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Purpose: Recent findings indicate that urinary extracellular vesicles (EVs) might reflect the
pathophysiological state of urinary system; and that EVs-induced ciliary signaling is a possi-
ble mechanism of intercellular communication within the tract. Here, we aimed to analyze
the protein expression of urinary EVs during autosomal dominant polycystic kidney disease
(ADPKD).

Experimental design: EVs were isolated from pooled urine samples of healthy control and
ADPKD patients at two different stages of the disease and under tolvaptan treatment using
the double-cushion ultracentrifugation method. Proteins were identified and quantified by
iTRAQ and multidimensional protein identification technology (MudPIT)-based quantitative
proteomics.

Results: Quantitative analyses identified 83 differentially expressed EV proteins. Many of these
have apical membrane origin and are involved in signal transduction pathways of primary cilia,
Ca’"-activated signaling, cell-cycle regulation, and cell differentiation.

Conclusions and clinical relevance: The reduced AQP-2 and the increased APO-A1 levels
observed in all ADPKD-affected groups may reflects the impaired renal concentrating capability
of these patients and correlated with estimated glomerular filtration rate decline. The levels
of some upregulated proteins involved in Ca?"-activated signaling declined upon tolvaptan
treatment. The results obtained suggest that the quantitative proteomics of urinary EVs might be
useful to monitor proteins difficult to access noninvasively, and thus advance our understanding
of urinary tract physiology and pathology.
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Clinical Relevance

Extracellular vesicles (EVs) have been shown to be
important mediators of intercellular communication
and adaptive immune signaling. In ciliated cells EVs
have been found in the vicinity of primary cilia sug-
gesting that EV—cilia interaction could play a func-
tional role in ciliary signaling. Because polycystic kid-
ney disease is characterized by a compromised ciliary
signaling, we were interested if the expression of EV
proteins changes across the different stages of the
disease.

The iTRAQ-based quantitative proteomics study
shows that a number of ciliary proteins, and proteins
involved in ciliary and planar cell polarity signaling

1 Introduction

Extracellular vesicles (EVs) are a heterogeneous population
of structures (i.e., microvesicles, apoptotic vesicles, and exo-
somes) surrounded by a membrane composed of a phospho-
lipid bilayer. EVs have been shown to be important media-
tors of intercellular communication [1] and adaptive immune
signaling [2]. EVs are secreted by both healthy and diseased
cells, and the fact that they differ in their molecular, biochemi-
cal, and functional characteristics has generated considerable
clinical interest [3-5]. Like plasma and other biological fluids,
urine contains EVs (known as urinary EVs) in vivo that are
released by the epithelial cells along the entire length of the
urinary tract [3, 6]. The protein content of EVs largely reflects
that of the parental epithelial cells they originate from and
is enriched in certain proteins, such as cell-specific antigens,
adhesion molecules, and proteins involved in membrane traf-
ficking. A recent analysis identified more than a thousand
proteins that are commonly present in the human urinary
EV proteome, of which several have received considerable re-
search interest for development of disease-related biomarkers
due to their roles in kidney function [7].

Autosomal dominant polycystic kidney disease (ADPKD)
is characterized by progressive cyst development and massive
bilaterally enlarged kidneys, which results in kidney failure.
Increased proliferation and apoptosis of renal tubular epithe-
lial cells and altered intracellular Ca*" homeostasis are the
key features of cyst formation. The underlying mechanism
of ADPKD remains unclear; however, it is generally accepted
that functional loss caused by mutations in one of two large
multiexon genes, PKD1 and PKD2, account for cyst forma-
tion in almost all cases. PKD1 and PKD2encode for the trans-
membrane proteins polycystin-1 (PC1) and polycystin-2
(PC2), respectively. In the normal kidney, PC1 and PC2
interact with each other and are expressed on the surface
of primary cilia as a PC1-PC2 channel complex. Primary
(nonmotile) cilia are an antenna-like plasma membrane sur-
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pathways are differentially expressed in urinary EVs
of ADPKD patients with respect to healthy control.
Most significantly, polycystin-1 and polycystin-2 ex-
pression, together with that of other Ca?*-binding
proteins (annexin A1, annexin A2, protein S100-A9,
protein S100-A8, and retinoic acid induced protein 3),
were found to be significantly altered.

