
P

A
E
a

b

c

a

A
R
R
A

K
M
S
C
N
S
C
O

1

e
r
b
p
w
a
a
t
t
M

(
T

(
T

b

D

0
d

Lung Cancer 75 (2012) 189– 196

Contents lists available at ScienceDirect

Lung  Cancer

j our na l ho me  p age: www.elsev ier .com/ locate / lungcan

roteomic  surfaceome  analysis  of  mesothelioma

nnemarie  Zieglera,1,2, Ferdinando  Cercielloa,c,∗,1, Colette  Bigoscha,3, Damaris  Bausch-Fluckc,
manuela  Felley-Boscoa,  Reto  Ossolac,  Alex  Soltermannb,  Rolf  A.  Stahela,  Bernd  Wollscheidc,∗∗

Clinic of Oncology, University Hospital Zürich, 8044 Zürich, Switzerland
Institute for Surgical Pathology, University Hospital Zürich, 8044 Zürich, Switzerland
Institute of Molecular Systems Biology, Swiss Federal Institute of Technology (ETH), 8093 Zürich, Switzerland

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 10 February 2011
eceived in revised form 27 April 2011
ccepted 13 July 2011

eywords:
esothelioma

urfaceome
ell surface capturing (CSC) technology

a  b  s  t  r  a  c  t

Identification  of  new  markers  for  malignant  pleural  mesothelioma  (MPM)  is  a  challenging  clinical
need.  Here,  we  propose  a quantitative  proteomics  primary  screen  of  the  cell  surface  exposed  MPM  N-
glycoproteins,  which  provides  the  basis  for  the  development  of new  protein-based  diagnostic  assays.
Using  the  antibody-independent  mass-spectrometry  based  cell  surface  capturing  (CSC)  technology,  we
specifically  investigated  the N-glycosylated  surfaceome  of  MPM  towards  the  identification  of protein-
marker  candidates  discriminatory  between  MPM  and  lung  adenocarcinoma  (ADCA).  Relative quantitative
CSC analysis  of MPM  cell  line  ZL55  in  comparison  with  ADCA  cell  line Calu-3  revealed  a  bird’s  eye view  of
their  respective  surfaceomes.  In a secondary  screen  of  fifteen  MPM  and  six  ADCA,  we used  high  throughput
-glycoproteins
urface markers
D90
DZ2

low  density  microarrays  (LDAs)  to verify  specificity  and  sensitivity  of nineteen  N-glycoproteins  overreg-
ulated  in  the  surfaceome  of  MPM.  This  proteo-transcriptomic  approach  revealed  thy-1/CD90  (THY1)
and teneurin-2  (ODZ2)  as protein-marker  candidates  for the  discrimination  of MPM  from  ADCA.  Thy-
1/CD90  was  further  validated  by immunohistochemistry  on  frozen  tissue  sections  of MPM  and  ADCA
samples.  Together,  we present  a combined  proteomic  and  transcriptomic  approach  enabling  the  relative

n  and
quantitative  identificatio

. Introduction

Malignant pleural mesothelioma (MPM)  is an aggressive dis-
ase mainly caused by asbestos exposure [1].  The diagnosis
equires immunohistochemistry (IHC), combining panels of anti-
odies against MPM  markers (positive for MPM)  like calretinin,
odoplanin (clone D2-40), cytokeratins 5/6 or WT-1 together
ith carcinoma-markers (negative for MPM)  like epithelial cell

dhesion molecule (Ep-CAM, clone Ber-EP4), carcinoembryonic
ntigen (CEA) or thyroid transcription factor-1 (TTF-1). However,

he discrimination of MPM  from other malignancies affecting
he lung can be difficult. Particularly, the distinction between

PM  and lung adenocarcinoma (ADCA) is most challenging [2,3].
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Recently, antibody-independent approaches have evolved as alter-
native tools for the discrimination of the two  diseases, based on
gene expression-ratios, RT-PCR or DNA-methylation profiles [4–7].
Despite promising laboratory-based results, the translation of sim-
ilar techniques into clinical routine remains problematic [8–10].

