
Abstract. Background: Malignant pleural mesothelioma
(MPM) a rare neoplasm linked to asbestos exposure is
characterized by a poor prognosis. Soluble mesothelin is
currently considered the most specific diagnostic biomarker.
The aim of the study was to identify novel biomarkers by
proteomic analysis of two MPM cell lines secretome.
Materials and Methods: The protein patterns of MPM cells
secretome were examined and compared to a non-malignant
mesothelial cell line using two-dimensional gel electrophoresis
coupled to mass spectrometry. Serum levels of candidate
biomarkers were determined in MPM patients and control
subjects. Results: Two up-regulated proteins involved in
cancer biology, prosaposin and quiescin Q6 sulfhydryl oxidase
1, were considered candidate biomarkers. Serum levels of both
proteins were significantly higher in MPM patients than
control subjects. Combining the data of each receiver-
operating characteristic analysis predicted a good diagnostic
accuracy. Conclusion: A panel of the putative biomarkers
represents a promising tool for MPM diagnosis. 

Malignant mesothelioma is a highly aggressive cancer, that
can affect any kind of serosal membrane. In particular,
malignant pleural mesothelioma (MPM) represents less than
1% of known cancers but its incidence will continue to
increase significantly at least until 2030. Despite a complex
etiology, the predominant factor causing MPM is the
inhalation of asbestos fibers. Widespread employment of
asbestos in the last century, combined with the high bio-
persistence of asbestos fibers, accounts for the extraordinary
proportion of people exposed to asbestos for occupational or
environmental reasons. Latency time for MPM shows a great
variability, but a latency period shorter than 10 years is very
rare. Early diagnosis and differential diagnosis are very
difficult and thus most patients are diagnosed with advanced-
stage disease and have median survival time less than 12
months (1). Nowadays, the main instruments for screening
and early diagnosis are still based on radiological tests with
evident ethical and economical problems (2). Over the years,
numerous candidate biomarkers have been proposed with
significance of screening, early diagnostic and prognostic
markers. A combination of two positive (mesothelial) and
two negative (cancer-related) markers is considered the gold
standard for immunohistochemical diagnosis of epitheliod
and biphasic MPM while the rare sarcomatoid type has no
specific markers (3). Among biomarkers in body fluids such
as serum, plasma and pleural effusion (PE), soluble
mesothelin-related peptide (SMRP), also known as
mesothelin, is the best characterized and well known
displaying high specificity for MPM, but a low sensitivity
(3-6). Therefore, levels of SMRP in the body fluids cannot
be considered as the sole modality of diagnostic marker (3).
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Osteopontin has been reported as a promising biomarker to
discriminate early-stage MPM patients among an asbestos-
exposed population but its usefulness in screening is
compromised by the low specificity (3). Fibulin-3 has been
also indicated as a promising biomarker with high specificity
and selectivity for MPM (7). However, later studies carried
out on both plasma and PE did not confirm the diagnostic
potency of fibulin-3 (8, 9). On the other hand, fibulin-3 has
been suggested as a prognostic biomarker while SMRP
levels in both plasma and PE do not seem to possess any
prognostic value (8, 10). During the last years, a number of
studies have identified differential microRNA expression in
malignant mesothelioma cell lines (3). Thereafter, a pool of
deregulated circulating and tissue miRNAs with biomarker
potential for MPM has been identified (4, 11). Nevertheless,
there is still the need of novel biomarker identification which
can be of use to screen asbestos-exposed subjects, detect
early-stage MPM patients, and provide a prognostic
prediction. 

Recently, some investigations have examined the overall
protein expression landscape of MPM cell lines in order to gain
insight in the molecular characteristics of the disease, possibly
identifying molecules that might be useful biomarkers and also
discover novel therapeutic targets. In particular, these studies
focused on analyzing the whole secreted proteins by MPM cell
lines using a proteomics approach (12-14). Indeed, the whole
proteins secreted by cells, known as “secretome”, offer
valuable information on malignant cell communications and
molecular mechanisms of their spreading. 

In order to obtain an inclusive overview of MPM cell
protein expression we examined the proteome and secretome
profiles of two MPM cell lines, NCI-H28 and NCI-2052
cells, and compared them to the profiles of a non-malignant
mesothelial cell line (Met-5A). Through this proteomic
approach, two differentially expressed secreted proteins
related to cancer biology were identified and were
subsequently validated in serum of asbestos-exposed healthy
subjects and MPM patients by enzyme-linked
immunosorbent assay (ELISA). The validation phase
highlighted both secreted proteins were present at
significantly higher levels in sera of MPM patients than
control subjects. The information gained from this study
increased our knowledge on MPM biology and identified
two novel potential biomarkers. Further investigations on a
larger number of serum samples are required to confirm the
predictive value of these novel biomarkers.

