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Proteomics Analysis of Bladder Cancer

Exosomes™*s
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John Staffurth}, Malcolm D. Masont, and Aled Claytont|

Exosomes are nanometer-sized vesicles, secreted by var-
ious cell types, present in biological fluids that are partic-
ularly rich in membrane proteins. Ex vivo analysis of exo-
somes may provide biomarker discovery platforms and
form non-invasive tools for disease diagnosis and moni-
toring. These vesicles have never before been studied in
the context of bladder cancer, a major malignancy of the
urological tract. We present the first proteomics analysis
of bladder cancer cell exosomes. Using ultracentrifuga-
tion on a sucrose cushion, exosomes were highly purified
from cultured HT1376 bladder cancer cells and verified as
low in contaminants by Western blotting and flow cytom-
etry of exosome-coated beads. Solubilization in a buffer
containing SDS and DTT was essential for achieving pro-
teomics analysis using an LC-MALDI-TOF/TOF MS ap-
proach. We report 353 high quality identifications with 72
proteins not previously identified by other human exo-
some proteomics studies. Overrepresentation analysis to
compare this data set with previous exosome proteomics
studies (using the ExoCarta database) revealed that the
proteome was consistent with that of various exosomes
with particular overlap with exosomes of carcinoma ori-
gin. Interrogating the Gene Ontology database highlighted
a strong association of this proteome with carcinoma of
bladder and other sites. The data also highlighted how
homology among human leukocyte antigen haplotypes
may confound MASCOT designation of major histocom-
patability complex Class | nomenclature, requiring data
from PCR-based human leukocyte antigen haplotyping to
clarify anomalous identifications. Validation of 18 MS pro-
tein identifications (including basigin, galectin-3, tropho-
blast glycoprotein (5T4), and others) was performed by a
combination of Western blotting, flotation on linear su-
crose gradients, and flow cytometry, confirming their
exosomal expression. Some were confirmed positive on
urinary exosomes from a bladder cancer patient. In sum-
mary, the exosome proteomics data set presented is of
unrivaled quality. The data will aid in the development of

urine exosome-based clinical tools for monitoring disease
and will inform follow-up studies into varied aspects of
exosome manufacture and function. Molecular & Cellu-
lar Proteomics 9:1324-1338, 2010.

Bladder cancer is one of the eight most frequent cancers in
the Western world, and the frequency of transitional cell carci-
noma (TCC)," which accounts for 90% of bladder cancers, is
second only to prostate cancer as a malignancy of the genito-
urinary tract. Urine cytology and cystoscopy remain the pre-
dominant clinical tools for diagnosing and monitoring the dis-
ease, but cytology is poorly sensitive, particularly for low grade
tumors, and does not serve as a prognostic tool. Cystoscopy is
an invasive procedure, and there is pressing need to identify
informative molecular markers that can be used to replace it.

Recently, small cell-derived vesicles termed exosomes that
are present in body fluids (1-5) have been proposed as a po-
tential source of diagnostic markers (2, 6—8). These nanometer-
sized vesicles, which are secreted by most cell types, originate
from multivesicular bodies of the endocytic tract and reflect a
subproteome of the cell. Exosomes are enriched in membrane
and cytosolic proteins, and this molecular repertoire appears to
be of particular functional importance to the immune system (9).
Exosomes also comprise an array of lipids, mRNA, and mi-
croRNA, which are likely involved in conveying intercellular
communication processes (10). Importantly, many exosomal
components are simply not present as free soluble molecules in
body fluids, such as certain microRNA species, which are en-
capsulated within the exosome lumen (6, 10). Therefore, the
ability to isolate exosomes from urine (2), plasma (1), saliva (11), or
other physiological sources (3) holds significant potential for ob-
taining novel and complex sets of biomarkers in a non-invasive
manner. Exosome analysis may therefore be of value in disease
diagnosis and monitoring in a variety of settings (6, 7, 12-14).
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Exosomes as indicators of pathology were first docu-
mented in the context of renal injury where a differential
proteomics approach revealed changes in urinary exosome
phenotype following renal injury (7). The researchers identified
exosomally expressed Fetuin-A as a marker that became
elevated 50-fold within hours following nephrotoxin exposure
in rodents. Exosomal Fetuin-A elevation was also apparent in
patients with acute renal injury before changes in urinary
creatinine were observed (7). Clinical exosome analysis may
also prove useful for solid cancers, such as ovarian or lung
cancer, where the quantity of epithelial cell adhesion mole-
cule-positive serum exosomes may correlate with tumor
stage/grade. Such disease-associated exosomes express mi-
croRNA species not detected in healthy subjects (6, 12),
although in this respect, there is little correlation between
microRNA and disease bulk (6, 12). Other recent examples
include studies of urinary exosomes in prostate cancer with
exosomes expressing protein markers 5T4 (15), prostate can-
cer gene 3 (PCA-3) (8), or mRNA (TMPRSS2-ERG) (8, 16)
associated with prostate cancer. To our knowledge, exo-
somes have not yet been studied in the context of other
urological malignancies such as renal cancer, and to date,
only one report describes the urine-derived microparticles
from bladder cancer patients (17). In that report, they exam-
ined the proteome of a highly complex mixture of mi-
crovesicles, exosomes, and other urinary constituents that
can be pelleted by high speed ultracentrifugation, identifying
eight proteins that may be elevated in cancer. However, given
the nature of the sample analyzed, it is unknown whether
these proteins are exosomally expressed.

Identification of the principal and most relevant molecular
markers in these and other clinical scenarios remains a major
challenge. In part, this is because exosomes present within
complex body fluids originate from heterogeneous cell types.
For example, plasma exosomes may be derived from plate-
lets, lymphocytes, or endothelial cells (1), and a proportion
may arise from well perfused organs such as the liver (18) and
likely other organs as well (16). Similarly, exosomes present in
urine arise from urothelial cells of the kidney and downstream
of the renal tract (2, 8, 15).

Importantly, all proteomics studies of exosomes isolated
from body fluids are unavoidably complicated by the pres-
ence of high abundance non-exosomal proteins contami-
nating the preparations. Examples include albumin, immu-
noglobulin, and complement components present in
exosomes prepared from malignant effusions (5) and
Tamm-Horsfall protein present in exosomes purified from
urine (2). As such, great care must be taken in the interpre-
tation of the large data sets produced by proteomics stud-
ies, requiring careful validation of the proteins of interest.
The protein composition of exosomes using a single ho-
mogenous cell type is one approach that may be used to
uncover the protein components of exosomes produced by
various cell types.

There remain two major issues in the realm of exosome
proteomics that complicate our interpretation of lists of iden-
tified proteins. Foremost are the diverse methods chosen for
exosome purification that in some studies have involved at-
tempts to remove contaminants through a key biophysical
property of the vesicles, i.e. their capacity to float on sucrose
(19, 20) or other dense media (21). Not all published studies,
however, have taken such steps, preferring a far simpler pellet
(or pellet and wash) approach. These latter preparations may
be significantly contaminated by components of the cellular
secretome, cell fragments, and other components. All of these
factors could lead to false positive identifications of exosome
proteins. The second key issue centers on the MS ap-
proaches utilized in various exosome proteomics studies.
Many early examples relied only on a peptide mass finger-
printing approach, lacking robust peptide sequence data (22,
23), and more recently, search criteria that are generally rec-
ommended for MS-derived sequence data have not been
specified in all studies. In this study, we have listed only those
proteins identified by good quality MS/MS data for two or
more peptides. Variability in the robustness and bias in bioin-
formatics analysis of data sets and in the steps taken to
validate identified proteins is an additional factor that impacts
the confidence in the identification lists produced.

