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Abstract. Backgound/Aim: Malignant mesothelioma (MM)
is an aggressive and fatal pleural cancer. The cell secretome
offers information allowing insight into the pathogenesis of
MM while offering the possibility to identify potential
therapeutic targets and biomarkers. In the present study the
secretome protein profile of MM cell lines was compared to
normal mesothelial cells. Materials and Methods: Six MM
cell lines were compared against three primary mesothelial
cell culture preparations using iTRAQ® mass spectrometry.
Results: MM cell lines more abundantly secreted exosome-
associated proteins than mesothelial cells. MM cell
secretomes were enriched in proteins that are involved in
response to stress, carbon metabolism, biosynthesis of amino
acids, antigen processing and presentation and protein
processing in the endoplasmic reticulum. Conclusion: The
MM cell secretome is enriched in proteins that are likely to
enhance its growth and response to stress and help it inhibit
an adaptive immune response. These are potential targets for
therapeutic and biomarker discovery.

Malignant mesothelioma (MM) is an incurable and aggressive
tumour, predominantly of the pleura (1, 2). MM has a median
survival of less than 12 months and this poor survival is in
part related to late diagnosis and resistance to radiotherapy
and chemotherapy. Although many targeted investigations of
MM have been designed in order to examine specific
pathways that are significant to this disease, there are few
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investigations that have examined the overall protein
expression landscape. Such an analysis has the potential to 1)
identify key structural and molecular characteristics of MM
that can be further investigated, ii) identify molecules that
might be useful biomarkers for diagnosis and monitoring and
iii) may inform novel treatment strategies targeting the
molecules/pathways identified. Proteins secreted from the
cell, known as the cell protein “secretome” offer a valuable
source of biological information. The secretome is a mixture
of proteins that are secreted through both classical secretory
pathways, and by non-classical mechanisms such as
membrane-bound exosomes (3). We have comprehensively
described the exosome “cargo” proteins that are secreted by
MM cell lines (4), and have described a mesothelioma-
enriched exosome protein cancer signature (mEXOS). We
reported that MM exosome components are enriched in
immunoregulatory components, tumour-derived antigens,
components of cancer signalling networks and that they are
able to regulate the tumour micro-environement (4).

What has not been determined is how the MM secretome
compares to the secretome of non-malignant mesothelial
cells and whether the secretome of MM cells is significantly
enriched in proteins that are secreted via exosomes compared
to non-malignant cells. Therefore, the aim of this study was
to compare the secretome of MM cell lines with that of
primary mesothelial cell cultures, in order to determine a
protein secretion profile associated with MM. The
information gained will increase our understanding of MM
and may identify potential candidates for future biomarker
investigation and potential therapeutic targets.

Materials and Methods

Cell culture. Six previously established MM cell lines, JU77, LO68,
ONESS8, OLD1612, JO38 and GAY2911, were maintained as
previously described (5). The cell lines and the patient demographics
from which the cell lines were derived are described in Table I. Cells
were mycoplasma free and Short Tandem Repeat (STR) profiling
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Table 1. Characteristics of cell lines and the MM patient they were
derived from, that were used in the study.

Cell line Passage Age at Dx Gender Histology
Mesothelioma GAY2911 47 70 M Epitheliod
JO38 13 48 M Biphasic
Ju77 33 62 M Epitheliod
LO68 46 57 M Epitheliod
OLD1612 47 58 M Biphasic
ONES58 39 58 M Epitheliod
Controls PC162 2 74 M na
PC169 2 45 M na
PC170 3 54 F na

was used to confirm that they were unique cell lines. Short term
cultures of normal mesothelial cells were established from
pericardial fluid of patients undergoing coronary artery bypass
operations as described (6) and maintained in standard media for two
to three passages for use as non-malignant normal mesothelial cell
controls. Cultures contained >90% normal mesothelial cells as
determined by immunohistochemical staining with calretinin and
mesothelin antibodies (7). This study was approved by the Human
Research Ethics Committee of Sir Charles Gairdner Hospital and all
patients provided written informed consent.

Secretome samples for analysis were obtained from cells cultured
in serum free RPMI-1640 (Life Technologies, Carlsbad CA, USA)
for intervals between 0 and 48 hours. In order to determine the
optimal cell culture conditions that were to be used for the iTRAQ
experiments, cell viability was determined by trypan blue exclusion
and by using the Guava via count DNA-binding dye method
(Millipore, Hayward, CA, USA). The response of cells to the serum
free conditions over time was assessed by measuring lactate
deyhdrogenase (LDH) concentrations, an indicator of cell lysis, in
order to determine a suitable time that the cells would remain viable
in serum free conditions. LDH was measured using an NAD
reduction, tetrazolium dye assay (Sigma Aldrich St Louis MO,
USA). LDH measurements of corresponding freeze-thaw lysed cells
were used as a positive control.

The proteins present in the cell culture secretomes were analysed
by iTRAQ mass spectrometry. For each sample, MM or normal
mesothelial control, cells (3x100) were seeded into two T175 flasks.
After three days, the cells (~1x107 cells per flask) were washed with
PBS and serum-free media was added. Flasks were cultured for a
further 24 h and the serum-free conditioned media were collected
and pooled from the two flasks. Cellular debris was removed by
centrifugation (2000 x g for 10 min) and then the supernatant was
stored at —80°C until further processing. The total protein content
of each pooled secretome available for iTRAQ processing was
approximately 500 pg.