Materials and Methods
Materials. Iodoacetamide, dithiothreitol (DTT), 3-((3-
cholamidopropyl) dimethylammonio)-1 propanesulfonate (CHAPS),
urea, thiourea, glycerol, sodium dodecyl sulfate (SDS), tetramethy-
lethylenediamine (TEMED), ammonium persulfate (APS), glycine
and 30% acrylamide-N,N,N bisacrylamide were from Applichem

(Darmstadt, Germany). IPGs pH 3-10 NL, IPG-buffer 3-10 NL and
dry stripcover fluid were purchased from GE Health Care Europe
(Uppsala, Sweden). Ruthenium II tris (bathophenantroline
disulfonate) tetrasodium salt (RuBP) stain was obtained from
Cyanagen Srl (Bologna, Italy). Medium 199, RPMI-1640, fetal
bovine serum (FBS), trypsin-EDTA, epidermal growth factor (EGF),
and human recombinant insulin were purchased from Life
Technologies Corporation (Carlsbad, CA, USA). Prosaposin (PSAP)
and Quiescin Q6 Sulfhydryl Oxidase 1 (QSOX1) ELISA kits were
obtained from Cloud-Clone Corp. (Katy, TX, USA). All other
reagents were from standard commercial sources and were of the
highest grade available.

Patients. Serum samples from MPM patients and asbestos-exposed
healthy subjects (control subjects) (Table I) were obtained
prospectively at the Occupational Medicine Unit of the University-
Hospital of Pisa from 2008 to 2016. Sera were available from 36
subjects previously exposed to asbestos, not affected by MPM or
any other neoplasm, which were examined at the University
Hospital of Pisa in years 2008-2013 within a follow-up program of
health surveillance established by the Occupational Medicine Unit.
Thirty-two MPM patients were enrolled at the time of diagnosis,
before beginning any therapeutic treatment. All MPM were
epithelioid types by histology. Each serum sample was coded at the
moment of collection, in order to avoid any personal identification;
all data were treated in accordance with the Italian law of privacy
(number 675/96) and handled as approved by the Local Ethical
Board and in accordance with the Helsinki declaration. For all
patients and control subjects, age, sex, smoking habit, years of
work, and asbestos exposure are indicated in Table I. 

Ethics statements. The research was carried out according to The
Code of Ethics of the World Medical Association (Declaration of
Helsinki), and the author’s institutional review board had previously
approved the study, which was also approved by the Local Ethics
Committee (Comitato per la Sperimentazione Clinica dei Farmaci,
Azienda Ospedaliera Universitaria Pisana) and signed consent forms
were obtained from all patients.

Cell culture and protein sample preparation. All cell lines
mentioned here were obtained from ATCC (Manassas, VI, USA). A
non-malignant mesothelial cell line (Met-5A, ATCC® CRL-9444™)
and two MPM cell lines, NCI-H28 (ATCC® CRL-5820™) and NCI-
H2052 (ATCC® CRL-5915™) were used in this study. Both MPM
cell lines were grown in RPMI-1640 medium supplemented with
10% FBS and 1% penicillin/streptomycin (100 U/ml/100 μg/ml) as
described (15, 16). Met-5A cells were grown in Medium 199
supplemented with 10% FBS, 1% penicillin/streptomycin (100
units/ml/100 μg/ml), hydrocortisone (400 nM), EGF (3.3 nM) and
human recombinant insulin (870 nM) as previously described (15).
Met-5A were normally propagated in their own growth medium
except for preparation of whole cell lysate (WCL) and conditioned
medium (CM).

To investigate both proteome and secretome profiles, cells were
grown at 80% confluence in complete culture media. Then, the cell
monolayer was gently rinsed three times with phosphate buffer
saline (PBS) and once with RPMI-1640 medium without serum and
then incubated for 24 h in serum-free medium. In order to determine
the optimal rinsing conditions and incubation time, cell viability was
evaluated by the trypan blue assay dye exclusion.
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CM was collected and centrifuged at 1,100 rpm for 5 min to
eliminate detached cells and large debris. The supernatant was
concentrated by ultrafiltration using a 0.45 μM membrane (Merck
Millipore, Burlington, MA, USA). The concentrated sample was
subjected to 20% trichloroacetic acid (TCA) precipitation at 4˚C.
Precipitated proteins were resuspended in rehydration buffer (7 M
urea, 2 M thiourea, 4% CHAPS, and 0.002% bromophenol blue)
containing 60 mM DTT and the protein content was measured by
the RC/DC assay (Bio-Rad, Hercules, CA, USA). Bovine serum
albumin (BSA) was used as a standard. The remaining cell
monolayer was gently rinsed three times with PBS and then the dish
was frozen at –80˚C. At the time of use, cells were lysed by
scraping in rehydration buffer containing 60 mM DTT and the
protein content of WCL was determined by the RC/DC assay (Bio-
Rad, Hercules, CA, USA). The parallel proteomic profiling of WCL
was used as a background to filter out intracellular contaminants
and enrich for secreted proteins. A schematic workflow of the
protocol to prepare WCL and CM samples is outlined in Figure 1.
For each cell line, the experimental procedure described above was
repeated four times. 