Here, we propose a combined proteomic and transcriptomic
strategy for the identification and selection of new protein-markers
for the discrimination between MPM  and ADCA. First, we  applied
the recently developed mass-spectrometry (MS) based cell surface
capturing (CSC) technology [11] towards the discovery of the N-
glycosylated surfaceome of MPM  and ADCA cells. Thereafter, we
used the higher throughput low density microarray (LDA) tech-
nique, to assess MPM  specificity of selected N-glycoproteins on a
larger panel of MPM  and ADCA cell lines. Our  approach revealed
thy-1/CD90 (THY1) and teneurin-2 (ODZ2) as new MPM  marker
candidates. Using a commercially available antibody, we verified
thy-1/CD90 expression in tumor samples by IHC, showing that
results from our proteo-transcriptomic approach can potentially
be directly translated into diagnostic routine.

2. Materials and methods
2.1. Cell culture

Primary MPM  cell cultures were derived from tumor specimens
obtained at the time of surgery from patients at the University

dx.doi.org/10.1016/j.lungcan.2011.07.009
http://www.sciencedirect.com/science/journal/01695002
http://www.elsevier.com/locate/lungcan
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ospital Zürich with a confirmed diagnosis, or were derived from
PM malignant pleural-effusions, as previously described [12].

he study was approved by the Ethics Committee of the Univer-
ity Hospital Zürich and written informed consent was  obtained
rom all patients. Primary tumor cultures were characterized by
mmunodetection of the MPM  markers mesothelin, calretinin, wt-
, podoplanin (clone D2-40), N-cadherin and vimentin. MPM  cell

ines MSTO-211H, H2052, H2452 and H226 were from American
ype Culture Collection (ATCC; Manassas, VA); ZL55 was estab-
ished in our laboratory [13]. MPM  cells were cultured as described
efore [12]. The ADCA cell lines Calu-3, A549, Calu-6, SK-LU-1
nd the adeno-squamous lung cancer cell line H596 were from
TCC; ZL25 was established in our laboratory [14]. ADCA cells were
ultured in RPMI-1640 (Gibco/Invitrogen) with 10% FCS, 2 mM l-
lutamine, and 1% (w/v) penicillin/streptomycin. All cell lines were
aintained at 37 ◦C in a humidified atmosphere with 5% CO2.

.2. Cell surface capturing (CSC) and mass-spectrometric analysis

SILAC labelling, CSC and mass spectrometric analysis of the
PM  cell line ZL55 and the ADCA cell line Calu-3 were performed

s previously described [11,15]. Heavy-lysine and heavy-arginine
l-lysine-13C6,15N2 and l-arginine-13C6,15N4, Sigma) were used
ccording to the manufacturer’s instructions. All MS/MS  spec-
ra were converted to mzXML  and searched against the UniProt
atabase (Version 57.15) using the SEQUEST algorithm. Sta-
istical data-analysis was performed using a combination of
SB (Institute of Systems Biology, Seattle) open-source software
ools (PeptideProphetTM, ProteinProphetTM, TPP Version 4.3.1;
ttp://tools.proteomecenter.org/software.php). A Protein Prophet
rotein probability score of at least 0.9 was used for data-filtering,
ollowed by manual validation. Quantitative SILAC data analy-
is was performed using the XPRESS software [16,17]. Data was
mported, stored, annotated and validated within the in-house
eveloped SISYPHUS database software.

.3. Low density arrays (LDAs)

Cell lines were grown to ∼80% confluence in 25 cm2 flasks, and
otal RNA was isolated using the RiboPure kit (Ambion, Austin, TX)
s indicated by the manufacturer. RNAs were recovered in 50 �l
lution buffer and concentrations determined by spectrophoto-
etric measurement in a NanoDrop ND-1000 (Thermo Scientific,
ilmington, DE) device. For synthesis of cDNA, 750 ng total RNA
ere reverse-transcribed using the High-Capacity cDNA Reverse-

ranscription Kit (Applied Biosystems, Foster City, CA) in a total
olume of 30 �l, following the manufacturer’s instructions. This
mount had been experimentally determined to warrant synthe-
is of cDNA and subsequent amplification by real-time PCR under
on-saturated, linear conditions. The quality of cDNA was veri-
ed by PCR amplification of a �2-microglobulin fragment in 50 �l
eactions containing 2 �l cDNA, 1× Buffer II (Applied Biosystems),
.5 mM MgCl2, 0.13 �M each primer, 0.2 mM each dATP, dTTP,
CTP, and dGTP, and 1.25 units AmpliTaq Gold (Applied Biosys-
ems). Amplification conditions were: 1 cycle at 95 ◦C for 6 min,
5 cycles at 95 ◦C for 45 s, 60 ◦C for 1 min, and 72 ◦C for 30 s, fol-