iTRAQ analysis. The iTRAQ® multiplex (4-plex) (Applied
Biosystems, Foster City, CA, USA) isobaric labelling technique was
used to compare the MM and normal mesothelial cell protein
secretome and was performed by Proteomics International (Perth,
Western Australia). Each secretome sample was concentrated using
a 10-kDa mass cut-off Vivaspin filter. Samples were then acetone
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precipitated, re-solubilised, reduced, alkylated and finally digested
with trypsin according to the iTRAQ® protocol. The resulting
peptide solutions were desalted on a strata-X 33 um polymeric
reversed phase column (Phenomenex, Torrance, CA, USA) and
dissolved in buffer (10 mM KH,PO,, pH3, in 10% acetonitrile)
before separation by strong cation exchange liquid chromatography
on an Agilent 1100 HPLC system using a PolySulfoethyl column
(4.6x100 mm, 5 pm, 300 A). Peptides were eluted with a linear
gradient of 0-400 mM KCI. SCX fractions were desalted and loaded
onto an Ultimate 3000 nano HPLC system (Dionex, CI18
PepMap100, 3 mm) and separated with a gradient of 10-40%
acetonitrile (0.1% trifluoroacetic acid) with spotting using a ProBot
(LC Packings) robotic spotter. The resultant spots were analysed on
a 4800 MALDI TOF/TOF Analyzer (AB SCIEX, Framingham, MA,
USA) and mass spectrometry data was generated. These data were
generated according to ISO/IEC 17025 approved Standard
Operating Procedures pertaining to: sample preparation for iTRAQ;
solid phase extraction; operation of the 4800 TOF TOF Mass
Spectrometer; operation of the Agilent HPLC; HPLC cation
exchange; use of the Probot HPLC plate spotter.

Data analysis was performed using ProteinPilot™ 2.0.1 Software
(Applied Biosytems). The results were searched against the SwissProt
database (release 2015_11) with the taxonomy set to Homo sapien. A
confident identification of a protein was defined as a ProtScore ( log
(1-(percent confidence/100)) greater than 1.3 (95% confident).

Statistical analysis. For each identified protein, a ratio of the abundance
of that protein present in each of the MM cell lines secretome with the
abundance of that protein present in the normal mesothelial cell
comparator secretome (the iTRAQ ratio for that protein) was calculated
using the ProteinPilot™ software (8). A p-value for each iTRAQ ratio
was also calculated by the ProteinPilot software. This was a measure
of the level of significance that the iTRAQ ratio was different from 1
for the comparison of each protein’s expression in the MM cell line
relative to the expression of that protein in the mesothelial comparator,
with a calculated global and local false discovery rate (FDR) of <0.1%.

For each experiment, normalized iTRAQ values for each protein
within a MM cell line were calculated as the standard deviation
difference between that proteins log(2) transformed iTRAQ value
and the mean log(2) transformed iTRAQ value across the proteins
observed for that MM cell line within that experiment. These
normalized values were then scaled by dividing by the standard
deviation for the iTRAQ results for each protein. Therefore, a
transformed iTRAQ value was a measure of the relative magnitude
of the iTRAQ ratio for a MM cell line - mesothelial cell control
comparison for each identified protein, relative to the magnitude of
all of the other iTRAQ ratios for that MM cell line - mesothelial cell
comparison, which was then scaled for the variability of the
normalized iTRAQ values measured across the 12 comparisons for
that protein.

Principal components analysis (PCA) of the log(2) transformed,
normalized and scaled data was performed using the R FactoMineR (9)
program and the results were visualized using the factoextra program
(10). Hierarchical cluster analysis was carried out using the ward
agglomeration method of the R system hclust function to model the
euclidian distance dissimilarity between samples and between proteins
for the normalized and scaled iTRAQ values. For characterization of
differentially expressed proteins a six cluster assignment was chosen
which ensured euclidian height <20. For the purpose of hierarchical
clustering and PCA analysis missing values from experiment 3A or 3B
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Figure 1. Experimental outline: LO68, JU77, ONE58, OLD1612, JO38 and GAY2911 are the human MM cell lines under investigation. PC162,
PC169, PC170 are primary mesothelial cells derived from pericardial effusions; SFM serum-free RPMI media.

were imputed with a fully conditional specification using a linear
regression analysis, with the number of imputations set to 100 (IBM®
SPSS® statistics version 22 Armonk, NY, USA).

Secretion and pathway analysis. The proteins detected in the
iTRAQ experiments were referenced to the Human Cancer
Secretome Database (11) (www.cancersecretome.org) and the
SignalP (12)and SecretomeP (13) scores were analysed for each
protein in order to determine if the protein was secreted by classical
or non-classical secretion pathways.

Proteins that were identified in the clusters produced by the
hierarchical cluster analysis of the normalized data were analysed for
Gene Ontology (GO) enrichment and KEGG pathways enrichment
using the Search Tool for the Retrieval of Interacting Genes/Proteins
version 10 (STRING) (14). A pathway was considered to be enriched
if the FDR adjusted p-value was less than 0.05.

Comparison to MM exosomes. A comparison of the secretome data
obtained in this study was performed with the MM exosome secreted
proteins previously reported (4). There were four MM cell lines
investigated common to both studies (JU77, LO68, OLD1612, JO38).
The exosome data previously reported is available online
(http://www.nature.com/articles/srep32643#supplementary-
information). Of the 2,178 exosome proteins reported in this

supplementary data set, 631 were found in all four exosome
preparations studied. These were compared to the secretome proteins
reported in this present study in order to determine the proportion of
reported exosome proteins that can be detected in the MM secretome.
The normalized spectral counts (SpC), a measure of peak intensity,
were examined and difference between groups analysed. For statistical
comparison of proportions (Pearson chi square) or continuous variables
(Levene’s test), a p<0.05 was considered statistically significant.

Results

To establish culture conditions for the generation of
secretome samples for analysis, cell death and cellular stress
was monitored in cultures grown in serum-free media.
Preliminary experiments demonstrated that no significant
decrease in cell viability or evidence of cellular stress was
observed in MM cell lines cultured in serum free media for
24 h, and therefore these conditions were used for
subsequent experiments.

Three independent iTRAQ experiments were performed
(Figure 1). In the first experiment the secretomes of three
MM cell lines (LO68, JU77, ONES8) were compared to that
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Figure 2. Proportional Venn diagram displaying the overlap of proteins
detected in the three iTRAQ experiments. Experiment 1 — JU77, LO68
and ONESS, Experiment 2 — OLD1612, JO38 and GAY2911, Experiment
3-JU77,LO68, ONES8, OLD1612, JO38 and GAY2911 MM cell lines.
Each experiment was compared to a different mesothelial cell culture.

of non-malignant mesothelial cells cultured from a 74-year-
old male cardiac patient (PC162) and a total of 401 proteins
were identified. In the second experiment three additional
MM cell lines (OLD1612, JO38, GAY2911) were compared
to normal mesothelial cells from a 45-year-old man (PC169)
and a total of 292 proteins were identified. The third iTRAQ
experiment repeated the analysis on the secretome of these
six MM cell lines with a third independent normal
mesothelial cell secretome as comparator from a 54-year-old
woman (PC170). For experiment three, the four-label iTRAQ
method meant that the six MM cell line secretomes and the
non-malignant secretome had to be analyzed in two separate
MS runs (A and B), which identified 241 and 281 proteins
respectively. A total of 344 proteins were identified in the
combined results from experiment 3, of which 178 were
identified in both experiments 3A and 3B.