Two-dimensional electrophoresis. Two-dimensional electrophoresis
(2-DE) was performed as previously described (17). Briefly, 200 μg
of proteins were filled up to 450 μl in rehydration buffer
supplemented with 1.2% (v/v) IPG-buffer, pH 3-10 NL (GE Health
Care Life Sciences, Little Chalfont, UK). Isoelectric focusing (ISF)
was carried out using 18 cm Immobiline Dry-Strips (GE Health
Care Life Sciences, Little Chalfont, UK), pH 3-10 gradient, which
were rehydrated overnight in the sample. The first dimension was
performed at 16˚C on an Ettan IPGphor II apparatus (GE Health
Care Life Sciences, Little Chalfont, UK) according to the previously
described procedure (18). Then, immobiline strips were equilibrated
as previously described, and the second dimension (SDS-PAGE)
was carried out by transferring proteins to 12.5% polyacrylamide
gels, which were run overnight at 16 mA per gel, 10˚C, using the
PROTEAN-II Multi Cell system (Bio-Rad, Hercules, CA, USA)
(19). Gels were run in duplicate.

Staining and image analysis. Gels were stained with RuBP
(Cyanagen Srl, Bologna, Italy) essentially as described (20). Briefly,

after electrophoresis, gels were fixed in 1% (v/v) phosphoric acid
and 30% ethanol for 1 h at room temperature, then stained overnight
with 1 μM ruthenium complex in 1% phosphoric acid and 30%
ethanol. Afterward, gels were destained for 4-6 h in 1% phosphoric
acid and 30% ethanol and rinsed in water prior to acquisition of
fluorescence by ImageQuant LAS4010 (GE Health Care Life
Sciences, Little Chalfont, UK). The images were analyzed using the
Same Spot v4.1 software (TotalLab Ltd; Newcastle Upon Tyne,
UK). Gel quality was assessed using the Spot-Check function. The
spot volume ratios between MPM and Met-5A WCLs or CMs were
calculated using the average spot normalized volume of four
experimental replicate. The significance of the differences of
normalized volume for each spot was calculated by the software
Same Spot including the statistical analysis by ANOVA test. Protein
spots with ≥2 fold-change, p<0.05 and q-value<0.05 could be
chosen for identification by MALDI-MS/MS.

Mass spectrometry (MS) analysis and protein identification. Spots
of interest were cut out from gels, trypsinized as reported by Giusti
et al. (21). Protein identification was performed according to Soggiu
et al. (22). Briefly after the digestion protocol, peptides were
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Table I. Patient and control subject features.  

                                                              Exposeda                     MPMb 

N                                                                  36                              32
Age (mean±SD)                                        60±8                          67±8
Gender (%)
   Male                                                          89                              78
   Female                                                      11                              22
Smoking habit (%)
   Smokers                                                    14                              14
   Non-smokers                                            50                              34
   Ex-smokers                                               36                              52
Years of work (mean±SD)                        33±8                         32±11
Asbestos exposure (%)                              100                             93

aExposed: Asbestos-exposed healthy subjects (control subjects). bMPM:
MPM patients.

Figure 1. Schematic workflow of sample preparation for proteomic analysis.
MPM (NCI-H28 and NCI-H2052) and mesothelial (Met-5A) cells were
cultured as described in the Materials and Methods. CM containing secreted
proteins was collected, concentrated, precipitated with TCA and resuspended
in rehydration buffer (RB). Each cell monolayer was rinsed three times with
PBS and the disc was frozen at –80˚C. At the time of use, cells were lysed
by scraping in RB and debris removed by centrifugation in a microfuge at
14,000 × g for 10 min. CM and WCL proteins were fractionated by 2-DE.
Differentially expressed protein spots were cut out, trypsinized and analysed
by MALDI-MS/MS. Each experiment was repeated four times.