owed by one final cycle at 72 ◦C for 10 min. Primer sequences
ere: �2-F, 5′-GTGGAGCATTCAGACTTGTCTTTCAGC-3′, and �2-
, 5′-TTCATCCAATCCAAATGCGGCATCTTC-3′. PCR products were
isualized by electrophoresis on polyacrylamide gels. Low den-
ity arrays for analysis of 22 genes (three internal controls) were
btained from Applied Biosystems. Each LDA slot was loaded

ith 100 �l solution containing 1× Universal Master Mix  (Applied
iosystems) and 10 �l cDNA. PCR amplification was  performed in

 7900HT Fast Real-Time PCR System (Applied Biosystems) appa-
atus using following cycle conditions: 1 cycle of 50 ◦C for 2 min, 1
r 75 (2012) 189– 196

cycle of 94 ◦C for 10 min, and 40 cycles of 97 ◦C for 30 s, 60 ◦C for
1 min. Relative gene expression was calculated by using the 2−��Ct

method [18]. For each sample, three technical replicates were mea-
sured and averaged before performing calculation. 18s and GAPDH
were used as internal references.

2.4. Western blot

Detection of mesothelin and N-cadherin was  performed on
the MPM  cell line ZL55 and the ADCA cell line Calu-3 by West-
ern blot as previously described [12]. Detection of thy-1/CD90
was performed without reducing agents on RIPA-buffer (Upstate
Biotech-Millipore, Lake Placid, NY) lysates of the MPM  cell lines
ZL55 and SDM5, and the ADCA cell lines Calu-3 and SK-LU-1, using
a monoclonal anti-thy-1 antibody (clone AS02, Dianova, Hamburg,
Germany) at 1:5000 dilution [19]. For sample deglycosylation, cell
lysates were incubated overnight with 5 U/mg PNGaseF (Roche,
Basel, Switzerland) at 37 ◦C.

2.5. Immunofluorescent staining

Immunofluorescent staining was  performed on the ZL55
MPM cells and the Calu-3 ADCA cells after fixation with 4%
paraformaldehyde and permeabilization with 0.1% TritonX-100 on
uncoated coverslips. Antibody clone 5E10 (BD-Pharmingen, San
Diego, CA) was used at 1:100 dilution for thy-1/CD90 detection.
Mouse IgG1� at 1:100 (BD-Pharmingen) was used as specificity
isotype-control. Cells were counterstained with Alexa Fluor-488-
conjugated cholera-toxin (Invitrogen) at 1:5000 dilution and DAPI
(Sigma–Aldrich) at 1:1000 dilution. Images were acquired by
confocal laser-scanning microscopy on a TCS-SPE microscope
(Leica Microsystems, Wetzlar, Germany) at 63× magnification and
processed (brightness and contrast adjustments and necessary
cropping) using the Java-based program ImageJ (National Institute
of Health, http://rsb.info.nih.gov/ij/).

2.6. Tissue samples and immunohistochemistry

Fresh frozen human tumor specimens were obtained from the
Biobank at the Institute for Surgical Pathology, University Hospital
Zürich. Corresponding formalin-fixed, paraffin-embedded tumor
tissues were processed and diagnoses reported according to the
guidelines of the Swiss Society of Pathology. Immunohistochem-
istry was  performed on ice-cold, acetone fixed, frozen whole
sections of 5 �m thickness after endogenous peroxidase quench-
ing. Thy-1/CD90 detection was  performed using the antibody-clone
5E10 (BD-Pharmingen) at 1:20 dilution and the Vectastain Elite ABC
Universal Kit (Vector Laboratories) according to the manufacturer’s
instructions. Immunoreactivity was  visualized by incubation with
3,3′-diaminobenzidine tetrahydrochloride (Vector Laboratories)
followed by counterstaining with haematoxylin QS (Vector Lab-
oratories). Mouse IgG1� (BD-Pharmingen) at 1:20 was used as
specificity isotype-control. For each sample, stroma staining-
intensity was used as internal reference.