In total, 572 proteins were identified across the three
experiments, with 147 proteins being identified only in
experiment 1; 59 proteins being only identified in experiment
2; and 78 proteins only being identified in experiment 3. Of
the total of 572 proteins that were identified across the three
experiments, there were 177 proteins that were identified in
both experiment 1, experiment 2 and in experiment 3A
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and/or experiment 3B. That is, these 177 proteins were
identified in every MM cell line at least once, and were
identified in all three experiments and were considered for
further analysis (Figure 2).

Analysis by PCA and hierarchical clustering (Figure 3)
demonstrated the effect of experimental run on data
variability. For the three independent MM - mesothelial cell
comparisons, experiments one and two formed two distinct
separate clusters, and the six MM - mesothelial cell
comparisons in experiments 3A and 3B overlapped to form
a third distinct cluster (Figure 3). This suggests that the
differences in the experiments was due to a biological
difference associated with comparison to primary normal
mesothelial cells from different individuals, because
experiment 3, where all six MM cell lines were compared to
the same mesothelial cells, grouped together, even though
they were analyzed in two separate iTRAQ procedures.

Of the 177 proteins commonly detected in all of the MM
cell lines, 168 (95%) have been previously identified in
cancer secretomes (Www.cancersecretome.org). Secretory
signal peptides were present in 77 (44%) of these proteins
(SignalP D score >0.45) and 42 (24%) were identified as
non-classically secreted proteins (SecretomeP NN score
>0.5, with no secretory signal present). A further 58 (33%)
were not classifiable by these criteria as either, but were
identified as exosomal or as part of an extracellular region
of known proteins by gene ontogeny.

To characterise the proteins commonly differentially
expressed between the MM and non-malignant mesothelial
cell secretomes, cluster analysis was carried out. Proteins were
clustered into 6 distinct groups (Figure 4). The resulting Group
2 cluster consisted of 47 proteins (26% of the total), which
were in general over-expressed in the MM cell lines relative
to the normal mesothelial cultures (Figure 4, Table II). The
Group 4 cluster (46 proteins; 25% of the total) consisted
predominantly of proteins less abundantly expressed across
the MM cell lines (Figure 4, Table III). Biological component
enrichment analysis confirmed that all of the cluster groups
were enriched in proteins that were associated with exosomes
and membrane bound vesicles (Table IV). Of the six protein
clusters, only Group 2 and 4 (with the largest number of
component proteins) were significantly enriched for pathways
involved in biological processes. Group 2 was enriched with
proteins that are associated with monosaccharide, glucose and
nicotinamide metabolism and responses to topologically
misfolded proteins. Group 4 was enriched in proteins that
were associated with vesicle-mediated transport, platelet
activation and degranulation, wound healing and cell adhesion
(Table V). GO molecular function enrichment analysis
indicated that the highly expressed Group 2 was enriched in
proteins associated with protein binding, RNA binding, MHC
Class II protein complex binding and extracellular matrix
binding, whereas the under expressed Group 4 was enriched
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in proteins associated with peptidase and enzyme inhibitor
activity, protein binding and platelet derived growth factor
binding (Table VI). KEGG pathway enrichment was also
variable across the groups, with the highly expressed Group 2
being enriched in carbon and amino acid metabolism, antigen
processing and presenting, glycolysis/gluconeogenesis, and
protein processing pathways (Table VII). Proteins in highly
expressed Group 2 were more likely to be secreted only by
non-classical mechanisms (i.e. no signal peptide present)
compared to the under expressed Group 4 (62% vs. 36%,
Pearson’s Chi-square 6.75, p=0.009).

The list of 177 proteins commonly detected in the secretomes
of MM cells were compared to the list of proteins previously
reported to be present in the exosome cargo of MM cells (4)
(Figure 4). Of the 177 secretome proteins identified in the
present study, 71 (40%) were also reported to be present in MM
exosome preparations (4). Of the Group 2 highly expressed
secretome proteins 19 of 47 (40%) were found in the exosomes
of the four MM cell lines and of the Group 4 proteins with
relatively low expression, 10 of 46 (22%) were found in the
exosomes of all four MM cell lines. The Pearson chi square p-
value for the difference in these proportions was 0.051.

A comparison of the exosome normalized spectral count
(SpC) between those exosome proteins that were and were not

identified in the secretome by iTRAQ in the present study,
demonstrated that the 71 proteins that were also identified in
the MM secretome by iTRAQ were more abundant in
exosomes than those that were not identified in the MM
secretome (n=560) (SpC values 188+176 vs. 70+87, Levene’s
test p<0.001, Figure 5). Thus the MM secretome contains
large numbers of both exosome and non-exosome proteins.

Discussion

This study was designed to identify differential protein
expression in MM cell lines compared to normal mesothelial
cells, with the aim of gaining insight into the pathogenesis
of MM and also with the intention of identifying potential
new biomarkers for MM diagnosis that can be investigated
in future studies. Due to the replication that we undertook in
this study of multiple MM cell lines, compared to multiple
non-malignant mesothelial cells, the proteins that we
identified in the overlap between the three experiments and
the estimate of their abundance relative to the comparator
mesothelial cells is likely to be robust. Therefore this
experiment has identified some fundamental shared
characteristics of the six MM cell lines examined, relative to
normal mesothelial cells.
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Table II. Up-regulated proteins, identified in group 2. Gene and protein names are truncated from the UniProtKB IDs to the first highlighted entry
for each. SigP, number of iTRAQ ratios significantly different from 1, out of a possible 12 samples. Median ITRAQ, median unadjusted iTRAQ
value across all of the samples for that protein comparing MM cell lines to a non-malignant mesothelial cell secretome.