desalted, concentrated by C18 ZipTip (Millipore) and co-
crystallized with a solution of 0.5 mg/ml α-ciano-4-
hydroxycinnamic acid (HCCA) (dissolved in 50% acetonitrile,
0.05% trifluoroacetic acid (TFA)) on a Ground Steel plate (Bruker-
Daltonics, Bremen, Germany) previously spotted with a thin layer
of 10 mg/ml HCCA dissolved in ethanol/acetonitrile/0.1% (v/v)
TFA in H2O. MS data were acquired by Ultraflex III MALDI-
TOF/TOF spectrometer (Bruker Daltonics) in positive reflectron
mode. External calibration was performed using the standard
peptide mixture calibration (m/z: 1046.5418, 1296.6848, 1347.7354,
1619.8223, 2093.0862, 2465.1983, 3147.4710; Bruker-Daltonics).
FlexAnalysis 3.3 software (Bruker-Daltonics) was used for the
selection of the monoisotopic peptide masses of each mass spectra.
Internal calibration was performed on autolysis trypsin peaks (m/z:
842.509 and 2211.104). After exclusion of contaminant ions (known
matrix and human keratin peaks), the created peak lists were
analyzed by MASCOT v.2.4.1 algorithm (www.matrixscience.com)
against SwissProt 2019 07 database restricted to Homo Sapiens
taxonomy (20352 sequences). Peptide Mass Fingerprinting (PMF)
analysis was performed with the following parameters:
carbamidomethylation of cysteines as fixed modification, oxidation
of methionines as variable modification, one missed cleavage site
allowed for trypsin and 50 ppm as maximal tolerance. Mascot
protein scores greater than 52 were considered significant (p<0.05)
for protein identification assignment. To confirm the protein
identification obtained from PMF analysis, the instrument was
switched to LIFT mode. MS/MS spectra were acquired, precursor
ions manually selected and the precursor mass window was
automatically set (23). MS/MS spectra analyses were carried out by
Flex Analysis 3.3 software according to the following steps: spectra
baseline subtraction, smoothing Savitsky–Golay and centroiding.
For database search, the following parameters used were set as:
carbamidomethylation of cysteines and oxidation of methionine for
fixed and variable modifications respectively, one missed cleavage,
50 ppm for the mass tolerance for precursor ions and 0.4 Da for
fragments. The taxonomy was restricted to Homo sapiens. The
confidence interval for protein identification was set to 95%
(p<0.05); peptides with individual ions scores higher than 32, which
indicate identity or extensive homology, were considered.

Validation analysis in serum samples. Serum levels of candidate
biomarkers, PSAP and QSOX1, were measured using commercially
available sandwich-type ELISA kits (Cloud-Clone Corp., Katy,
USA) according to manufacturer’s instructions. Briefly, serum
samples were diluted 1:50 (PSAP) or 1:5 (QSOX1) using 10 mM
PBS, pH 7.1. Blanks, diluted standards and samples (100 μl) were
added to 96-well strip plates pre-coated with an anti-PSAP or -
QSOX1 specific antibody and incubated for 1 h at 37˚C. Then, wells
were washed, an anti-PSAP or -QSOX1 biotin-conjugated specific
antibody added, and incubated for 1 h at 37˚C. The plates were
washed again, the avidin conjugated horseradish peroxidase (HRP)
added, and incubated for 30 min at 37˚C. Then, the plates were
washed, the (3,3’, 5,5;-tetramethylbenzidine) chromogen solution
(TMB) added and incubated for 10 min at 37˚C in the dark. The
enzyme-substrate reaction was quenched by the addition of a
sulfuric acid solution and the color change was measured
spectrophotometrically at a wavelength of 450 nm. PSAP and
QSOX1 sample concentrations (ng/ml) were determined by
comparing the optical density (OD) of the samples to PSAP and
QSOX1 standard curves, respectively. 

Statistical analysis of ELISA data. Measurements of biomarker
serum levels were performed in duplicate and repeated at least three
times for each sample. Results were analyzed by Shapiro-Wilk test
to define the potential Gaussian distribution in order to choose the
appropriate statistical method. Since variables were not normally
distributed, differences between groups were analyzed by Mann-
Whitney-Wilcoxon test. Data analysis was performed using an open
source software (R v3.5.2). 