In this study, we aimed to perform the first proteomics
analysis of human bladder cancer exosomes. We took exten-
sive steps to produce high purity and quality-assured exo-
some preparations prior to beginning proteomics workflows.
Solubilizing the sample with SDS and a reducing agent (DTT)
was a critical step that allowed for global protein identification
using nanoscale liquid chromatography followed by MALDI-
TOF/TOF mass spectrometry. In this study, we present the
identification of a significant number of exosomally expressed
proteins (353 in total) of unrivaled quality. Critical manual
examination of these identifications revealed issues with mul-
tiple (physiologically impossible) MHC Class | identifications
that were attributed to a misdesignation of nomenclature by
MASCOT due to peptide (and target protein) homology. The
data were subjected to unbiased overrepresentation analysis
(examining ExoCarta and Gene Ontology databases) to reveal
a proteome consistent with exosomes, particularly of carci-
noma origin. Validation of several identified proteins, by com-
bining ultracentrifugation on a linear sucrose gradient with
Western blotting and/or analysis of exosome-coated latex
beads, demonstrated correct surface orientation of several
MS-identified membrane proteins at densities consistent with
exXosomes.

The robust approaches taken emphasize our confidence in
the validity of the identifications generated and highlight that
72 (of 353) proteins have not been previously shown to be
exosomally expressed by other human proteomics studies.
The data will be useful for future studies in this underinvesti-
gated disease and will form a platform not only for future
clinical validation of some of these putative markers but also
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to aid further investigations into novel aspects of exosome
function and manufacture.

EXPERIMENTAL PROCEDURES

Cell Culture—HT1376 is a cell line originating from a primary TCC
of the bladder (Stage T2, Grade G4) (24). In vitro cultured HT1376
cells were used as the exosome source for this study because they
have been extensively characterized previously and are representa-
tive of the behavior and phenotype of TCC (24, 25). The cells were
maintained in Dulbecco’s modified Eagle’s medium (Lonza) supple-
mented with penicillin/streptomycin and 5% FBS (which had been
depleted of exosomes by overnight ultracentrifugation at 100,000 X g
followed by filtration through 0.2-um and then 0.1-um vacuum filters
(Millipore)). The cells were seeded into bioreactor flasks (from Integra)
and maintained at high density culture for exosome production as
described (26). Cells were confirmed negative for mycoplasma con-
tamination by monthly screening (Mycoalert, Lonza). Additional well
characterized bladder cancer cell lines (HT1197, RT4, RT112, and
T24) (25, 27) were obtained from ATCC or from Cancer Research UK
cell bank and cultured similarly.

Exosome Purification—The culture medium of HT1376 cells (typi-
cally 15-30 ml) was subjected to serial centrifugation to remove cells
(400 X g for 10 min) and cellular debris (2000 X g for 15 min). The
supernatant was then centrifuged at 10,000 X g for 30 min, and the
supernatant was further purified by underlaying with a 30% sucrose,
D,O cushion and subjected to ultracentrifugation at 100,000 X g for
2 h. The cushion was collected, and exosomes were washed in PBS
as described previously (20, 28, 29). Exosome pellets were resus-
pended in 100-150 ul of PBS and frozen at —80 °C. The quantity of
exosomes was determined by the micro-BCA protein assay (Pierce/
Thermo Scientific), and this gave an average of 12 ug (2.2 S.E., n =
5) exosomes/ml of culture medium for the HT1376 cell line. Trans-
mission electron microscopy of exosomal preparations was per-
formed as described (29).

Determinination of Exosome Density—To quantify the density of
exosomes produced by HT1376, we used a protocol similar to that
described previously based on ultracentrifugation on a linear sucrose
gradient (19, 30). Briefly, cell culture supernatant was subjected to
differential centrifugation, and the pellet at 70,000 X g was overlaid
on a linear sucrose gradient (0.2 M up to 2.5 M sucrose). Specimens
were centrifuged at 4 °C overnight at 210,000 X g using an MLS-50
rotor in an Optima-Max ultracentrifuge (Beckman Coulter). The refrac-
tive index of collected fractions was measured at 20 °C using an
automatic refractometer (J57WR-SV, Rudolph Scientific), and from
this, the density was calculated as described previously (19). Frac-
tions were washed in buffer (PBS or MES buffer; discussed below) by
ultracentrifugation at 150,000 X g (in a TLA-110 rotor in an Optima-
Max ultracentrifuge), and pellets were resuspended in MES buffer for
coupling to microbeads or in SDS sample buffer for analysis by
Western blot.

Flow Cytometric Analyses of Exosome-coated Beads—One micro-
gram of purified exosomes was incubated with 1 ul of latex beads
(surfactant-free, aldehyde sulfate 3.9-um beads, Interfacial Dynam-
ics) that had been washed twice in MES buffer (0.025 m MES, 0.154
M NaCl, pH 6). For analysis of sucrose gradient fractions, 30% of each
fraction was coupled to 0.5 ul of stock beads. Exosome beads were
incubated in a final volume of 100 wl of MES buffer at room temper-
ature (RT) for 1 h on a shaking platform followed by rolling overnight
at 4 °C. Beads were blocked by incubating with 1% BSA, MES buffer
for 2 h at RT. Blocking buffer was washed away, and beads were
resuspended in 0.1% BSA, MES buffer. Primary monoclonal antibod-
ies were used (at 2-10 pg/ml) for 1 h at 4 °C. After one wash, goat
anti-mouse Alexa Fluor 488-conjugated antibody (Invitrogen) di-
luted 1:200 in 0.1% BSA, MES buffer was added for 1 h. After

washing, beads were analyzed by flow cytometry using a FACS-
Canto instrument configured with a high throughput sampling mod-
ule running FACSDiva Version 6.1.2 software (BD Biosciences). The
conditions used for exosome coupling to beads and subsequent
antibody staining were determined experimentally as described
previously (30).

One-dimensional Electrophoresis and Immunoblotting—Cell ly-
sates were compared with exosome lysates by immunoblotting as
described (31) where protein (up to 20 pg/well) was solubilized by the
addition of a 30% volume of 6 m urea, 50 mm Tris-HCI, 2% SDS, 20
mm DTT, and 0.002% (w/v) bromphenol blue. Samples were electro-
phoresed through 4-12% Bis-Tris gels (Invitrogen) and transferred to
PVDF membranes that were blocked and probed with antibodies
using the Qdot® system (Invitrogen). Bands were visualized using the
MiniBIS Pro imaging system (DNR Bio-Imaging Systems). The follow-
ing primary monoclonal antibodies were used: TSG101, lysosome-
associated membrane protein 1 (LAMP-1), hsp90, calnexin, HLA-G,
galectin-3, basigin, hnRNPK, gp96, cytokeratins 18 and 17, and CD44
(Santa Cruz Biotechnology), glyceraldehyde-3-phosphate dehydro-
genase (BioChain Institute, Inc.), CD9 (R&D Systems), and CD63 and
CD81 (Serotec). Anti-5T4 was a gift from Dr. R. Harrop (Oxford
BioMedica UK Ltd.).