Entry Protein symbol Protein name Gene No. samples Median iTRAQ
P27348 1433T 14-3-3 protein theta YWHAQ 5 879
P00505 AATM Aspartate aminotransferase, mitochondrial GOT2 6 879
Q13443 ADAM9 Disintegrin and metalloproteinase domain-containing protein 9 ADAMY 6 25.1
P07355 ANXA2 Annexin A2 ANXA2 4 123
P61769 B2MG Beta-2-microglobulin [Cleaved into: Beta-2-microglobulin form pI 5.3] B2M 5 10.7
Q15582 BGH3 Transforming growth factor-beta-induced protein ig-h3 TGFBI 6 13.6
Q9BRKS5 CAB45 45 kDa calcium-binding protein SDF4 3 10.1
P62158 CALM Calmodulin CALM1 9 93.5
Q9UBR2 CATZ Cathepsin Z CTSZ 9 194
Q13740 CD166 CD166 antigen ALCAM 7 112
P61604 CH10 10 kDa heat shock protein, mitochondrial HSPE] 11 234
P10909 CLUS Clusterin CLU 7 7.6
Q9H773 DCTP1 dCTP pyrophosphatase 1 DCTPPI 6 249
Q16610 ECM1 Extracellular matrix protein 1 ECM1 10 53.0
P06733 ENOA Alpha-enolase ENOI 4 52
P62942 FKB1A Peptidyl-prolyl cis-trans isomerase FKBP1A FKBPIA 5 87.9
P11413 G6PD Glucose-6-phosphate 1-dehydrogenase G6PD 7 20.6
P52565 GDIR1 Rho GDP-dissociation inhibitor 1 ARHGDIA 4 12.8
P35052 GPC1 Glypican-1 [Cleaved into: Secreted glypican-1] GPCI 4 9.2
P11021 GRP78 78 kDa glucose-regulated protein HSPAS 3 4.1
P07900 HS90A Heat shock protein HSP 90-alpha HSP90AAI 5 10.8
P08238 HS90B Heat shock protein HSP 90-beta HSP90AB1 3 7.5
P11142 HSP7C Heat shock cognate 71 kDa protein HSPAS 5 7.2
P24592 IBP6 Insulin-like growth factor-binding protein 6 IGFBP6 5 70
P14618 KPYM Pyruvate kinase PKM PKM 3 4.4
015230 LAMAS Laminin subunit alpha-5 LAMAS 6 5.8
P07195 LDHB L-lactate dehydrogenase B chain LDHB 7 12.4
Q08380 LG3BP Galectin-3-binding protein LGALS3BP 6 10.2
P02545 LMNA Prelamin-A/C [Cleaved into: Lamin-A/C LMNA 4 8.3
P40925 MDHC Malate dehydrogenase, cytoplasmic MDH]I 6 14.4
QIUNZ2 NSF1C NSFLI cofactor p47 NSFLIC 4 150
Q02818 NUCBI1 Nucleobindin-1 NUCBI 5 7.7
P00558 PGK1 Phosphoglycerate kinase 1 PGKI 2 52
P62937 PPIA Peptidyl-prolyl cis-trans isomerase A PPIA 9 16.4
P07737 PROF1 Profilin-1 PFNI 7 53.7
095084 PRS23 Serine protease 23 PRSS23 9 209
000391 QSOX1 Sulfthydryl oxidase 1 0S0X1 4 59
P09651 ROAL1 Heterogeneous nuclear ribonucleoprotein Al HNRNPAI 7 20.7
Q99729 ROAA Heterogeneous nuclear ribonucleoprotein A/B HNRNPAB 5 84.0
P07602 SAP Prosaposin PSAP 6 9.7
P16949 STMNI1 Stathmin STMN1 7 99.1
P37837 TALDO Transaldolase TALDO1 8 49.7
P07437 TBBS Tubulin beta chain TUBB 7 70
P55072 TERA Transitional endoplasmic reticulum ATPase vcp 7 44
P29401 TKT Transketolase TKT 6 94
P09936 UCHL1 Ubiquitin carboxyl-terminal hydrolase isozyme L1 UCHLI 6 6.2
P30530 UFO Tyrosine-protein kinase receptor UFO AXL 10 20.8

Overall, proteins that were expressed in the secretome of
MM cells were associated with enrichment in exosome-
associated proteins, regardless of their relative expression
compared to the normal mesothelial secretome. Proteins that
were more highly expressed in the MM secretome were more
likely to be exosome proteins, but some proteins that had a

108

lower protein expression in MM secretomes compared to
mesothelial cell secretomes were also exosome proteins.
Exosomes are extracellular, lipid bilayer, vesicles released by
cells that contain cell derived protein, DNA and RNA (15) and
there is now convincing evidence that they are important in
many aspects associated with malignancy, including epithelial—
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Table III. Down-regulated proteins, identified in group 4. Gene and protein names are truncated from the UniProtKB IDs to the first highlighted
entry for each. SigP, the number of p-values for iTRAQ ratios significantly different from 1, out of a possible 12 samples. Median ITRAQ, the median
unadjusted iTRAQ value across all of the samples for that protein comparing MM cell lines to a non-malignant mesothelial cell secretome.