Receiver-operating characteristic (ROC) curves were plotted
using standard techniques to assess sensitivity and specificity of
serum PSAP and QSOX1 to differentiate MPM patients from
asbestos-exposed healthy subjects. Areas under curves (AUC) were
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Figure 2. Representative 2-DE gel images of MPM cell proteome and
secretome. WCL and CM proteins were fractionated by 2-DE as described
in the Materials and Methods. Proteins were detected by RuBP staining.
Spots, that showed the highest fold increase in MPM cell samples compared
to Met-5A cell WCL and CM, are pointed. These spots were excised,
trypsinized and analysed by MALDI-MS/MS for protein identification.



calculated with their 95% confidence intervals (95% CI). In order
to estimate whether biomarker combination could increase their
performance in differentiating MPM patients from asbestos-exposed
healthy controls, the data from the two biomarkers were combined
using a logistic regression analysis. Statistical analysis was
performed using IBM SPSS v20.0 (SPSS Inc, Chicago, IL, USA).

Results
Proteomic analysis of WCL and CM. In order to characterize
WCL and CM protein profiles, NCI-H2052, NCI-H28 and
Met-5A cells were grown for 24 h in serum-free RPMI-1640
medium, then CMs were collected and cells harvested as
described in Materials and Methods. In preliminary
experiments, the trypan blue dye exclusion assay
demonstrated that after 24 h of serum starvation Met-5A,
NCI-H2052, and NCI-H28 cells remained 91.93±1.00%
(mean±SEM; n=3), 98. 43±1.50% (mean±SEM; n=3), and
94.73 ±2.35% (mean±SEM; n=3) viable, respectively. 

After WCL and CM protein fractionation by 2-DE and gel
staining, a comparative analysis between MPM and Met-5A
cells was performed. As mentioned in Materials and
Methods, normalized spot volumes were analyzed by the
ANOVA test to detect the proteins, which were significantly
different for each comparison (p<0.05). We found 1107
protein spots by NCI-H2052 versus Met-5A WCL analysis.
Twenty spots out of 342, which showed significant
expression variations, were increased and 13 decreased in
NCI-H2052 proteome with fold changes greater than 2. NCI-
H28 versus Met-5A WCL analysis also highlighted 1107
protein spots of which 270 were differentially expressed in
a significant manner. Among them, 9 spots displayed an
increased expression in NCI-H28 proteome while 9 showed
a reduction with fold changes greater than 2. 

A comparison between NCI-H2052 and Met-5A CMs
showed 91 differentially expressed protein spots. Among
them, 7 were increased in NCI-H2052 secretome while 10
were decreased with fold changes major than 2. We were
unable to perform NCI-H28 secretome analysis since low
protein amounts were repeatedly recovered in the
resuspended TCA precipitate of the ultrafiltrated CM. Figure
2 shows representative 2-DE gel images of MPM cell line
proteome and secretome. 

Among the most abundant and differentially expressed
proteins in WCL and CM of MPM cell lines compared to
Met-5A cells, spots with the highest fold increase were
selected, excised and trypsin-digested. A graphical
representation of each spot volume and enlarged images of
the selected spots are shown in Figure 3. Tryptic peptides of
excised spots were analyzed by MALDI-MS/MS. Identified
proteins are summarized in Table II. Among the three
identified proteins in the NCI-H2052 cell secretome, PSAP
and QSOX1 gained our attention since they are involved in
protecting cells against oxidative stress that is a main driver

of malignant transformation including MPM development
(24-27). These proteins which have been also detected up-
regulated in the secretome of other MPM cell lines (14) can
play a protective role against endogenous and exogenous
reactive oxygen species (ROS) thus contributing to cancer
cell escape from apoptosis.

Validation of proteomic data in serum samples. The
prospective role as novel tumor-derived biomarkers of two
proteins, PSAP and QSOX1, significantly increased with the
highest fold variation in NCI-H2052 cell secretome
compared to that of Met-5A cells was evaluated. PSAP and
QSOX1 were validated on serum samples of asbestos-
exposed healthy subjects and patients affected by MPM
using commercially available ELISA kits. Thirty-two MPM
patients and 36 control subjects were included in the study.
Demographic, smoking habit, and working history of both
groups under investigation are summarized in Table I. 

Both PSAP and QSOX1 serum levels were significantly
higher in MPM patients than in asbestos-exposed healthy
subjects with p<0.001. Box plots of PSAP and QSOX1
serum concentrations are shown in Figures 4 and 5,
respectively. Table III summarizes the ELISA results. Since
PSAP and QSOX concentration values were not normally
distributed, data in Table III are presented as median, 25˚
percentile, and 75˚percentile. 