Two-dimensional Electrophoresis and MS—A gel-based approach
was used to examine the exosome protein profile using a standard
2DE protocol. Briefly, exosomes (750 ng) were solubilized for 1 h at
RT in 150 ul of lysis buffer (7 m urea, 2 m thiourea, 20 mm DTT, 4%
(w/v) CHAPS, 0.005% (w/v) bromphenol blue, and 0.5% (v/v) IPG
buffer pH 3-10 non-linear (GE Healthcare)). Extracted proteins were
then solvent-precipitated using the 2D Clean-Up kit (GE Healthcare)
before the pellet was resuspended in lysis buffer. From this, 500 ng of
protein was recovered, and this was subjected to isoelectric focusing
using 18-cm pH 3-10 non-linear IPG rehydrated strips, an Ettan
IPGphor Ill IEF system (GE Healthcare), and recommended voltages.
Subsequently, the IPG strip was equilibrated for 15 min in equilibra-
tion buffer (50 mm Tris-HCI, pH 8.8, 6 m urea, 2% (w/v) SDS, 30% (v/v)
glycerol, and 0.002% (w/v) bromphenol blue) containing 1% (w/v)
DTT followed by 15 min in equilibration buffer containing 2.5% (w/v)
iodoacetamide. Equilibrated IPG strips were subjected to second
dimension separation using the Ettan™ DALTsix system (GE Health-
care). Silver staining was performed, and randomly selected gel spots
were excised, subjected to trypsin digestion, and MALDI-TOF/TOF
mass spectrometry analysis as described previously (32). The data-
base search settings used were the same as described later for
LC-MALDI protein identification except that a precursor mass toler-
ance of 50 ppm was used.

Preparation of Exosome-derived Peptides for Nano-LC—HT1376-
derived exosome preparations were repelleted at 118,000 X g for 45
min at 4 °C in a TLA-110 rotor in an Optima-Max ultracentrifuge
(Beckman Coulter). The pellets were solubilized in 100 ul of triethyl-
ammonium bicarbonate (TEAB) lysis buffer (20 mm TEAB) containing
20 mm DTT and 1% (w/v) SDS at RT for 10 min, then heated to 95 °C
for 10 min, and then left for a further 10 min at RT. The samples were
subjected to an additional ultracentrifugation step (118,000 X g for 45
min at RT), and supernatants (now free of insoluble material) were
subjected to solvent precipitation to remove salts, lipids, and deter-
gent (using the 2D Clean-Up kit, GE Healthcare). The pellets were
resuspended in 20 mm TEAB and left overnight at 4 °C. The protein
content was then determined using a BCA protein assay kit (Sigma).
Samples were then reduced, denatured, and alkylated using an Ap-
plied Biosystems iTRAQ (isobaric tags for relative and absolute quan-
titation) labeling kit and standard protocol. The proteins were sub-
jected to digestion with trypsin (0.8 pg/sample) and incubated at
37 °C for 12-16 h. The samples were then dried and resuspended in
water with 0.1% (v/v) TFA.
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LC-MALDI and Protein Identification—Digested peptides were
separated on a nano-LC system (UltiMate 3000, Dionex, Sunnyvale,
CA) using a two-dimensional salt plug method as described previ-
ously (32). Mass spectrometry was performed using an Applied Bio-
systems 4800 MALDI-TOF/TOF mass spectrometer as described
(382). The MS/MS data were used to search the Swiss-Prot database
(Version 57.7; release date, September 1, 2009; 497,293 sequences;
human taxonomy) using MASCOT database search engine Version
2.1.04 (Matrix Science Ltd., London, UK) embedded into GPS Ex-
plorer software Version 3.6 Build 327 (Applied Biosystems) (default
GPS Explorer parameters; one missed cleavage allowed; fixed mod-
ification of methyl methanethiosulfonate (Cys); variable modifications
of oxidation (Met), pyro-Gilu (N-terminal Glu), and pyro-Gilu (N-terminal
Gin); 150-ppm mass tolerance in MS and 0.3-Da mass tolerance for
MS/MS, which are recommended published tolerances for LC-MALDI
(82)). For a protein to be identified, there needed to be a minimum of
two peptides with MASCOT E-values less than 0.05. There was a
false discovery rate (FDR) of 0%, which was determined using the
same Swiss-Prot database with the entire sequence randomized.
Where more than one protein was identified, the protein with the
highest MOWSE (molecular weight search) score in MASCOT is re-
ported. The analysis was performed with two biological replicates,
each including a technical replicate.

MS Data Analysis—The resultant protein list was analyzed for any
biological enrichment against previously defined lists using MetaCore
GeneGO (Version 5.4) and selected ExoCarta submissions (33) (MS-
based data containing 10 or more matching gene identifiers). For
analysis using 44 studies from ExoCarta gene sets, our protein list
was converted from Swiss-Prot accession numbers to EntrezGene
IDs using BioMart before overrepresentation analysis (ORA) using the
hypergeometric distribution in R against a background of all human
genes with EntrezGene IDs. For ORA in MetaCore, data were first
converted into Swiss-Prot IDs (using BioMart) before analysis, again
using hypergeometric tests.

Urinary Exosomes—Freshly collected urine specimens (up to 250
ml) were subjected to the same exosome purification protocol as
described earlier. Fresh urine was collected from three patients with
confirmed diagnoses of transitional carcinoma of the bladder. The
specimens were obtained following transurethral resection of bladder
tumor prior to the start of any other treatment. Purification of exo-
somes commenced within 30 min of sample collection. As controls,
urine specimens were also collected freshly from four healthy volun-
teers. Ethical approval was obtained from South East Wales Ethics
Committee, and institutional approval for the study was obtained from
the Velindre NHS Trust Research Committee and Cardiff and Vale
NHS Trust.

RESULTS

Characterization of HT1376 Exosomes—Exosomes were
purified from HT1376 cells, and preparations were subjected
to several forms of analysis to evaluate sample quality/purity
prior to analysis using proteomics workflows.

First, Western blots were performed to compare whole cell
lysates with exosomes to examine the expression of expected
published exosomal markers (30) and to evaluate the relative
expression of these markers compared with the parent cell as
a whole. As we expected, the multivesicular body marker
TSG101 was strongly enriched in exosome preparations com-
pared with cell lysates (Fig. 1A). Additionally, a number of
other molecules, including MHC Class |, the tetraspanins CD9
and CD81, the lysosomal protein LAMP-1, and to some extent

glyceraldehyde-3-phosphate dehydrogenase, were similarly
enriched. Such features are typical of exosomes produced by
varied cell types (30). The heat shock protein hsp90 was not
exosomally enriched, and this is typical of cells that are not
under stress conditions (26, 34, 35). Staining for cytokeratin
18 revealed a strong band in cell lysates but little or no
detectable band in exosomes. Similarly, the endoplasmic re-
ticulum-resident gp96 was readily detected in cell lysates but
just detectable in exosomes, which indicated that little if any
contaminating cellular debris was present in the exosome
preparations.

The markers present on the exosome surface were also
examined, following coupling of exosomes to latex beads, by
flow cytometry (Fig. 1B). This was performed to demonstrate
the expression of correctly oriented proteins on the exosome
surface. Tetraspanins were the choice markers for this be-
cause their expression is a well documented feature of exo-
somes from multiple cell types. The analyses showed very
strong expression of the tetraspanin CD9 and readily detect-
able expression of CD81 and CD63 (Fig. 1B) for this and other
bladder cancer cell lines (see Fig. 5A). Moreover, this assay
can also highlight the presence of significant contaminating
proteins in the preparations. When contaminants, rather than
exosomes, bind to the bead surface during the coupling re-
action, the assay subsequently yields low fluorescence signal
for exosomal markers like CD9 (Fig. 1B, line graph). Intentional
contamination of purified exosomes with FBS (the likeliest
source of contaminants in a cell culture model) revealed that
adding 0.01% FBS is sufficient to decrease CD9-specific
staining by around 30%. Thus, we set an arbitrary threshold
for the purity of exosome preparations: those with a CD9
staining below 5000 median fluorescence units were deemed
low quality and not utilized further.