Entry Protein symbol Protein name Gene SigP Median iTRAQ
P63104 1433Z 14-3-3 protein zeta/delta YWHAZ 4 1.1
P01023 A2MG Alpha-2-macroglobulin A2M 6 0.1
P07108 ACBP Acyl-CoA-binding protein DBI 2 1.4
P02768 ALBU Serum albumin ALB 4 03
P04075 ALDOA Fructose-bisphosphate aldolase A ALDOA 2 1.5
P35613 BASI Basigin (CD147) BSG 2 0.6
P19022 CADH2 Cadherin-2 CDH?2 2 27
P27797 CALR Calreticulin CALR 4 0.5
043852 CALU Calumenin CALU 0 0.9
P00751 CFAB Complement factor B CFB 10 0.1
P05156 CFAI Complement factor I CFI 2 0.6
P02452 COl1A1 Collagen alpha-1 COLIAI 6 0.3
P08123 CO1A2 Collagen alpha-2 COLIA2 11 0.1
P01024 CO3 Complement C3 C3 8 04
P05997 CO5A2 Collagen alpha-2 COL5A2 6 1.2
P12109 CO6A1 Collagen alpha-1 COL6A1 4 12
P02765 FETUA Alpha-2-HS-glycoprotein AHSG 4 04
075369 FLNB Filamin-B FLNB 1 14
P50395 GDIB Rab GDP dissociation inhibitor beta GDI2 3 1.2
P06396 GELS Gelsolin GSN 3 03
P14314 GLU2B Glucosidase 2 subunit beta PRKCSH 0 1.0
QI9BTM1 H2AJ Histone H2A J H2AFJ 4 10
P69905 HBA Hemoglobin subunit alpha HBAI 1 0.3
P02790 HEMO Hemopexin HPX 3 0.3
Q16270 IBP7 Insulin-like growth factor-binding protein 7 IGFBP7 9 04
PO5155 IC1 Plasma protease C1 inhibitor SERPING1 10 0.0
P01857 IGHGI Ig gamma-1 chain C region IGHGI 5 0.6
P01308 INS Insulin [Cleaved into: Insulin B chain; Insulin A chain] INS 0 04
P19823 ITIH2 Inter-alpha-trypsin inhibitor heavy chain H2 ITIH2 5 0.2
Q14624 ITIH4 Inter-alpha-trypsin inhibitor heavy chain H4 ITIH4 2 1.4
P05787 K2C8 Keratin, type II cytoskeletal 8 KRT8 0 1.2
P09382 LEGI Galectin-1 LGALS] 1 04
P14174 MIF Macrophage migration inhibitory factor MIF 2 23
PO5121 PAIl Plasminogen activator inhibitor 1 SERPINE] 6 0.6
P07237 PDIA1 Protein disulfide-isomerase P4HB 5 0.2
P30101 PDIA3 Protein disulfide-isomerase A3 PDIA3 1 0.9
Q9H299 SH3L3 SH3 domain-binding glutamic acid-rich-like protein 3 SH3BGRL3 6 0.9
P00441 SODC Superoxide dismutase [Cu-Zn] SODI 2 12
Q01995 TAGL Transgelin TAGLN 7 03
P01033 TIMP1 Metalloproteinase inhibitor 1 TIMP1 9 0.2
P60174 TPIS Triosephosphate isomerase TPI1 4 1.3
P67936 TPM4 Tropomyosin alpha-4 chain TPM4 6 0.3
P02787 TRFE Serotransferrin TF 11 0.2
P07477 TRY1 Trypsin-1 PRSS1 4 0.3
P04004 VTNC Vitronectin VIN 4 0.7

mesenchymal transition (16), angiogensis (17) and tumour
immunity (17) and MM-isolated exosomes enhance endothelial
cell migration (4). A comparison of the highly expressed
proteins compared to proteins that had a low expression
suggests that MM cells rely on non-classical mechanisms such
as exosomes to excrete many of those proteins that are
relatively more abundantly expressed compared to normal

mesothelial cells. However some proteins that are found in
exosomes of MM cells were also found to have reduced
expression in the secretome of MM cells compared to normal
mesothelial cells, suggesting that these proteins are secreted
through mechanisms other than exosomes by normal
mesothelial cells, or alternatively that normal mesothelial cells
also secrete these proteins within exosomes.
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Table IV. The 5 most significant Gene Ontology biological component terms that were identified as being enriched in the six protein cluster groups.

Group #pathway ID Biological component Gene count FDR

1 G0.0005925 Focal adhesion 9 1.37E-07
1 G0.0005912 Adherens junction 8 747E-06
1 G0.0070062 Extracellular exosome 15 7.47E-06
1 G0.0031988 Membrane-bound vesicle 16 1.22E-05
1 G0.0044421 Extracellular region part 16 2.62E-05
2 G0.0070062 Extracellular exosome 41 8.13E-29
2 G0.0031988 Membrane-bound vesicle 40 9.44E-24
2 G0.0044421 Extracellular region part 39 2.50E-21
2 G0.0005576 Extracellular region 39 1.34E-18
2 G0.0043209 Myelin sheath 11 6.84E-12
3 G0O.0005615 Extracellular space 27 3.46E-21
3 G0.0044421 Extracellular region part 13 2.14E-19
3 G0.0070062 Extracellular exosome 34 2.82E-18
3 G0.0005576 Extracellular region 13 3.18E-18
3 G0.0031988 Membrane-bound vesicle 31 3.69E-18
4 G0.0070062 Extracellular exosome 35 9.67E-13
4 G0.0072562 Blood microparticle 14 1.44E-12
4 G0.0005615 Extracellular space 26 1.63E-12
4 G0.0044421 Extracellular region part 36 1.02E-08
4 G0O.0031988 Membrane-bound vesicle 35 5.63E-08
5 G0.0070062 Extracellular exosome 9 3.55E-11
5 G0.0005576 Extracellular region 9 2.51E-08
5 G0.0031988 Membrane-bound vesicle 8 4.53E-08
5 G0.0044421 Extracellular region part 8 7.719E-07
5 G0.0070062 Extracellular exosome 9 0.0127
6 G0.0031988 Membrane-bound vesicle 14 6.08E-08
6 G0.0070062 Extracellular exosome 13 6.08E-08
6 G0.0005925 Focal adhesion 7 5.41E-07
6 G0.0044421 Extracellular region part 13 1.05E-06
6 G0O.0005576 Extracellular region 12 0.000132
FDR, False discovery rate.

Table V. Top 5 most significant Gene Ontology process terms that were enriched in the various groups identified by cluster analysis.