The diagnostic power of these putative biomarkers was
validated by the ROC curve. The AUC value was calculated
for each protein individually to determine whether each
biomarker alone can discriminate MPM patients from
asbestos-exposed healthy subjects (Figure 6). The AUC for
PSAP was 0.75 with 67% specificity and 75% sensitivity
while the AUC for QSOX1 was 0.85 with 86% specificity
and 84% sensitivity. Thus, serum QSOX1 turned out to have
a higher diagnostic value than PSAP for distinguishing MPM
patients from asbestos-exposed healthy subjects. Then we
investigated whether the discriminative power of each
biomarker could be increased by their combination. As a
result, we found that the discriminative power increased if
PSAP and QSOX1 were merged (Figure 6). Indeed, the AUC
increased to 0.95 while specificity and sensitivity were 92%
and 88%, respectively. 

Discussion

The present study was undertaken to identify differentially
expressed proteins in two certified MPM cell lines compared
to a normal mesothelial cell line (Met-5A) with the specific
aim of discovering novel potential biomarkers for MPM
diagnosis. Nowadays, the first-line diagnostic tool for this
deadly cancer is mainly based on chest radiography followed
by computerized tomography (CT) while serological
biomarkers currently available seem to have some, but
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limited use in screening asbestos-exposed subjects, disease
diagnosis and monitoring (28). Indeed, no single biomarker
has shown sufficient reproducibility and sensitivity to be of
use by itself but promising results have been obtained using
biomarker panels (28, 29). In recent years at least two
studies, which have analyzed MPM cell secretome using a
proteomic approach, have found numerous differentially
expressed proteins related to various cellular pathways with
significance in cancer biology (13, 14). Nevertheless, none
of the identified proteins has been validated and tested as
potential MPM biomarkers in patient and control subject
body fluids. Here, we report a proteomic analysis of the
NCI-H2052 cell line secretome with the identification of
three differentially expressed proteins by MALDI-MS/MS.
These proteins, which were reproducibly overexpressed in
NCI-H2052 cell secretome compared to that of Met-5A cells,
were selected among other protein spots in 2-DE gels on the
basis of the highest fold-increase. 

The most highly up-regulated protein in MPM cell
secretome was PSAP. PSAP is the precursor protein of four
lysosomal activator proteins known as the saposins A-D,
which facilitate sphingolipid hydrolysis via lysosomal
hydrolases while the full-length protein is released as a
secreted factor (30). As secreted protein, PSAP is a
neurotrophic factor capable of promoting cell survival,
neurite out growth, protection against oxidative stress and
differentiation of a cholinergic cell line (24, 31).
Overexpression of both intracellular and secreted PSAP has
been reported in prostate cancer cells where it promotes
growth, migration and invasion as well as up-regulates
androgen receptor and prostate specific antigen expression
and activity (32-34). However, the role of PSAP in
stimulating metastasis seems to be controversial since Hu et
al. (35) reported a pro-metastatic effect while Kang et al.
(36) suggested that suppression of PSAP expression in
prostate and breast cancer cells may enhance their metastatic
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Figure 3. Continued
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Figure 3. Histograms of selected spots differentially expressed. Data are presented as mean±SEM (n=4) of the normalized spot volumes (%) in
MPM cell samples compared to Met-5A cells. Spot number and corresponding identified protein are listed in Table II. Enlarged images of each
spot are depicted beside the histograms.



potential. Furthermore, quantitative proteomic studies have
reported up-regulation of PSAP in gallbladder cancer and
non‑small cell lung carcinoma (37, 38). More importantly,
PSAP has been also found over-expressed in several MPM
cell line secretome by a previous proteomic analysis, which
supports our finding (14). The next in line for expression
level among NCI-H2052 secreted proteins was QSOX1. This
enzyme oxidizes thiols during protein folding, reducing
molecular oxygen to hydrogen peroxide. At the N-terminus,
QSOX1 contains homology domains with sequence
similarity to protein disulfide isomerase (PDI) followed by
one functional and one non-functional thioredoxin (TRX)
domain while yeast sulfhydryl oxidase (ERV1)/ALR
catalytic domains which drive the catalytic function of the
enzyme are near the C-terminus (39). Unlike other related
enzymes, which are commonly found in the endoplasmic
reticulum, QSOX1 is localized to the Golgi apparatus
membrane (QSOX1-Long) or secreted (QSOX1-Short).
QSOX1 is up-regulated in quiescent fibroblast cells and
secreted into the extracellular environment, where it
contributes to laminin incorporation into the extracellular
matrix (ECM), but it is also involved in protecting cells
against oxidative stress-induced apoptosis (25, 40). QSOX1