3. Results

3.1. SILAC-based CSC proteomic analysis of N-glycosylated
surface proteins

In order to identify differences in-between the surfaceomes of
MPM  and ADCA we used a SILAC-based CSC proteomic strategy

(Fig. 1). The MPM  cell line ZL55 and the ADCA cell line Calu-3
were grown in media containing heavy or light isotope forms of
the aminoacids arginine and lysine, respectively (SILAC protocol)
[20]. The incorporation of different aminoacid isotopes allows to

http://tools.proteomecenter.org/software.php
http://rsb.info.nih.gov/ij/
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Fig. 1. Workflow for the identification and verification of MPM discriminatory
marker candidates. Cell surface capturing (CSC) was applied in combination with
SILAC for quantitative analysis of the N-glycosylated cell surface proteins of the MPM
cell line ZL55 and the ADCA cell line Calu-3. Differentially regulated proteins were
investigated by LDA assays on a panel of MPM  and ADCA cell lines. Proteins showing
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(Fig. 5B and Supplementary Table ST4). Reaction to anti-thy-1 anti-
otential specificity for MPM were verified at cell and tissue level by antibody-based
ssays.

ix  the two cell types in equal amounts before lysis and to process
hem together. MS  discrimination between MPM-derived proteins
containing heavy forms of arginine and lysine) and ADCA proteins
containing light forms of arginine and lysine) is then possible based
n the mass differences of the incorporated heavy and light peptide
soforms. Following the CSC protocol, the sugar moieties of the cell
urface exposed glycoproteins are labelled with biotin hydrazide
n the living cells and, after protein digestion with trypsin, the
lycopeptides are enriched with streptavidin coated beads. Using
he enzyme PNGaseF, N-glycosylated peptides are then specifi-
ally released and analyzed via microfluidic LC–MS/MS. Overall,
00 cell surface N-glycoproteins, including 37 CD annotated pro-
eins, were identified (Supplementary Table ST1). The MS  analysis
lso revealed 211 MPM/ADCA N-glycopeptides containing a deami-
ation signature within the NXS/T motif, indicating the specific

solation and PNGaseF-mediated release of those N-glycopeptides
ia CSC (Supplementary Table ST2). We  thereafter used the soft-
are XPRESS to calculate abundance ratios between the MPM  and
DCA proteins. Among the glycoproteins upregulated in MPM,
e identified the known MPM  markers mesothelin (UniProt ID
SLN human, Q13421; Entrez gene name MSLN) and N-cadherin

synonyms CD325, Cadherin-2; UniProt ID CADH2 human, P19022;
ntrez gene name CDH2) (Fig. 2A). The clear upregulation of the

wo proteins detected by MS  in ZL55 (mesothelin abundance-ratio
alculated with the software XPRESS revealed a ratio of ADCA
ver MPM  of 0.04 ± 0.00 and for N-cadherin an abundance-ratio
r 75 (2012) 189– 196 191

of 0.05 ± 0.04) matched the results obtained by Western blot (WB)
(Fig. 2B), confirming the specificity of our approach.

3.2. Semi-quantitative RT-PCR cell lines screening for MPM cell
surface glycoprotein-marker candidates

In the next set of experiments, we  used LDAs in order to further
qualify the initial MPM  glycoprotein markers at the transcription
level on a larger panel of representative and diverse MPM  and ADCA
cell lines (Table 1). The mRNA expression of 19 pre-qualified N-
glycoproteins from the proteomic screen, including mesothelin and
N-cadherin as landmark proteins, was analyzed in fifteen MPM  and
six ADCA cell lines (Fig. 3 and Supplementary Table ST3). Mesothe-
lin transcript was  expressed in ten out of fifteen (67%) MPM  cell
lines and in the adeno-squamous cell line H596. N-cadherin was
expressed in all (100%) MPM  and also in three (50%) ADCA cell lines.
Among the other investigated genes, thy-1/CD90 (synonym CD90;
UniProt ID THY1 human, P04216; Entrez gene name THY1) and
teneurin-2 (UniProt ID TEN2 human, Q9NT68; Entrez gene name
ODZ2) displayed a selective association with MPM (Fig. 3A and
B). Thy-1/CD90 (THY1) showed homogenous mRNA expression in
MPM and was absent from ADCA cell lines. Teneurin-2 (ODZ2) was
expressed in eleven MPM  cell lines, but only at low levels in one
ADCA (SK-LU-1) and one adeno-squamous cell line (H596). All other
candidates presented a heterogeneous expression profile without
individual discriminatory power between MPM  and ADCA.

