)

Apolipoprotein C-I 0.60 (0.46–0.73) 0.57 (0.41–0.74)
Galectin 1 0.87 (0.79–0.95) 0.93 (0.86–0.99)
Myosin-VIIb 0.60 (0.47–0.74) 0.59 (0.43–0.75)
Superoxide dismutase 2 0.64 (0.51–0.78) 0.71 (0.55–0.86)
Tenascin C 0.54 (0.40–0.68) 0.56 (0.40–0.72)
Thrombospondin 1 0.54 (0.40–0.68) 0.54 (0.37–0.70)
Hyaluronan 0.71 (0.59–0.83) 0.82 (0.70–0.94)
N-ERC/mesothelin 0.89 (0.80–0.97) 0.87 (0.77–0.96)

Area under the curve (AUC) values were tabulated for each vali-
dated candidate and are shown with the 95% confidence intervals
(95%CI). The analyses were conducted with mesothelioma patients
(MM) as the patient group and either all non-mesothelioma patients
(non-MM) or metastatic carcinoma patients (Mets) as controls.
Values from the same patients for the reference biomarkers (hya-
luronan and N-ERC/mesothelin) are included for comparison and
are indicated in italic.
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FIG. 5. Receiver operating charac-
teristic (ROC) curves. Biomarker candi-
date proteins with ROC curves signifi-
cantly differentiating from an area under
the curve (AUC) of 0.5 are plotted for
comparison. 95%CI, 95% confidence
interval; GAL1, galectin 1; SOD2, super-
oxide dismutase 2; AKR1B10, aldo-keto
reductase 1B10; MM, malignant meso-
thelioma; Mets, metastatic carcinoma.
*Significant difference between AUCs
(p value � 0.05).

FIG. 6. Kaplan–Meier survival esti-
mates. Patients were separated into
“high expressers” and “low expressers”
based on their hazard ratios. The analy-
sis was performed on all mesothelioma
patients with available follow-up data.
The p values were calculated via a log-
rank (Mantel–Cox) test.
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galectin 1 has a relatively low expression in malignant meso-
thelioma, the mere presence of galectin 1 might still be potent
enough to affect the immune system and allow a more ag-
gressive phenotype of the cancer to progress, thereby reduc-
ing patient survival.

Aldo-keto reductase 1B10 is up-regulated in several can-
cers (66–69) and precancerous lesions (70). This enzyme also
is associated with cervical cancer recurrence after surgical
resection, may have a predictive role in colorectal cancer cells
in vitro, and is a diagnostic marker for non-small cell lung
cancer (71). Aldo-keto reductase 1B10 has many functions,
including acting as a retinaldehyde reductase and repressing
retinoic acid synthesis, thereby increasing proliferation (72).
Moreover, several studies link aldo-keto reductase 1B10 to
resistance against several cytostatic drugs in vitro (68, 73),
and tissue samples from bladder cancer patients show induc-
tion of this enzyme after carboplatin and gemcitabine treat-
ment. Furthermore, bladder cancer patients with high levels of
the aldo-keto reductase 1B10 after chemotherapy had signif-
icantly lower disease-free survival rates (74). Aldo-keto reduc-
tase 1B10 expression has been described as being promoted
by EGF and AP1 (c-fos/c-jun), which links it to malignant
mesothelioma (75). In the future, the role of aldo-keto reduc-
tase 1B10 in mesothelioma should be investigated in terms of
patient survival, treatment, and tumor stage. Adjuvant treat-
ment with aldose-reductase inhibitors such as Tolrestat,
which is given to diabetes patients, could inhibit the enzyme

and increase the effect of a particular chemotherapy, thus
prolonging the survival of mesothelioma patients.

In the present study, apolipoprotein C-I did not show diag-
nostic value for mesothelioma (Fig. 4). This was surprising
because this protein has previously been described as a
specific mesothelioma biomarker. Hegmans et al. used sur-
face-enhanced laser desorption/ionization MS to discover
and validate apolipoprotein C-I as a serum biomarker of me-
sothelioma (30). In our study, we validated our initial MS
findings using an antibody-based ELISA technique. The
choice of validation method might explain the discrepancy
between these studies, but the difference also might be due
to the use of a particular ELISA (76). Nevertheless, apolipo-
protein C-I displayed a significant prognostic role. This indi-
cates that even though the diagnostic potential is dependent
on the method to quantify certain fragments, the relative
expression within the malignant mesothelioma patient group
might carry prognostic information.

In summary, here we identified three prognostic candidate
biomarkers for malignant mesothelioma. Future studies are
needed to evaluate the clinical role of these proteins. We also
identified galectin 1 as a negative predictor of malignant me-
sothelioma. Its discriminatory capacity for malignant meso-
thelioma seems to be equal to or greater than those of both
N-ERC/mesothelin and hyaluronan. Thus, galectin 1 should
be considered a prime candidate for clinical validation for use
in mesothelioma diagnosis.

FIG. 7. Possible pathophysiological mechanisms underlying mesothelioma. The green- and red-shaded proteins were identified and
quantified in this study; red indicates proteins that showed up-regulated levels and green indicates proteins that showed down-regulated levels
in pleural effusions from mesothelioma patients, based on MS data. AKR1B10, aldo-keto reductase 1B10; CAT, catalase; COL6A1, collagen,
type VI, alpha 1; GAL1, galectin 1; KAL, kallistatin; OGN, osteoglycin; OPN, osteopontin; PEDF, pigment epithelium-derived factor; ROS,
reactive oxygen species; SOD2, superoxide dismutase 2; TAMs, tumor-associated macrophages; TNC, tenascin C; TSP1, thrombospondin 1.
The links are based on the following literature references: SOD2 and mesothelioma pathways, Ref. 47; KAL, Ref. 51; TNC, TSP, and OPN, Ref.
53; COL6A1, Refs. 55 and 56; OGN, Refs. 57 and 58; PEDF in angiogenesis and metastasis, Refs. 59 and 60; GAL1 and immunosuppression
in cancer, Ref. 77; AKR1B10 and proliferation, Ref. 72; OPN and TGF-�, Ref. 78; TSP1 and TAMs, Ref. 79; TSP1, angiogenesis, and tumor
growth, Ref. 80.
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