As well as expression of a typical exosomal molecular profile,
we also investigated another key feature of exosomes, that is
their density characteristics. HT1376 exosomes, pelleted at
70,000 X g, were overlaid on a linear sucrose gradient and
subjected to ultracentrifugation for 18 h. Fifteen fractions were
collected, and analysis by Western blot revealed the presence
of TSG101 floating at a density range around 1.1-1.19 g/ml (Fig.
1C). Such analysis confirms that HT1376 cells produce exo-
somes of typical density similar to that described for exosomes
from other cell types (19). This method, in combination with the
latex microbead assay (above), was also used as a tool for
validating MS protein identifications (see Results, Validation
of Exosomal proteins identified in Fig. 4B). Electron micros-
copy of exosome preparations was also performed (Fig. 1D),
revealing nanovesicular structures within a size range consis-
tent with their definition as exosomes (30-100 nm). Taken
together, the data indicate that HT1376 bladder cancer cells
produce exosomes that have molecular and biophysical char-
acteristics similar to exosomes of other cell types and that our
exosome preparations are of high quality and virtually free of
contaminating cellular debris.
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FiG. 1. Characterization of HT1376-derived exosomes using Western blotting, flow cytometry, and electron microscopy. Cell (CL) and
exosome (Exo) lysates (5 ng/well) were compared by Western blotting using a range of antibodies as indicated. This demonstrated relative
enrichment of several proteins in exosomes. Some markers, such as gp96, were absent from exosomes, indicating negligible contamination
of the preparations by cellular debris (this is representative of three experiments) (A). Exosomes coupled to latex beads were analyzed by flow
cytometry, and this revealed positive expression of tetraspanin molecules on the exosome surface. Median fluorescence intensity values (MFI)
are shown (representative of >5 experiments) (B). Intentional contamination of purified exosomes with increasing amounts of FBS prior to
coupling to latex beads reveals a decrease in signal intensity for CD9 (mean = S.E.; n = 6; **, p < 0.001, one-way analysis of variance with
Tukey’s post test) (B, line graph). Material pelleted at 70,000 X g from cell-conditioned medium was overlaid on a linear sucrose gradient
(0.2-2.02 m) and ultracentrifuged for 18 h at 210,000 X g. Collected fractions were analyzed by refractometry to ascertain fraction density and
thereafter by Western blot using antibodies to TSG101, which is an exosome marker. TSG101 floats at typical exosome densities of between
1.1 and 1.2 g/ml (representative of four experiments) (C). Transmission electron micrograph of a typical exosome preparation reveals
heterogeneous vesicles between 30 and 100 nm in diameter (D). CK, cytokeratin.

Identification of Exosomal Proteins by LC-MALDI MS—To
obtain exosome-derived trypsin digest peptides for nano-LC,
we used a protocol encompassing a 1% (w/v) SDS extraction
that would normally be sufficient to solubilize membrane pro-
teins (36). However, our initial attempts with this standard
protocol revealed some major issues with the efficacy of
exosome solubilization, resulting in very low numbers of
proteins identified (three in total with multiple peptide as-
signments) compared with other cell types commonly pro-
cessed in the laboratory (we usually identify 300-500 pro-

teins for cultured cell lysates). We therefore modified the
sample preparation protocol to achieve more efficient sol-
ubilization of exosomes by simply including DTT in the
solubilization buffer.

This process resulted in the identification of 353 proteins
(supplemental Table 1). Importantly, we include only proteins
identified with two or more peptides and an expect value of
less than 0.05, criteria that produce an FDR of 0%. By includ-
ing identifications based upon a single peptide with an expect
value of less than 0.0025 (an additional 261 proteins), the FDR
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increases to 2.6%, although inevitably some of these assign-
ments would be valid.

Exploring these identifications revealed several proteins
consistent with exosome biosynthesis. For example, mem-
bers of the ubiquitin-dependent complex ESCRT (endosomal
sorting complex required for transport) were present, includ-
ing vacuolar protein sorting-associated protein 28 homolog
(vps-28), vacuolar protein sorting-associated protein 4B (vps-
4B), ubiquitin-like modifier-activating enzyme, and ubiquitin.
These identifications suggest a multivesicular body origin for
the sample analyzed. Proteins involved in membrane traffick-
ing and fusion processes were also evident (clathrin heavy
chain 1; Rab-11B; Rab-5A; Rab-6a; Rab-7a; Rab GDP disso-
ciation inhibitor B; annexins A1, A2, A3, A4, A5, A6, and A7;
annexin A8-like protein; and annexin A11). Markers of endo-
somes and lysosomes were also present (EH domain-contain-
ing proteins 1 and 2, lysosome membrane protein 2, lyso-
some-associated membrane protein 2, tripeptidyl-peptidase
1, cathepsin-D, and sequestosome-1), and several proteins
with chaperone functions were identified (hsp70, hsc70,
hsp90, stress-induced phosphoprotein 1, T-complex protein
1, and endoplasmin). Components of the cytosol are also
expected to be found within the exosome lumen, a natural
consequence of the membrane budding process during mul-
tivesicular body formation, and here also we found a diverse
assortment of cytosolic enzymes (glyceraldehyde-3-phos-
phate dehydrogenase, cytosol aminopeptidase, cytosolic
acetyl-CoA acetyltransferase, and nicotinate phosphoribosyl-
transferase) and cytoskeletal constituents (actin, a-actinin-4,
cytokeratins, ezrin, tubulin, and myosin). Diverse transmem-
brane proteins were also abundant, including multiple inte-
grins (B4, B4, oz, @, and «,), MHC molecules, tetraspanins,
epidermal growth factor receptor, mucin-1, CD44, synde-
can-1, and various membrane transporters such as solute
carrier families 2 and 3, 4F2 cell surface antigen heavy chain,
choline transporter-like protein, and sodium/potassium-trans-
porting ATPase subunit -3. The proteome identified here is
therefore broadly consistent with that expected for exosomes;
it is comparable with proteomics identifications highlighted by
other researchers investigating exosomes from other cellular
or physiological sources (37). Of interest, when comparing our
data set with MS identifications obtained from microparticles
isolated from the urine of bladder cancer patients (17), pro-
teins common to each study were only 7.5% (detailed in
supplemental Fig. 1). This is perhaps not surprising given the
differences in source material and sample preparation ap-
proaches, but it does indicate that some exosomal proteins
are present within such microparticle preparations.

Exocarta and Gene Ontology Analysis—Having manually
reviewed the MS/MS identifications for interesting hits related
to exosome biology, we next subjected our results to a less
biased assessment focused on characterizing the key biolog-
ical themes within the protein list. Our 353 protein identifica-
tions were first compared with the multiple proteomics exo-

some studies published in ExoCarta (33) (a database collating
lists extracted from exosome-related research publications),
revealing that 72 proteins within this list have not previously
been identified by human exosome proteomics studies
(matches made using corresponding EntrezGene IDs for as-
sociated protein-encoding genes). Subsequently, ORA using
the hypergeometric distribution was applied to explore
whether there were more genes overlapping with ExoCarta
gene sets than could be expected by chance (statistics cal-
culated using the R environment for statistical computing). We
limited the comparisons to studies utilizing MS-based pro-
teomics approaches and to those with at least 10 matching
(28, 38-43) identifications and applied an FDR correction to
control for multiple testing. The results suggest that our iden-
tifications are consistent with data originating from exosomes
and interestingly show a very significant overrepresentation of
protein-encoding genes isolated from colorectal carcinoma
cells (42, 43) (Fig. 2A).

Similar overrepresentation analyses were performed in
GeneGO MetaCore (Version 5.4), contrasting our list with
gene sets derived from Gene Ontology and proprietary
GeneGO data. Results in Fig. 2, B-E, show the top 10 results
(gene sets ordered by ORA p value) from four gene set cate-
gories: disease biomarker, diseases in general, biological
process, and cellular compartment (analyses against four
other categories were uninformative). For the disease biomar-
ker category, our data indicated the most significant associ-
ation to be with bladder cancer, supporting therefore the
premise that exosome analysis may well be a useful tool for
disease-specific biomarker identification. Other biomarker as-
sociations included carcinomas of colon and breast (Fig. 2B).
Similarly, a query examining general disease associations
revealed features related to cancer of the gastrointestinal
tract, metastatic cancer, respiratory tract diseases (including
lung cancer), and carcinoma (Fig. 2C). Significant overrepre-
sentation of encoding genes within our data related to geni-
tourinary tract gene sets (including bladder neoplasm) was
identified, but within the top 40. Although the accuracy of
ORA can be limited by the quality and size of the gene sets
queried, our analysis suggests that HT1376 exosomes ex-
press proteins strongly related to neoplastic diseases in gen-
eral and to carcinomas in particular (Fig. 2, B and C).