3.3. Western blot verification of thy-1 in MPM  and ADCA cell lines

As a first step to verify our markers by immunologic assays,
we tried to acquire suitable antibodies. Since no antibody for
human teneurin-2 was commercially available, we generated a rab-
bit anti-serum against two extracellular peptides identified in the
proteomic screens from teneurin-2. However, no specific signals
could be detected in WB  and IHC experiments (data not shown).
For thy-1/CD90, we  tested a series of commercially available anti-
bodies (data not shown) and selected the mouse clone AS02 to
compare thy-1/CD90 expression in two MPM  (ZL55, SDM5)  and
two ADCA (Calu-3, SK-LU-1) cell lines by WB  (Fig. 4). Chemolumi-
nescent signals of the appropriate molecular weight were obtained
for deglycosylated thy-1/CD90 in MPM  cells (lanes 6 and 8), but
not in ADCA cells (lanes 2 and 4). Only in the MPM  SDM5 cell line,
thy-1/CD90 protein was also recognized in its glycosylated, higher
molecular weight form (lane 7).

3.4. Immunohistochemical verification of thy-1 in human tissues

We further set out to validate our proteo-transcriptomic
approach in IHC assays. In our hands, the anti-thy-1 clone AS02
did not perform satisfactory on tissues (data not shown), thus, we
tested additional commercially available antibodies and selected
the clone 5E10. It has to be mentioned that none of the tested anti-
bodies did perform on formalin-fixed paraffin-embedded (FFPE)
tissues (data not shown). In agreement with MS, RT-PCR and WB
results, using clone 5E10, thy-1/CD90 expression was  detected in
MPM,  but not in ADCA cell lines (Fig. 5A). The overlay of a cholera-
toxin staining for the plasma membrane associated ganglioside
GM1  with anti-thy-1 staining suggests a co-localisation of both
molecules at the cell surface. We  further used clone 5E10 to investi-
gate human frozen sections from four epithelioid and two biphasic
MPM  tumors as well as eight ADCA with different grading levels
body was  observed in the tumor-stromal cells of both tumor types.
Three MPM  cases presented discrete numbers of tumor cells with
moderate membrane staining whereas ADCA cells reacted only
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Fig. 2. Detection and quantitation of the reference mesothelioma markers mesothelin and N-cadherin. (A) Mass spectrometric quantitation of the mesothelin peptide
LAFQNMNGSEYFVK and N-cadherin peptide VDIIVANLTVTDK identified by CSC in the SILAC-heavy-labelled MPM  cell line ZL55 and the light-labelled ADCA cell line Calu-3.
The  XPRESS software was  used to define the elution areas of the peptides and calculate the isotopic ratios between light and heavy peptide forms. Elution areas used for
quantitation are delimited by the dotted blue curves between the dashed black-lines. The red traces are the peptide chromatograms identified in the elution areas used for
quantitation. (B) Western blot detection of mesothelin and N-cadherin. Reaction against the anti-mesothelin antibody can be detected for the MPM  cell line ZL55, but is only
weak  or absent for the ADCA cell line Calu-3. Similar can be observed using the anti-N-cadherin antibody.

Table  1
Cell lines used for LDAs assays.

Cell line Type Histology Origin Patient (sex/age) Source/reference

ZL55 MPM  Epithelioid Tumor M/52 Our lab, ref. [13]
SDM5  MPM  Epithelioid Effusion M/54 Our lab
SDM13 MPM  Epithelioid Tumor M/58 Our lab
SDM16 MPM  Epithelioid Tumor M/65 Our lab
SDM22 MPM  Epithelioid Effusion M/62 Our lab
SDM46 MPM  Epithelioid Tumor M/57 Our lab
SDM47 MPM  Epithelioid Tumor M/58 Our lab
SDM48 MPM  Epithelioid Tumor M/55 Our lab
SDM55 MPM Epithelioid Tumor M/40 Our lab
SDM57 MPM  Epithelioid Tumor F/62 Our lab
SDM61 MPM  Epithelioid Tumor M/66 Our lab
MSTO-211H MPM  Biphasic Effusion M/62 Our lab
H2052 MPM  Sarcomatoid Effusion M/65 ATCC
H2452 MPM Epithelioid Tumor M/-  ATCC
H226  MPM  Epithelioid Effusion M/-  ATCC
Calu-3 NSCLC ADCA Effusion M/25 ATCC
Calu-6 NSCLC ADCA – F/61 ATCC
A549 NSCLC ADCA – M/58 ATCC