is up-regulated in several types of malignancies, especially
breast and pancreatic adenocarcinoma where it stimulates
tumor cell growth and invasiveness as suggested by studies
on cell lines (39). The importance of this enzyme in
contributing to the metastatic diffusion is highlighted by its
role in the interplay between cancer cells and ECM and
observations which indicate its high expression in breast
cancer as a negative prognostic factor (39, 41). Whereas a
circulating peptide from QSOX1-L has been proposed as
blood-based biomarker of pancreatic adenocarcinoma a
recent proteomic-based study of primary lung cancer cell
secretome has proposed QSOX1 as a potential tissue and
serum biomarker of this cancer type (42, 43). In addition, a
proteomic analysis of MPM cell line secretome has reported
increased expression of this enzyme in malignant cells
compared to normal cells (14). The third up-regulated
protein in NCI-H2052 secretome was lactate dehydrogenase
A (LDHA), which forms homo- or hetero-tetramer with
LDHB. The tetrameric LDH enzyme catalyzes the
simultaneous inter-conversion of pyruvate to lactate and
nicotinamide adenine dinucleotide (NAD)H to NAD.
Enhanced LDHA expression has been reported in a variety
of malignancies where it is considered a key player of the
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Table II. List of proteins identified by MALDI-MS/MS. 

Spot ID     Protein                                                                    Protein          Gene          pIb       Mascot     Cov       Pepte        Mass       p-Value     Ratiof
                 name                                                                           IDa                                             scorec       (%)d                     (kDa) 

NCI-H2052 cell proteome
507            Elongation factor 2                                                 P13639          EEF2          6.4            84           28         6/55          95         0.00279       2.2
599             NAD-dependent protein deacetylase sirtuin-1       Q96EB6        SIRT1         4.5          120           54        12/52         82         0.00334       3.0
952            Cytochrome P450 1B1                                          Q16678       CYP1B1       9.2            78           46        16/52         61         0.0007         2.9
1184          Transforming growth factor beta-1-induced        O43294      TGFB1I1      6.6            64           32         8/32          50         0.00002       5.5
                 transcript 1 protein
1484          L-lactate dehydrogenase A chain                          P00338        LDHA         8.4          142           60        11/31         37         0.03              2.3
1687          Thioredoxin-dependent peroxide                          P30048        PRDX3        7.7            78           27         4/22          28         0.000005     9.3
                 reductase, mitochondrial
1840          Caspase-3                                                                P42574        CASP3        6.1            64           24         5/18          32         0.0005         5.2

NCI-H28 cell proteome
864            Keratin, type II cytoskeletal 1                               P04264          KRT1         8.1            78           22         7/41          66         0.0005         2.1
890            Serine/threonine-protein kinase PINK1,            Q9BXM7      PINK1        9.4          102           52        26/54         63         0.004            2.8
                 mitochondrial, ISOFORM 1
940            Heat shock factor protein 1                                   Q00613          HSF1         5.0          126           44        10/40         57         0.000019     3.5
970            Keratin, type II cytoskeletal 1                               P04264          KRT1         8.1            82           24         8/41          66         0.00001       2.1
1469          Receptor of activated protein C kinase 1             P63244       RACK1        7.6            86           46         7/26          35         0.0005         3.7
1665          L-lactate dehydrogenase C chain                          P07864        LDHC         7.1            80           44         7/31          36         0.000002     4.1

NCI-H2052 cell secretome
512            Sulfhydryl oxidase 1                                              O00391       QSOX1        9.1            82           32         8/36          83         0.002            3.4
1552          L-lactate dehydrogenase A chain                           P00338         LDHA         8.4            92           52         8/31          37         0.03              2.4
4083          Prosaposin                                                              P07602         PSAP         5.1            80           26         6/30          58         0.02              7.4

aProtein ID: SwissProt accession number. bpI: isoelectric point. cMascot score after database search. dCov%: sequence coverage. ePept: number of
experimental peptides matched versus searched peptides. fRatio: spot volume ratio of MPM/Met-5A cell samples. 



Warburg effect (44). Indeed, the serum LDH concentration
has been proposed as an inexpensive prognostic marker in
solid tumors (45). 

Our proteomic analysis of NCI-H2052 cell secretome
revealed few up-regulated and down- regulated protein spots
and thus just three over-expressed proteins were identified by

MALDI-MS/MS. Of course, we can ascribe such discrepancy
to the technical approach used by us which is less sensitive
than the direct LC-MS/MS analysis of in solution digested
proteins and iTRAQ® multiplex isobaric labelling technique
(13, 14). Moreover, we used half the amount of CM proteins
compared to Creaney et al. (14). Nevertheless, we identified
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Table III. PSAP and QSOX1 serum concentrations.