Our proteome contained proteins whose encoding genes
are located within membranous vesicles, the cytoplasm,
and the cytoskeleton (Fig. 2E). Examination of the biological
processes associated with this proteome revealed signifi-
cant associations with the control of the cytoskeleton, in-
tercellular adhesion, matrix adhesion processes, and pro-
tein folding-related processes (Fig. 2D). In summary, the
statistically based, unbiased analyses undertaken reveal
aspects of a bladder cancer exosome proteome that shows
similarity to those determined from other exosome sources
and emphasize a proteome particularly implicated in
carcinoma.
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Fic. 2. Summary of overrepresentation analysis of nano-LC/MS-derived protein identifications against gene sets from ExoCarta and
GeneGO. To facilitate comparison with ExoCarta gene sets, our protein list was first converted to an EntrezGene-identified gene list before
undertaking ORA using the hypergeometric distribution. Results were filtered to include comparisons with MS-based studies only and with
those reporting 10 or more matching genes, yielding seven studies (23, 38-43). This demonstrates how well our MS data compare with
exosome protein profiles from specified cell types, displayed as the —log(p value) corrected for false detection rate (A). ORA analysis using
MetaCore utilized the Swiss-Prot IDs for the identified protein list. For clarity, we report the top 10 overrepresented genes contained within each
of the following group headings: disease biomarker (B), diseases (C), biological (Biol) process (D), and cellular compartment (E). The dotted line
indicates p = 0.05; hence, columns to the left of this are not statistically significant (ns).

Validation of Nano-LC Approach Using 2DE—We per-
formed 2DE with the aim of selecting random spots for MS
identification and to confirm the absence/presence of these
proteins in the main identification list. Running preparative
gels, with 100 ng of purified exosomes per gel, was problem-
atic because the spots picked contained too little material to

yield confident protein identifications by MS. Increasing the
amount of protein to 500 ng of exosomes per gel, however,
resulted in an identification hit rate of >53%. Seventeen spots
of intermediate staining intensity (silver-stained) were suc-
cessfully identified by MS analysis (Fig. 3). These included
integrins a5 and «g, gelsolin, cytosolic enzymes lactate dehy-
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Mass (m/z)
Spot Accession Expect Expect Expect
Number Protein Name Number Sequence 1 Value 1 Sequence 2 Value 2 Sequence 3 Value 3
21* Actin, cytoplasmic 1 ACTB_HUMAN |QEYDESGPSIVHR 2.00E-07 |VAPEEHPVLLTEAPLNPK 1.00E-06|SYELPDGQVITIGNER 4.90E-06
22* Actin, cytoplasmic 1 ACTB_HUMAN |SYELPDGQVITIGNER 7.00E-10 |VAPEEHPVLLTEAPLNPK 7.90E-10|QEYDESGPSIVHR 3.80E-08
27 Actin, cytoplasmic ACTG_HUMAN [QEYDESGPSIVHR 5.10E-05 |SYELPDGQVITIGNER 0.0042
26** Annexin A4 ANXA4_HUMAN [GAGTDEGCLIEILASR 1.60E-05 |AEIDMLDIR 0.0048
25" Annexin A4 ANXA4_HUMAN [GLGTDEDAIISVLAYR 4.10E-12 [GAGTDEGCLIEILASR 8.70E-12|NHLLHVFDEYKR 8.00E-11
12 Ezrin EZRI_HUMAN KAPDFVFYAPR 1.00E-08 |APDFVFYAPR 1.90E-06|QLFDQVVK 0.00012
7 Gelsolin GELS_HUMAN |EVQGFESATFLGYFK 0.0022 HVVPNEVVVQR 0.0035
31 Glyceraldehyde-3-phosphate dehydrogenase G3P_HUMAN LVINGNPITIFQER 0.018 AGAHLQGGAK 0.03
1 Integrin alpha-3 ITA3_HUMAN EAGNPGSLFGYSVALHR 0.0004 YLLLAGAPR 0.0021JARPVINIVHK 0.0022
2 Integrin alpha-3 ITA3_HUMAN EAGNPGSLFGYSVALHR 3.00E-07 |YTQVLWSGSEDQR 7.00E-05{ YLLLAGAPR 0.00019
8 Integrin alpha-6 ITA6_HUMAN NSYPDVAVGSLSDSVTIFR |7.10E-09 |DGEVGGAVYVYMNQQGR 5.90E-07|DGWQDIVIGAPQYFDR 8.60E-07
9 Integrin alpha-6 ITA6_HUMAN GIVSKDEITFVSGAPR 1.90E-09 |DEITFVSGAPR 3.30E-09|NSYPDVAVGSLSDSVTIFR |6.60E-09
10 Integrin alpha-6 ITA6_HUMAN DGEVGGAVYVYMNQQGR [9.70E-10 |DEITFVSGAPR 2.60E-08|NSYPDVAVGSLSDSVTIFR |1.20E-07
11 Integrin alpha-6 ITA6_HUMAN DEITFVSGAPR 5.10E-06 |DGEVGGAVYVYMNQQGR 1.30E-05|NSYPDVAVGSLSDSVTIFR |0.0016
5 Programmed cell death 6-interacting protein PDC6I_HUMAN |FYNELTEILVR 0.002 FLTALAQDGVINEEALSVTELDR 0.019|ELPELLQR 0.038
16 Rho GTPase-activating protein 1 RHGO01_HUMAN |NPEQEPIPIVLR 7.30E-05 |[FLLDHQGELFPSPDPSGL 0.0074|LEQLGIPR 0.048
14 T-complex protein 1 subunit alpha TCPA_HUMAN  |AFHNEAQVNPER 4.40E-06 |EQLAIAEFAR 0.0046

* excised from the same spot ** excised from the same spot

Fic. 3. Analysis of HT1376-derived exosomes using 2DE and MS. Protein extracts from HT1376 exosomes were resolved by 2DE on a
pH 3-10 non-linear gradient. Proteins were visualized by silver staining (A). Thirty-two spots were randomly chosen, gel plugs were excised,
and peptides were recovered following trypsin digestion. Of these, successful identifications were obtained for 17 spots (annotated in A), and
the details of the MS identifications are listed (B). A representative MS/MS analysis from the data set is shown in C; the peptide is from integrin
ag (spot 10). The peptide has a precursor mass of 1191.9 and is annotated to show the derived peptide sequence.