Group #pathway ID Biological process gene count FDR

2 G0.0046364 Monosaccharide biosynthetic process 7 5.31E-07
2 G0.0046496 Nicotinamide nucleotide metabolic process 7 2.33E-06
2 G0.0005996 Monosaccharide metabolic process 9 2.54E-06
2 G0.0035966 Response to topologically incorrect protein 8 4.69E-06
2 G0.0006006 Glucose metabolic process 7 3.78E-05
4 G0.0016192 Vesicle-mediated transport 19 3.89E-10
4 G0.0030168 Platelet activation 12 3.89E-10
4 G0.0042060 Wound healing 16 3.89E-10
4 G0.0002576 Platelet degranulation 9 4.14E-10
4 GO0.0007155 Cell adhesion 8 0016

FDR, False discovery rate.

A number of proteins were identified that were  specific serum biomarker for pancreatic cancer (18) and has

reproducibly more highly expressed in the MM cells lines,
compared to normal mesothelial cells. Glypican-1 (GPC1) is
a cell surface proteoglycan that has been identified as a
cancer-specific exosome marker. The presence of GPCl
positive exosomes was reported to be a highly sensitive and
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been reported as a MM exosome protein (4), suggesting that
this protein should be further studied for its role in MM.
One of the most highly up-regulated proteins in the MM
secretome was calmodulin (CALM). CALM is a calcium
receptor protein that regulates a multitude of cellular
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Table VI. Top 5 most significant Gene Ontology molecular function terms that were enriched in the various groups identified by cluster analysis.

Group #pathway ID Molecular function Gene count FDR

1 G0.0003723 RNA binding 14 3.98E-07
1 G0.0044822 Poly(A) RNA binding 13 3.98E-07
1 G0.0008092 Cytoskeletal protein binding 6 0.0282
2 GO0.0005515 Protein binding 30 4.26E-07
2 G0.0023026 MHC class II protein complex binding 4 1.50E-05
2 G0.0044822 Poly(A) RNA binding 13 0.0007
2 G0.0050840 Extracellular matrix binding 4 0.000916
2 G0.0032403 Protein complex binding 9 0.00125
3 GO.0005515 Protein binding 20 0.000336
3 G0.0050839 Cell adhesion molecule binding 5 0.00229
3 G0O.0005178 Integrin binding 4 0.00414
3 G0.0005509 Calcium ion binding 8 0.00414
3 GO.0005539 Glycosaminoglycan binding 5 0.00637
4 G0.0004866 Endopeptidase inhibitor activity 8 2.25E-06
4 G0.0004857 Enzyme inhibitor activity 8 0.00028
4 GO0.0005515 Protein binding 24 0.000375
4 G0.0004867 Serine-type endopeptidase inhibitor activity 5 0.000725
4 G0.0048407 Platelet-derived growth factor binding 3 0.000725
6 G0O.0016868 Intramolecular transferase activity, phosphotransferases 2 0.0433

FDR, False discovery rate.

functions including proliferation, apoptosis, autophagy,
proliferation, differentiation and cell migration, cell adhesion
and angiogenesis (19). It operates by sequestering calcium
in the cell, thus allowing for transient changes in ionized
calcium across the cell cytosol to the nucleus as part of many
cell signalling pathways (19). Its marked increase in the MM
secretome is indicative of the many cell signalling pathways
that are activated in MM and associated with many of the
pathways discussed below.

Metabolic reprogramming of cancer cells is recognized as
being an important “hallmark of cancer” (20). A number of
up-regulated proteins identified in this study are associated
with important metabolic functions that have been identified
as being altered in cancer. These include enzymes catalysing
critical metabolic functions, such as the tricarboxylic (TCA)
cycle and pentose phosphate pathways (PPP). Up-regulated
PPP enzymes identified in this study, glucose-6-phosphate
dehydrogenase (G6PD), transaldolase (TALDO) and
transketolase (TKT), have been previously identified as
important exosome cargo proteins in ovarian cancer cells
(21). Activation of this pathway diverts glucose metabolism
from energy metabolism to NADPH production, an essential
cofactor in lipid and DNA synthesis, as well as protection
from oxidative damage via reduction of glutathione. Another
product of the PPP is ribose-5-P production for nucleotide
synthesis. Cytoplasmic malate dehydrogenase (MDHC) and
mitochondrial aspartate amino-transferase (AATM) catalyze
the NAD dependant reversible conversion of malate to
oxaloacetate. This is an essential component of the malate

aspartate shuttle, which is necessary pathway for the net
transfer of cytosolic NADH into mitochondria in order to
maintain a high rate of glycolysis and has been shown to be
up-regulated in pancreatic cancer, with a consequent increase
in oxidative protection (17). Another metabolic enzyme,
pyruvate kinase M (KPYM), which is a key enzyme that
regulates aerobic glycolysis, the “Warburg effect”, in cancer
(22), was also part of this complex of up-regulated metabolic
proteins. KPYM is pivotal in directing glucose from
catabolic to anabolic pathways by inhibiting the entry of
pyruvate into the TCA cycle, with the result of glycolytic
intermediates accumulating, which are then available for
nucleotide and lipid synthesis via the PPP. The subsequent
accumulation of cytosolic pyruvate resulting from this is then
oxidized to lactate by lactate dehydrogenase, (LDH). LDHB
is the B subunit of LDH and is also a component of the up-
regulated suite of metabolic proteins identified in this study.
Other metabolic enzymes included in this up-regulated group
of metabolic enzymes are the Warburg effect-associated
enzymes alpha enolase (ENOA) (23) and phosphoglycerate
kinase-1 (PGK1), which have a role in coordinating
glycolysis and the TCA cycle (24). Extracellular matrix
protein 1 (ECM1), one of the most highly up-regulated
proteins observed in this study, is a secreted glycoprotein
that promotes cell proliferation by activating epidermal
growth factor receptor (EGFR) signalling (25). ECM1 has
been shown to induce Warburg effect associated genes in
breast cancer cells via the EGFR/ERK pathway (26). Despite
the recent renewed interest in metabolism in cancer, there are
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Table VII. KEGG pathway terms that were enriched in the various groups identified by cluster analysis.