                                           PSAP (ng/ml)                     QSOX1 (ng/ml)

                                     Exposeda         MPMb           Exposeda       MPMb

Median                           393.35           495.32               0.20             8.70
25˚ percentile                 308.71           407.79               0.00             6.64
75˚ percentile                 450.27           594.07               2.47            12.64
p-Valuec                                   0.0002                                 <0.0001

aExposed: Asbestos-exposed healthy subjects. bMPM: MPM patients.
cp-Value of the difference between groups was determined by the Mann-
Whitney-Wilcoxon test. 

Figure 5. Box plot of QSOX1 serum concentrations. QSOX1 amount in
each sample was determined using a commercially available sandwich-
type ELISA kit, as described in Materials and Methods. Each data point
represents mean of three independent experiments performed in
duplicate. Statistical significance of the difference between groups was
determined by the Mann-Whitney-Wilcoxon test. ***p<0.0001.
Exposed: Asbestos-exposed healthy subjects; MPM: MPM patients.

Figure 4. Box plot of PSAP serum concentrations. PSAP amount in each
sample was determined using a commercially available sandwich-type
ELISA kit, as described in Materials and Methods. Each data point
represents mean of three independent experiments performed in
duplicate. Statistical significance of the difference between groups was
determined by the Mann-Whitney-Wilcoxon test. ***p<0.001. Exposed:
Asbestos-exposed healthy subjects; MPM: MPM patients.

Figure 6. ROC curves of serum PSAP and QSOX1 concentrations.
Individual and combined ROC curves in differentiating MPM patients
(n=32) from asbestos-exposed healthy subjects (n=36) are shown. A
logistic regression analysis was used to combine biomarker data.



two proteins out of three which have been also found in
MPM cell secretome by Creaney et al. (14). Concerning NCI-
H28 secretome, which contained very low amounts of
proteins, we feel to exclude cell reduced viability since all
three cell lines showed similar viability as assessed by trypan
blue exclusion. When secretome was tested for matrix
metalloproteases (MMPs) by zymography, NCI-H28 cells did
not show any while the NCI-H2052 cell secretome contained
both MMP2 and MMP9 (data not shown). Indeed, the NCI-
H28 cell line, which is characterized by a homozygous
deletion of the β-catenin gene, is quite unique among
malignant cell lines since β-catenin acts as a growth
suppressor while it is generally a positive-growth factor for
most human cancers (46). 

Since PSAP and QSOX1 are involved in protecting cells
against oxidative stress that is a major player in malignant
transformation they are indeed related to MPM biology and
can be considered as potential drug targets and biomarkers
(24-26). Thus, in the attempt to validate the proteomic results
and predict a possible diagnostic value of the two secreted
proteins, we measured PSAP and QSOX1 levels in MPM
patient and asbestos-exposed subject (controls) sera using
commercially available ELISA kits. In this way, significantly
higher PSAP concentrations were found in MPM patient than
asbestos-exposed healthy control sera (p<0.001) thus
suggesting a potential significance as a biomarker. However,
an analysis of PSAP diagnostic power using the ROC curve
did not yield very high specificity and sensitivity values. The
AUC was comparable to that reported for ostepontin by
Grigoriu et al. (47), which examined similar patient and
control groups. PSAP has been also proposed as a potential
prognostic tissue and serum biomarker in prostate cancer
(48). Regarding QSOX1, the median serum concentration
found in MPM patient sera was significantly higher
(p<0.0001) than in control healthy subject sera. The
diagnostic power of QSOX1 appears to be better than that of
PSAP as indicated by an AUC value of 0.85 versus 0.75. The
AUC for QSOX1 is comparable to that reported for SMRP
by most studies on similar patient and control populations
(5). The combination of both biomarkers shifted the AUC
value to 0.95 suggesting the importance of using biomarker
panels to improve their predictive value. Moreover, this AUC
value is slightly higher than that reported by us for
combinations of well established MPM biomarkers (29).

The strength of our work is the identification of two
proteins, PSAP and QSOX1, related to cancer biology by
proteomic analysis of MPM cell secretome, but more
importantly their validation in MPM patient sera. The
significantly higher protein concentration in MPM patients
than asbestos-exposed healthy subjects highlights their
significance as putative biomarkers. A further analysis has
revealed their good diagnostic power but also pointed out the
importance of using biomarker panels to improve the

discriminative potency. Data presented also suggest that the
combination of PSAP and QSOX1 can be considered as a
biomarker panel for screening asbestos-exposed subjects. Of
course, further studies on larger cohorts of patients and
control subjects are needed to confirm our finding and also
reveal a possible prognostic value of the novel biomarkers.
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