drogenase and glyceraldehyde-3-phosphate dehydrogenase,
cytoskeleton proteins actin and cytokeratins, ezrin, and oth-
ers. Nineteen of the 21 identifications from this gel-based
approach were also identified by the nano-LC method, dem-
onstrating excellent agreement (90%) between these different
methods for resolving exosomal proteins or peptides.
Validation of Proteins Identified: Anomalous MHC Class |
Identifications—As with any such proteomics data set, it is
important to evaluate the list manually for any unexpected or
unexplainable MS identifications and to question the validity
of any anomalies discovered in the data. In the current anal-
ysis, the LC-MALDI MS data contained multiple identifications
for HLA molecules that passed our quality criteria (Expect
values <0.05 and IDs based on more than one peptide).
These identifications, however, were not physiologically pos-
sible as they included five HLA-B alleles and five HLA-C
alleles (Table I) from a homogenous cell line. Explanations for
this could include contamination of the source cell line with

other cells from different donor(s), inadvertent contamination
of the specimen by researchers, or issues related to how
MASCOT designated HLA haplotypes nomenclature based
on the peptide sequences generated from MS. To address
these possibilities, a clinical diagnostic service (Welsh Blood
Service, Llantrisant, Wales, UK) carried out haplotype analysis
of the researcher and the HT1376 cell line. The researcher had
no HLA alleles that corresponded to those in the MS list,
whereas the HT1376 cells were haplotyped as HLA-A*24;
-B*15(62); -Cw*03(9), confirming a homogenous cell line. This
led us to examine in more detail the peptide sequences ob-
tained and to evaluate how these were assigned by MASCOT
to a given HLA nomenclature (Table I). It was apparent that
several peptide sequences had been assigned to multiple
HLA types. For example, sequence FDSDAASPR was desig-
nated to HLA-B15, -B52, -B54, and -B59 and to HLA-CO1,
-C12, -C17, and -CO08. In contrast, however, there were some
peptides that appeared in only a single designation. These
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TABLE |
Examination of MASCOT-designated MHC class | identifications,
highlighting assignment of peptide sequences to more than one pro-
tein identification

MASCOT Designated HLA-identifications

Peptide Sequences
igned a HLA-desi ion

A24°
co3®
HLA-G*

FIAVGYVDDTOFVR
APWVEQEGPEYWDR

APWVEQEGPEYWDR
AYLEGTCVDGLR"
AYLEGLCVEWLR
DGEDQTQDTELVETRPAGDR
DGEDQTQDTELVETRPAGDGTFOK

GEPHFIAVGYVDDTQFVR'
GGSYSOAASSDSAQGSDVELTA
GYHQYAYDGKDYIALK
GYHOYAYDGK
KGGSYSOAASSDSAQGSOVSLTACK
KWEAAHVAEQQOR

MYGCDVGPDGR

SWTAADMAAQITE
THVTHHPVSDHEATLR
THVTHHPVFDYEATLR"
THVTHHPISDHEATLR
THMTHHPISDHEATLR
WAAVVVPSGEEQR

YFYTAVSRPGR

YFSTSVSRPGR

YFYTAMSRPGR

WEAAHVAEQQR"

2 Peptide sequences highlighted in bold represent those assigned
to a single HLA identification.

5 HLA haplotype of HT1376 cells by PCR.

¢ Positive expression confirmed by Western blot.

unique sequences were assigned to HLA-A24 (APWIEQEG-
PEYWDEETGK, AYLEGTCVDGLR, and WEAAHVAEQQR),
HLA-C03 (GEPHFIAVGYVDDTQFVR), and HLA-G (APW-
VEQEGPEYWEEETR, FIAMGYVDDTQFVR, and THVTHH-
PVFDYEATLR). There were no unique peptides for any HLA-B
allele, although of the HLA-B subtypes identified, HLA-B15
was assigned the greatest number of peptides. In conclusion,
manual analysis of peptides designated as MHC Class | iden-
tifications is recommended to clarify potential confusion aris-
ing from such MASCOT results.

Validation of Exosomal Expression of Proteins Identified—It
is also important to determine the validity of some MS-
identified proteins by confirming their presence in the sam-
ple by other techniques. With a list as large as 353 proteins,
it was not possible to do this wholesale so we restricted
such validation to a set of proteins that may be of biological
interest.

We performed a series of Western blot panels, analyzing up
to 20 png of HT1376 exosomes per well, to determine whether
some MS-identified proteins were detectable in our exosome
preparations. We stained for TSG101 as our choice marker for
multivesicular bodies and hence exosomes. This protein was
incidentally detected by MS by only a single peptide se-
quence and was therefore excluded from our data on this
basis. LAMP-2, a molecule we expected to be present in
exosomes, was detected in our sample by MS and was con-

firmed here to be strongly positive by Western blot (Fig. 4A).
Among the MS identifications were numerous cytokeratin
identifications (type | cytoskeletal keratins 1, 7, 13, 14, 16, 17,
18, and 19). We confirmed expression of cytokeratin 17 and
cytokeratin 18 in the preparations, revealing abundant ex-
pression of exosomal cytokeratin 17. Cytokeratin 18, how-
ever, was only detectable with 20 ug of exosomes per well,
suggesting that exosomes genuinely do express multiple cy-
toskeletal constituents and that the LC-MALDI MS approach
is sufficiently sensitive to detect molecules such as cytokera-
tin 18 that are difficult to reveal by traditional Western blotting
methods. Because of the anomalous issues surrounding MHC
identifications, it was important to determine whether or not
HLA-G was in fact expressed by HT1376 exosomes as this
was not included in the PCR haplotyping of HT1376 cells.
HLA-G was unequivocally confirmed to be present in exo-
somes by Western blot. Other membrane-associated (galec-
tin-3, basigin, and CD73) or soluble (hnRNPK and B-catenin)
molecules with documented associations in varied aspects of
cancer biology were confirmed to be positively expressed by
HT1376 exosomes.

Validation of Flotation Characteristics of Identified Exoso-
mal Proteins—Although the standard exosome purification
method used here is robust, it remains possible that some
non-exosomal contaminating material is present in the prep-
arations and that some of these MS identifications are not
genuinely exosomally expressed proteins. To demonstrate
that these proteins were exosomally expressed, we ultracen-
trifuged HT1376 culture medium at 70,000 X g, and the
resuspended pellet was subjected to a second ultracentrifu-
gation on a linear sucrose gradient. This was done to deter-
mine the capacity of the identified proteins to float at exoso-
mal densities. Each of 15 fractions collected from the gradient
was split: one-third was used for analysis by flow cytometry of
exosome-coated beads, and two-thirds was used for Western
blotting. The former method would reveal possible expression
of candidate proteins at the exosome surface, whereas solu-
bilizing exosomes for Western blot would allow surface and
intraluminal constituents to be revealed. In the flow cytometry
assay, exosome-containing fractions were identified by
strong staining for tetraspanins CD9 and CD81 and for MHC
Class I, which are known to be expressed on the surface of
HT1376 exosomes, revealing a clear and principal peak at a
density of 1.12 g/ml (Fig. 4B), which is within the expected
exosomal density (Fig. 1C). This fraction, containing most of
the exosomes, therefore also revealed positive surface stain-
ing for the MS-identified proteins B, and «g4 integrins, CD36
(lysosome membrane protein 2), CD44, CD73 (5'-nucleotid-
ase), CD10 (neprilysin), MUC1, and basigin (CD147). 5T4, a
protein not previously identified by any other exosome pro-
teomics study, was included in this panel, demonstrating
positive surface expression. The same fractions were also
stained with a calnexin-specific antibody, revealing low level
expression predominantly at densities greater than the exo-

1332 Molecular & Cellular Proteomics 9.6



Bladder Cancer Exosome Proteomics

B ) wone]lICDY “::ﬁcom

50000-

g

2500-

2000-

g B
g 8
g8 8

1500-

20000- 1000-

Median Fluorescence
Median Fluorescence

H

ssnui 0.6

a00] integrin

soo] Il Class-|

5000-

mnoﬁﬁ1

integrin

g

4000-

3000-

2000-

Median Fluorescence
g H
Median Fluorescence

Median Fluorescence

10000- I I
|||||‘

1.0098.