m
s

SK-LU-1 NSCLC ADCA
ZL25  NSCLC ADCA 

H596  NSCLC Adenosquamous 
odestly, if at all, to anti-thy-1 with weak to moderate cytoplasmic
taining of tumors cells toward the stroma.
– F/60 ATCC
– M/60 Our lab, ref. [14]
– M/73 ATCC
4. Discussion

In our work we investigated a new approach for the analysis of
the MPM  surfaceome toward the identification of markers for the
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Fig. 3. Mass spectrometric quantitation of the proteins thy-1/CD90 and teneurin-2 and relative mRNA expression as assessed by low density array RT-PCR profiling. (A)
Elution profiles of the thy-1/CD90 peptide SPPISSQNVTVLR and the teneurin-2 peptide NSSIDSGEAEVGR identified by CSC of the heavy-labelled MPM cell line ZL55 and the
light-labelled ADCA cell line Calu-3. Quantitation was  calculated with the software XPRESS and derived from the isotopic ratios of the elution areas of the peptides. Dotted
blue  curves between the dashed black-lines mark elution areas used for relative quantitation. The red traces correspond to the peptide chromatograms identified in the
elution  areas used for quantitation. (B) Graphs show the relative mRNA levels of mesothelin (gene name MSLN), N-cadherin (gene name CDH2), thy-1/CD90 (gene name
THY1)  and teneurin-2 (gene name ODZ2) in fifteen MPM  (dashed bars, cell lines ZL55 to SDM61) and six ADCA (black bars, cell lines Calu-3 to SK-LU-1) cell lines.

Fig. 4. Expression of thy-1/CD90 protein in MPM  and ADCA cell lines. Protein lysates from ADCA cell lines Calu-3 and SK-LU-1 and from MPM cell lines ZL55 and SDM5
were  separated on SDS-PAGE (4–12%). For deglycosylation, cell lysates were treated with PNGaseF. Using mouse anti-thy-1 antibody, a band compatible with the size of
t reatm
w l coul
a ectiv

d
f
T
f
m
f
a
M
p

hy-1/CD90 (28 kDa) was  detected in the untreated SDM5 lysates. Upon PNGaseF t
eight of deglycosylated thy-1/CD90. Independent of PNGaseF treatment, no signa

t  the left, while − and + indicate lysates without and with PNGaseF treatment, resp

iscrimination of MPM  from ADCA. To do so, we  analyzed the sur-
aceomes of two MPM  and ADCA cell lines via the CSC technology.
he CSC technology enables the parallel identification of sur-
ace exposed N-glycosylated proteins using antibody-independent

ass spectrometric techniques. The CSC technology thus allows
or large screens of proteins without biases related to antibody

vailability or quality. To sort for N-glycoproteins associated with
PM,  we combined the CSC with the SILAC strategy for relative

rotein quantitation and selected those proteins showing upreg-
ent, signals at 17 kDa were detected in both MPM cell lines, which agree with the
d be detected for the ADCA cell lines. The position of weight standards is indicated
ely.

ulation in MPM  compared to ADCA. The validity of this approach
was corroborated by the unbiased detection of the glycoproteins
mesothelin and N-cadherin among the proteins with higher abun-
dance in MPM.  Both proteins are in fact known to be associated
with MPM,  even if their specificity is unsatisfactory for clinical
application [21–23].  In addition, MS  observed overregulation of

the two proteins in MPM  could be reproduced and confirmed by
antibody-assays (WB). However, it should be mentioned that we
could not observe the widely accepted MPM  markers calretinin,
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Fig. 5. Immunofluorescent and immunohistochemical detection of thy-1/CD90. (A) Immunofluorescent staining of thy-1/CD90 protein in MPM  and ADCA cell lines. The MPM
c ibody
c  far rig
d ation.
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ell  line ZL55 and the ADCA cell line Calu-3 were stained with mouse anti-thy-1 ant
holera-toxin (green), and nuclei with DAPI (blue). Merged images are shown at the
).  Images were recorded at 10× and representative regions (insets) at 20× magnific

odoplanin, cytokeratins 5/6 or WT-1. This was due to the fact that
hese protein-markers are neither cell surface exposed (with the
xception of podoplanin) nor N-glycosylated, and thus not accessi-
le by our approach.