Group #pathway ID Pathway description Gene count FDR rate
2 1200 Carbon metabolism 7 8.14E-07
2 1230 Biosynthesis of amino acids 5 4.77E-05
2 4612 Antigen processing and presentation 5 4.77E-05
2 4141 Protein processing in endoplasmic reticulum 6 0.000116
2 30 Pentose phosphate pathway 3 0.00153
2 270 Cysteine and methionine metabolism 3 0.00345
2 620 Pyruvate metabolism 3 0.00407
2 10 Glycolysis / Gluconeogenesis 3 0.0119
2 1100 Metabolic pathways 9 0.031
2 4915 Estrogen signaling pathway 3 0.0344
3 4512 ECM-receptor interaction 8 9.88E-11
3 4510 Focal adhesion 8 5.48E-08
3 5146 Amoebiasis 6 7.68E-07
3 4151 PI3K-Akt signaling pathway 7 3.20E-05
3 5222 Small cell lung cancer 4 0.000384
3 5412 Arrhythmogenic right ventricular cardiomyopathy (ARVC) 3 0.0079
3 5322 Systemic lupus erythematosus 3 0.0143
3 4530 Tight junction 3 0.0301
3 5200 Pathways in cancer 4 0.0372
4 4610 Complement and coagulation cascades 5 8.75E-05
4 4974 Protein digestion and absorption 5 0.000126
4 4066 HIF-1 signaling pathway 5 0.000232
4 4512 ECM-receptor interaction 4 0.00217
4 4151 PI3K-Akt signaling pathway 6 0.00328
4 4510 Focal adhesion 5 0.00328
4 4141 Protein processing in endoplasmic reticulum 4 0.0151
4 5142 Chagas disease (American trypanosomiasis) 3 0.0387
4 5146 Amoebiasis 3 0.0433
6 10 Glycolysis / Gluconeogenesis 2 0.0497
6 4810 Regulation of actin cytoskeleton 3 0.0497
6 5130 Pathogenic Escherichia coli infection 2 0.0497
6 5131 Shigellosis 2 0.0497
6 5205 Proteoglycans in cancer 3 0.0497

FDR, False discovery rate.

very few studies that have reported metabolic regulation in
MM and the results from this study strongly suggest that this
should be further considered from a therapeutic perspective,
particularly as the glycolysis inhibitor 3-bromopyruvate has
been shown to increase the survival of nude mice injected
interperitonealy with human MM cells (27, 28).

In addition to these metabolic proteins a number of
proteins associated with other cellular functions were up-
regulated in MM cells. A number of heat shock and
chaperone proteins were found to be up-regulated, including
CH10, HSP90A, HSP90B, HSP7C, GRP78 and CLUS. One
of these, HSPA8 (4, 29) has been identified in two separate
studies to be present in MM cell exosomes and the others
were all reported in our MM exosome study (4). HSP90A,
HSP90B and HSPAS have all been shown to be up-regulated
in another proteomic analysis of a MM cell secretome (30).
In MM cells, inhibition of HSP90 by 17-AAG results in cell
cycle arrest and apoptosis (31). Quiescin sulthydryl oxidase
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1 (QSOX1) is involved in protecting cells from ROS induced
apoptosis by preserving mitochondrial polarity (32) and in the
activation of matrix metalloproteinases (MMP) 2 and 9 (33).

A number of up-regulated proteins identified in this study
have been associated with cancer invasion and metastasis.
EFHD2 (swiprosin-1) is an EGF induced actin binding
protein that stimulates cancer invasion and metastasis(34).
The receptor tyrosine kinase UFO (AXL) is important in
EMT and tumour progression in MM and is over-expressed
in most MM tumours. Its expression is an independent
indicator of overall survival (35) and the inhibition of AXL
in MM tumours with strong AXL expression is associated
with inhibition of proliferation and invasiveness(36). PPIA
(CypA) is a peptidyl-prolyl cis—trans isomerase, which is up-
regulated in a range of solid cancers (37). CypA has been
shown to stimulate cell motility and invasion by binding to
the adaptor protein CrkII and preventing it from switching
to its inactive form (38). Another potentially important up-
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Figure 4. Heatmap of iTRAQ results. Each iTRAQ ratio was log (2) transformed and normalized to the mean iTRAQ ratio for each experiment and
scaled to the standard deviation across the experiments. Normalized iTRAQ results are indicated for each experiment for each of the 177 proteins
selected for analysis. Exosome SpC values are exosome MS spectral values for each of the 177 proteins, as previously reported in MM cells (4).

regulated protein identified in this study is Ubiquitin
C-terminal hydrolase-L1 (UCHL1), which promotes
metastasis by deubiquitinating hypoxia inducible factor (HIF-
1a) (39). The expression levels of UCHL1 in lung and breast
cancer patients are a strong negative prognostic factor (39).

Lectin galactoside-binding soluble 3 binding protein
(LGALS3BP) has been previously shown to be elevated in
pleural effusions from MM patients (40) and, paradoxically,
its effusion level is positively associated with survival (40).
This positive association with survival may be due to
inhibition of WNT signalling as has been demonstrated in
colorectal cancer (41, 42). LGALS3BP may inhibit immune
responses to cancer (43).

Stathmin is a microtubule-destabilizing phosphoprotein
that is considered a candidate for cancer therapy (44). It has
been shown to be over-expressed in MM cell lines and
tumour samples (45) and it is over expression is consistently

associated with increased metastasis and malignant growth
(46). Over-expression of miR-223 and siRNA knock-down
in MM cell lines reduces stathmin expression, resulting in
inhibition of motility and tubulin acetylation via a JNK
signalling pathway-dependant mechanism (47).

Two heterogeneous nuclear ribonucleoproteins (HNRNPs)
were observed to be consistently up-regulated in the MM cell
lines. They are associated with pre-mRNAs in the nucleus and
are associated with various aspects of pre-mRNA processing
and mRNA metabolism and transport. HNRNPA1 has been
shown to be up-regulated in lung adenocarcinoma and
knockdown of the HNRNPA1 gene induces cell cycle arrest in
Gy/G; phase (48). In hepatocellular carcinoma (HCC),
HNRNPAB induces EMT and metastasis by transcriptionally
activating SNAIL and down-regulating E cadherin (49). High
HNRNPAB expression was associated with a poor prognosis
in HCC patients (49). Transitional endoplasmic reticulum
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Figure 5. Stacked histogram (approximately 50 spectral count values (SpC) per bar) from exosomal proteins, as previously reported in MM cells
(4). iTRAQ “Yes” are the exosme SpC values for the 71 (of 177) proteins that were identified in the iTRAQ experiments and iTRAQ “No” are the
exosme SpC values for the other 560 proteins in the exosome study that were not detected in the iTRAQ experiments. “Mean exosome SpC” is the

mean SpC value for each group of approximately 50 SpC values.