(glmi)

(g/mi)

I ullh

(glmi)

(g/ml) (g/mi)

«{llCD36 BECD44

Median Fluorescence
Median Fluorescence

100:

0098

ECD10

ECD73

B Calnexin

600-

400-

Median Fluorescence
Median Fluorescence
o
Median Fluorescence

200

1750 EMUCH

1500-
1250
1000-

750

Median Fluorescence
Median Fluorescence

500-

250-

(g/mi)

§’"“"'Ba5'g'" C)I S®ws =} Tsg101
oy 5T4
aals . [cD4a
H | =1 } Basigin

Galectin-3
B-Catenin

Fraction density (g/ml)

Fic. 4. Validation of some MS-identified proteins by Western blot and flow cytometric analysis. HT1376 exosomes (5-20 ng/well),
purified by the standard sucrose cushion method, were analyzed by Western blot for expression of a range of MS identified proteins as
indicated (A). The 70,000 X g pellet, obtained from HT1376 cell-conditioned medium, was subjected to fractionation by centrifugation on a
linear sucrose gradient (0.2-2.5 m). Fifteen total fractions were collected, and the density was measured by refractometry. Thereafter, one-third
of each fraction was coupled to latex beads followed by flow cytometric analysis for exosomal surface expression as indicated (B). In parallel,
the remaining two-thirds of each fraction was subjected to Western blotting for proteins as indicated (C). The data reveal proteins floating at
a recognized exosomal density range (1.12-1.2 g/ml). (The data are representative of two experiments.) CK, cytokeratin.

some-containing fractions. This confirms the specificity of
staining for the other markers tested and the absence of
calnexin in exosome-containing fractions as expected (Fig.
4B). To reveal relevant fractions in the Western blot panel, we
stained for TSG101, highlighting densities of 1.12-1.2 g/ml as
exosome-containing (Fig. 4C). There was some positive stain-
ing at hyperdense fractions (>1.2g/ml), but this was relatively
weak and may be due to exosome or protein aggregates. The
proteins 5T4, CD44, basigin, galectin-3, and B-catenin all
co-localized at the same density range, consistent with their
exosomal expression. Overall, these data show that 18 of the
MS protein identifications achieved in this study are con-
firmed to be expressed by HT1376 exosomes and that mem-
brane-associated molecules, often difficult to solubilize and
identify by MS approaches, have been successfully identified
and validated as localized to the exosome membrane.
Preliminary Validation of Presence of Some MS-identified
Proteins Present on Urinary Exosomes from Bladder Can-
cer Patients—Although we have previously examined exo-
somes present in the urine of prostate cancer patients (15),
there are no studies to date specifically describing urinary
exosomes of bladder cancer patients, although as we have

mentioned, there is one report about urinary microparticles from
this disease setting (17). Although a thorough examination of
this question is outside the scope of this report, we have made
preliminary efforts to ascertain the feasibility of doing such
analyses of exosomes with bladder cancer patient-derived urine
using the sucrose cushion purification method.

We first confirmed that the ultracentrifugation approach
(sucrose cushion method) would be effective in isolating qual-
ity exosomes from other bladder cancer cell lines. We used
the latex bead assay (as shown in Fig. 1) to evaluate the
quality of the exosomes purified. Analysis of an additional four
bladder cancer cell lines revealed it was possible to achieve
purifications of quality comparable to those from HT1376
cells. The method should therefore be well suited for captur-
ing bladder cancer exosomes irrespective of nuances of den-
sity that may differ slightly across different cells (Fig. 5A).

We next embarked on purifying exosomes from urine spec-
imens using this method. Urine specimens were collected
from four healthy individuals and from three patients with
transitional cell carcinoma of the bladder prior to the com-
mencement of any treatment. The latex bead assay was per-
formed (Fig. 5B), revealing good levels of signals for the three
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Fic. 5. Exosomes isolated from urine specimens. The sucrose cushion method, used in this study for HT1376 exosomes, was also tested
on a small panel of other bladder cancer cell lines, and the quality of preparations was assessed using the latex bead assay (A). The graph
depicts median fluorescence values from the flow cytometric histogram peak (mean =+ S.D. of n preparations where n = 5 for HT1376, n =
1 for HT1197, n = 2 for RT4, n = 2 for RT112, and n = 2 for T24) with beads stained for CD9, CD81, or CD63 as indicated. The dotted line
indicates our arbitrary cutoff value (of 5000 units) where CD9 fluorescence above this value was indicative of a preparation of acceptable
quality. Using identical methods, exosomes were prepared from urine specimens collected from healthy individuals (n = 4) or from bladder
cancer patients (n = 3) (mean = S.D.), and exosomes were analyzed as above (B). Exosome preparations from one healthy individual and one
bladder cancer patient, which exceeded the quality threshold, were analyzed further for surface expression of some MS-identified proteins as

indicated (C). Iso, isotype.

tetraspanin molecules tested (CD9, CD81, and CD63), but
only one preparation from each cohort passed our arbitrary
quality threshold (over 5000 units for CD9 staining). These
high quality specimens were examined further for expression
of surface-oriented membrane proteins (similar to the panel in
Fig. 4B), revealing that it is possible to detect positive expres-
sion (above isotype-stained controls) for most of these pro-
teins tested. Importantly, some differences in the exosome
profile between health and disease may be apparent using
such a comparative test, such as elevated exosomal CD36,
CD44, 5T4, basigin, and CD73 in cancer (Fig. 5C). We em-
phasize caution, however, in overinterpretation of these data
based on the few clinical specimens that were available to us.
Nevertheless, this aspect appears promising and warrants
future follow-up studies.

DISCUSSION

Exosomes are highly complex nanometer-sized vesicles
that are ubiquitous in biological systems. There is consider-
able research interest in understanding the physiological
functions of exosomes in various settings, no more so than in
elucidating their role in diseases like cancer. Studies of exo-
somes in various malignancies like prostate (8, 15, 16), breast
(28), and colorectal cancers (44); melanoma (40, 45); pleural
mesothelioma (5); malignancies of the central nervous system
(21, 46); and others have begun. Collectively, these studies

highlight expression of multiple tumor-related antigens by
exosomes and perhaps general roles in immune modulation
or in other aspects of cancer biology. In recent years, there
has been particular interest in utilizing exosomes, isolated
from patients, as tools for diagnosing disease (8, 11-14) or for
discovering novel molecular markers (7). To date, however,
there is only one report in the context of bladder cancer that
highlights some disease-related differences in the protein
constituents of urine-derived microparticles (17). Whether or
not these proteins relate specifically to the exosomes present
in such complex samples remains unclear.

This is an area that calls for some attention as managing
and monitoring this disease are challenging, involving highly
invasive and expensive procedures. Development of non-
invasive tools for bladder cancer would therefore be particu-
larly welcome. The direct contact between bladder urothelial
cells and urine presents ample opportunity for secretion of
exosomes directly into the urinary space (2). Collection and
analysis of urinary exosomes in this disease setting hold
promise as a novel diagnostic platform. However, exploitation
of urinary exosomes requires a substantive high quality pro-
teomic description of bladder cancer exosomes to be per-
formed. Thus, this study provides essential solid ground that
will greatly facilitate future developments in this understudied
disease.
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We have examined exosomes isolated from the HT1376 cell
line, a good example of transitional cell carcinoma of bladder,
and they seem typical of exosomes from other cellular
sources. They are classically nanometer-sized vesicles that
express high levels of tetraspanins, MHC molecules, markers
of the endocytic tract, and adhesion molecules, and the ves-
icles exhibit the capacity to float at characteristic densities on
sucrose gradients (19). This latter property is a very useful
feature that can be used as a mode of separating exosomes
from non-exosomal protein material that may co-pellet under
high speed ultracentrifugation, an aspect that has perhaps not
been fully appreciated in all exosome proteomics studies (2,
39, 40, 47, 48), resulting in possible false positive identifica-
tions. Our choice protocol is based on the method of Lam-
parski et al. (20) that provides a good exosome vyield of very
high purity. Similar approaches have also been used by other
recent proteomics studies (21, 43, 49), and this vital invest-
ment in deriving maximal purity of input sample is essential for
confidence in data arising from downstream proteomics
analyses.