Among the N-glycoproteins upregulated in MPM,  we focused
n those proteins, which were only rarely or not at all reported in
he literature in association with MPM  before. In order to antici-

ate the MPM  specificity and sensitivity of these selected proteins,
e screened fifteen MPM  and six ADCA cell lines by LDAs assays.
e  decided to apply LDAs, owing to the fact that RT-PCR pro-
 5E10 (red). Cell membranes were counterstained with Alexa Fluor 488-conjugated
ht. (B) Two representative IHC examples of human MPM  (a and b) and ADCA (c and

 Reference slides from the same tumors were also stained with haematoxylin–eosin.

tocols are nowadays standardized, quick, easily accessible and
relatively cheap compared to current proteomic approaches. In
contrast to screens based solely on mRNA investigations, here we
could take advantage of our previous MS  analysis, selecting only
for genes known to be translated in proteins. Again, to confirm the
validity of the approach, we first looked at our landmarks pro-
teins mesothelin and N-cadherin. As expected, none of the two

proteins resulted to be a reliable single discriminator for MPM
[21–23].  Among the other investigated genes, thy-1/CD90 (THY1)
and teneurin-2 (ODZ2) showed the strongest association with
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PM.  Teneurin-2 (ODZ2) is one of the four members of the teneurin
amily of proteins. These more than 300 kDa large transmembrane
roteins are probably involved in cell-signalling and transcrip-
ion regulation, but their function is yet unknown [24]. Only few
tudies report about teneurin-2 in cancer and there is some uncer-
ainty about its potential tumor-suppressor or oncogenic function
25,26]. Since no commercial antibodies against human teneurin-2
ere available, we produced rabbit-antisera against two  extracel-

ular peptide sequences. However, reaction of the antibody was
nsatisfactory. Thy-1/CD90 (THY1) is a small, heavily glycosylated
PI-anchored cell surface protein with the highest expression in
uman among (primarily fetal) thymic stromal cells and most
broblasts [27]. A tumor-suppressor function of thy-1/CD90 has
een proposed in ovarian and nasopharyngeal cancer [28–32],  but
rotein expression in cancer stem-cells has rather been associ-
ted with more aggressive behaviour and chemoresistance [33–35].
ecently, thy-1/CD90 has been observed in four MPM cell cul-
ures grown in low serum conditions and a correlation to highly
roliferative or stem-cell-like cells was speculated by the authors
36].

We used WB to validate MPM  specificity of thy-1/CD90 at
rotein level. Interestingly, in one MPM  case (cell line ZL55), thy-
/CD90 was detectable only after deglycosylation with PNGaseF,
ointing out a clear pitfall of approaches based solely on antibod-

es. Finally, we verified thy-1/CD90 expression in MPM  and ADCA
issues by IHC on frozen sections. Three MPM  patients presented
iscrete numbers of tumor cells reacting positively to anti-thy-

 antibody (clone 5E10), while ADCA tumor cells reacted rather
eakly and unspecific to the antibody. However, both tumors

howed positive reaction of the tumor-stromal cells. To further
erify and confirm these preliminary observations in larger scale,
uitable antibodies for paraffin-embedded tissues would be essen-
ial.

. Conclusions

Our work investigated a novel proteo-transcriptomic strategy
or the identification of MPM  biomarkers discriminatory from
DCA. Cell surface analysis with the CSC technology in combi-
ation with LDAs enabled the high-throughput and multiplexed
creen required for the investigation and pre-clinical selection of
ew biomarkers. This strategy resulted to be a valid complement to
pproaches based solely on antibodies, whose limitations are often
elated to epitope and application-based constraints. Our results
rovide evidence that teneurin-2, and especially thy-1/CD90, are
ell surface accessible marker candidates for the differentiation of
PM  from ADCA.
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