ATPase (p97/VCP) interacts with NSFL1 cofactor p47
resulting in the post-mitotic regulation of membrane fusion
involved in the morphogenesis of the endoplasmic reticulum
and golgi (50). High p97 expression has been associated with
tumour aggressiveness (51) and is another potential therapeutic
target (52, 53) that could be further investigated in MM. Beta
2 microglobulin (B2MG) is a component of the major
histocompatibility complex class I molecule. It is secreted by
solid tumours and has been shown to stimulate cancer growth
and metastasis in a number of solid and hematological cancers
due to its action as a signal transducing molecule (54).
Elevated B2MG serum levels are associated with increased risk
of colorectal cancer (55). B2ZMG has been identified as a
potential therapeutic target for cancer as siRNA or antibodies
targeted against B2MG result in caspase induced apoptosis in
prostate, renal and hematological malignancies (54).

A complex of relatively down-regulated proteins was also
observed in this study, which may be relevant to the pathogenesis
of MM. In particular a decrease in the expression of a number of
collagen proteins that are associated with cell adhesion was
observed that could be associated with the observed up-regulation
of annexin A2, which is a regulator of the COL1A2 promoter
region (56). A down-regulation of TIMP1, which is an MMP
inhibitor, was observed. A change in the balance between MMP
and TIMPs are associated with tumour progression and metastasis
(57). MMP2 was identified in the secretomes of all cell lines in
this study, confirming an earlier identification of MMP2 in a MM
cell line (58). MMP2 is the only MMP identified in MM
exosomes (4). MMP2 levels, measured in tissue homogenates,
are a negative prognostic indicator in MM (59). Thus, this study
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suggests that MM is characterized by an increase in the activity
of MMPs, particularly exosome secreted MMP2, which may be
due to decreased TIMP1 expression and activation by QSOX1 as
discussed previously.

Two serpin gene family proteins plasma protease C1
inhibitor (ICI), and plasminogen activator inhibitor (PAI-1),
were down regulated across the MM cell lines. These proteins
are complement cascade regulators. PAI-1 is a marker of cell
senescence, acting downstream of p53 and upstream of
insulin-like growth factor binding protein-3 in inducing cell
senescence. In vitro, PAI-1 deficiency retards the development
of senescence. Other senescence markers, IGFBP7 (60) and
transgelin (61) were also relatively under-expressed across the
MM cell lines. Cellular senescence occurs both in culture and
in vivo as a response to excessive extracellular or intracellular
stress (62). This suggests that the primary cell culture
mesothelial cells were relatively senescent compared to the
MM cell lines, which were protected by the activated stress
response mechanisms discussed above.

The inter-alpha-trypsin inhibitor (ITI) proteins are serine
protease inhibitors and contribute to extracellular matrix
stability by binding covalently to hyaluronan. Two of these
ICIs, ITIH2 and ITIH4, were down-regulated in the MM cell
lines investigated in this study. Low expression of ITIH2 and
ITH4 has been previously shown to exist in a range of solid
cancers, including breast, colon and lung cancer (63),
indicating that they are potential tumour suppressor proteins.

Another “hallmark of cancer” is the “evasion of immune
destruction” (20). MM is potentially amenable to
immunotherapy (2) and the differential regulation of proteins
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associated with immune response mechanisms were
observed in this study. Calreticulin (CALR) is a calcium
binding protein that is part of the folding process of MHC
class 1 molecules and is a cell surface “eat me” signal for
phagacytosis (64). Even though it has been identified as a
MM exosome protein (4) CALR was down regulated in the
MM compared to the mesothelial cell secretome. CALR has
been associated with a poor response to anti-cancer
vaccination (65). Subsets of patients with various cancers
with low CALR expression responded less well to inducers
of immunogenic cell death than patients with high CALR
expressing tumours (65). Cells from a variety of cancers that
have survived exposure to radiation express more cell
surface CALR and this was associated with an enhanced
sensitivity to cytotoxic T-cell killing (66). CD166 antigen
(ALCAM), that was consistently up-regulated in this study,
is an immunoglobulin receptor that binds to the CD6 T-cell
differentiation antigen. This ALCAM - CD6 interaction is
essential for dendritic cell (DC) induced proliferation of T
cells, both for the initial DC — T-cell interaction and for
sustaining DC induced T-cell proliferation (67). Crucially,
soluble CD166 and CD6 have been shown to inhibit the
CD6-CD166 interaction with a consequent inhibition of
antigen-specific human T cell responses (68), suggesting that
the extracellular secretion of ALCAM by MM cells observed
in this study could inhibit T-cell responses to MM neo-
antigens. In melanoma (69) and endometrial cancer (70) high
ALCAM protein expression is associated with a poor
prognosis, indicating an association of this protein with
cancer. These findings have potentially important
implications for immunotherapy in MM.

A limitation of this study, which was carried out using a
conventional data-dependent acquisition (DDA) discovery
approach, is that a number of secreted proteins that could have
been of relevance may have been missed. Due to the inherent
limitations of MS operating in a DDA mode to acquire
fragmentation spectra for all of the peptides entering the
instrument at a given time, peptide selection for fragmentation
is based on their signal intensity resulting in low-abundance
peptides being only randomly detected with a consequent lack
of reproducibility (71).

In conclusion, this study indicates that the MM cell
secretome is highly enriched in proteins that are secreted in
exosomes. The MM cell secretome is characterized by up-
regulated secretion of proteins that are associated with an
enhanced stress response and with metabolic pathway
enzymes associated with growth, as well as proteins
associated with metastasis. Conversely the MM secretome
has a decrease in proteins associated with cell senescence and
intercellular communication. Finally, MM cells differentially
secrete proteins associated with MHC class 1 expression and
DC- T-cell interaction, suggesting that the MM secretome
assists in its evasion of an adaptive immune response.
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