A major difficulty in the field, however, is to accurately
estimate levels of sample contamination. One approach used
by us and others is to perform Western blots for molecules not
putatively expressed by exosomes, such as markers of the
endoplasmic reticulum (e.g. calnexin or gp96), mitochondria,
and nucleus. The difficulty here is that although such com-
partments may be relatively poorly represented in the exo-
some proteome it is not clear to what degree this rule is
absolutely true (i.e. they may be present in exosomes at low
levels). Our MS approach has indeed identified several pro-
teins that are normally located to the endoplasmic reticulum
or other compartments not well represented by exosomes,
and this is also true of other exosome proteomics studies (37).
These identifications may reflect the higher sensitivity of MS
workflows for detecting these relatively low abundance con-
taminants that may not be detected efficiently by Western
blotting. An alternative explanation, however, may be that
these constituents are genuinely expressed by exosomes. If
not directly loaded into/onto exosomes during manufacture, it
may be possible that some proteins may be present at low
levels at the outer surface of the cell and subsequently be-
come taken up into the endosomal system and packaged into
exosomes (50). In addition, a host of poorly understood cel-
lular alterations occurring in cancer cells may modify traffick-
ing of some proteins, resulting in inappropriate distributions,
such as hnRNPK, which may become cytoplasmically rather
than nuclearly located in certain cancers (51, 52). The abso-
lute exclusion of endoplasmic reticulum-resident proteins (or
proteins related to other cellular compartments) from exo-
somes may be a rule that is bent or broken in cancerous cells.
Our use of “sticky” latex microbeads is a simple but effective
method for estimating the degree of contamination of prepa-
rations by non-exosomal soluble proteins. Preparations re-
plete with contaminants would result in beads poorly coated

with exosomes, giving poor signal strength by flow cytometry
for exosome surface markers like CD9. An arbitrary threshold
value for this assay was set intentionally high as a means of
assuring that the highest quality preparations only were sub-
jected to proteomics. However, developing methods that dis-
criminate well between exosomally expressed proteins and
low abundance contaminants remains a challenge. Further-
more, establishing the precise route by which proteins are
loaded into exosomes is far from straightforward. These may
be aspects to be examined on a protein by protein basis
during subsequent validation steps.

We used an LC-MALDI MS workflow, successfully identify-
ing 353 proteins. This number of identifications is among the
highest in the exosome proteomics field, and we are confident
about the quality of such identifications because of the nature
of the sample analyzed and because we report identifications
based on a minimum of two peptides. A key issue for us in
analyzing the data was to understand how our study com-
pares with other exosome proteomics studies. We found
ExoCarta (33), a database repository for exosome proteomics
studies, to be a useful tool. By obtaining gene lists from these
studies and our own, we were able to perform an overrepre-
sentation analysis of the data, that is to discover whether
there were more genes overlapping with ExoCarta gene sets
than could be expected by chance. This statistical method,
therefore, represents an unbiased approach for bioinformatics
examination of our MS data. In essence, this revealed sub-
stantial data matching, particularly with high quality studies of
colorectal cancer exosomes (42, 43), showing the HT1376
exosome proteome to be strongly consistent with exosomes
of carcinoma origin. Similar results were evident using
GeneGO MetaCore, emphasizing strong associations with
carcinoma (of various sites) above other disease types. The
GeneGO analysis, however, has also raised some issues that
were not entirely expected, such as the predominant associ-
ations with control of the cytoskeleton. This statistically dis-
covered association seems valid because multiple cytokera-
tins (cytokeratins 1, 5, 6B, 8, 13, 14, 16, 17, 18, and 19), actins
(cytoplasmic 1, actin-like protein 6A, actin-related protein 2,
and « cardiac muscle 1), myosin (myosin-ic, -10, and -14),
tubulin (putative tubulin-like protein a-4B and tubulin 8 chain),
and cytoskeletal linking proteins (filamin-A and -B, «-actinin-1
and -4, and plectin-1) were present in the identifications, and
we confirmed expression of some by Western blot. The im-
portance of these proteins in terms of exosome biology is
unknown. Exploring exosomal cytokeratin profiles ex vivo may
be clinically useful in bladder cancer as these can change with
epithelial differentiation and with invasive properties and may
help predict the outcome or assist differential diagnoses (27).
An additional unexpected aspect, arising from the cell com-
partment GeneGO query, was the apparent strong associa-
tions with specific compartments, the melanosome and
pigment granule. These tissue-specific organelles are respon-
sible for the manufacture and storage of melanin in pigment
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cells of skin and eye. One would certainly not expect bladder
cancer cells to strongly resemble pigment cells, and as such,
this was a surprising finding. However, the melanosome is a
specialized endosomal compartment that is derived from
early endosomal intermediates that strongly resemble mul-
tivesicular bodies in morphology and composition. Thus,
the highly evolutionally conserved molecular machinery in-
volved in protein chaperone functions, in membrane fusion
and budding events, and in transportation of proteins to the
melanosome bears significant resemblance to the generic
machinery giving rise to exosomes (53), which may explain
this association.

We also, albeit briefly, investigated whether exosomes
could be isolated from other bladder cancer cell lines and
more importantly from urine specimens using the same exo-
some purification method. This was highly successful, giving
comparable levels of purity assessed by our latex bead assay,
when using an additional four bladder cancer cell lines. When
applying the techniques to freshly collected urine specimens,
a source that is significantly more complex and more variable
than cell culture supernatant as we described previously (15),
most preparations did not reach our “exosome quality thresh-
old.” Nevertheless, preparations from healthy donors and
bladder cancer patient urine stained strongly for the tet-
raspanin proteins CD9, CD81, and CD63. This aspect is of
particular note because it may be attractive in future clinical
studies to move away from the reliance on ultracentrifugation
methods, which are cumbersome and impractical for large
sample sets, and replace these with an affinity approach.
Such tetraspanins, therefore, would be a good choice for
antibody-mediated exosome capture either directly onto mi-
crotiter plates or onto microbeads (1) followed by an analysis
for additional protein markers of interest (i.e. those within
our MS identifications). In fact, we were able to demonstrate
that several MS-identified exosome membrane proteins
were expressed at relatively higher levels in exosomes iso-
lated from a bladder cancer patient compared with exo-
somes isolated from a healthy donor. Although not exhaus-
tive, such data suggest that urinary exosome analysis in the
context of bladder cancer may prove fruitful and is certainly
worthy of further attention.

In summary, we have achieved the first high quality pro-
teomic description of bladder cancer cell-derived exosomes
and have learned three key lessons that have wide applica-
bility to other proteomics studies. First, we show the useful-
ness of DTT as part of a solubilization buffer. This agent
increased the number of identifications more than 100-fold.
Second, we highlight that care must be taken with identifica-
tions of proteins showing considerable homology (with HLA
proteins being an excellent case study). Our work demon-
strates that MASCOT is not capable of distinguishing between
the incorrect and correct HLA molecules present in exo-
somes. We believe this problem has probably affected many
other proteomics studies. Third, we emphasize the impor-

tance of careful sample preparation both as part of a pro-
teomics workflow and for validation. The particular example in
our study was our use of latex microbeads. This allowed us to
quality control our specimens before commencing proteomics
and, using this approach, also allowed us to validate, quantify,
and confirm the orientation of 12 proteins in a way that is
impossible with just Western blotting. Follow-up investigations,
informed by this report, are now planned to identify the pres-
ence of candidate markers in the urine of bladder cancer pa-
tients with the ultimate goal of replacing highly invasive proce-
dures currently utilized in diagnosis and monitoring with a fully
non-invasive urinary exosome-based technique.
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