The results from this study suggest that the quan-
titative proteomics of urinary EVs gives a unique op-
portunity to monitor expression changes of apical
membrane proteins of the urinary track, which are
difficult to access noninvasively, and supports the
potential role of EVs in the kidney physiopathology.

rounded by an extension of the cellular cytoskeleton and can
be found on almost every mammalian cell type. Cells appear
to use primary cilia to generate context-dependent responses
to extracellular signals [8]. In fact, the membranes of primary
cilia are rich in receptors and ion channels. In a recent study,
195 proteins were identified in the mammalian primary cilia
proteome [9], many of which are involved in ciliary signal-
ing pathways. Electron microscopy (EM) studies showed that
cilia promote cell-cell communication by interacting not only
with other cilia but also with EVs [10,11]. Biliary EVs, for ex-
ample, have been found to accumulate in the proximity of
cholangiocytes in ciliated bile ducts [11] and isolated urinary
EVs appear to be in the vicinity of cholangiocyte cilia [10].
Furthermore, cell-to-cell transfer of functional aquaporin-2
(AQP2) mediated by urinary EVs has been confirmed in the
kidney [12]. Dysfunction in primary cilia has been shown to
alter renal tubular cell proliferation and differentiation and is
associated with accelerated cyst formation [13]. Although the
structure of kidney epithelial cilia may appear normal, sens-
ing of fluid flow and calcium influx are altered in ADPKD.
In vivo EV—cilia interactions have been shown in human and
mouse ADPKD models, suggesting that these interactions
play a functional role in ciliary signaling [10]. This led us to
focus this study on differentially expressed urinary EV pro-
teins isolated from healthy control and ADPKD patients at
different stages of the disease. Proteins were isolated and
identified using multiplex isobaric tags for relative and ab-
solute quantitation (iTRAQ) and multidimensional protein
identification technology (MudPIT).

2 Materials and methods
2.1 Sample collection and summary of patient data

ADPKD urine samples were from baseline visits of Tolvap-
tan Phase 3 Efficacy and Safety Study in ADPKD (TEMPO3/4,
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Table 1. Details on samples used in this study

Proteomics Clin. Appl. 2015, 9, 552-567

Groups eGFR (mL/min  eGFR Number of Age Age Patient EVs protein iTRAQ
x 1.73 m? group  samples (range) (average) treatment concentration  label
(rg/mL)
I Control 97.73 + 05.97 >60 1 25-46 34 No 0.24 114
Il Late stage 30.65 + 13.65 <60 24 33-66 49 No 0.23 115
I Early stage 89.48 + 21.12 >60 16 22-57 34 No 0.20 116
\Y Tolvaptan 97.00 + 18.58 >60 6 32-44 35 Tolvaptan 0.27 117
treated

Estimated glomerular filtration rate (eGFR) was calculated by the chronic kidney disease epidemiology collaboration (CKD-EPI) equation.
Extracellular vesicles (EVs) protein concentrations are referred to the equivalent of 1T mL urine samples. Hundred micrograms of urinary

EVs were used from each group for the quantitative proteomics analysis.

NCT00428948) [14]. Healthy control urine samples (Group I,
Table 1) were from male volunteers that did not report any
history of renal or chronic extra-renal diseases. Tolvaptan
was administered for patients (Group IV, Table 1) over a 3-
year period in the framework of the clinical trial. The study
was ethically approved by the Ethical Committee of the Hos-
pital Agency of the Second University of Naples as part of
the tolvaptan trial consent process (N. 890 on September 7,
2012). Urine (both control and ADPKD samples) collection
was at 36-month study visit of clinical trial timeline. Informed
consent of all participating subjects was obtained. Second
morning urine (100 mL per person) drawn after the first
morning void urine were collected according to the National
Institute of Diabetes and Digestive and Kidney Diseases Clin-
ical Research Protocol 00-DK-0107 and stored at —80°C until
analysis without any freeze/thaw cycles. Estimated glomeru-
lar filtration rate (eGFR) was determined by Chronic Kid-
ney Disease Epidemiology Collaboration (CKD-EPI) equation
(Table 1). Samples were thawed on ice immediately before
analysis and 3.3 L of 100 mM NaNjs, 500 pL of 100 mM
PMSF, and 100 pL of 1 mM leupeptin were added to in-
hibit proteases. Individual samples from the same group were
pooled together and 500 mL each of the pooled samples were
used to isolate EVs. Combining individual biological samples
in transcriptomic (microarray) and proteomic studies is fairly
common. Pooling has its advantage and disadvantages, and
both should be carefully considered during the proteomics
study design [15]. The main disadvantage is that pooling does
not allow for statistical comparison of changes between sam-
ples and can result in a loss of individual information. In
this discovery work, the main aim was tough to find differ-
ences between patients with different eGFR values and those
treated with tolvaptan. The benefit of pooling in this case is
that the biological variation (interpersonal) should be reduced
while the probability to detect study group related differences
increased. Another considerable benefit of pooling is the
reduced analysis cost, effort, and time.

2.2 lIsolation of urinary EVs

Urinary nanosized vesicles were isolated by the double-
cushion differential ultracentrifugation method [16] shown
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in Fig. 1. The method allows the isolation and purification of
two subpopulations of EVs with relatively well-defined size
distributions. Briefly, the pooled sample was centrifuged at
400 x g, 800 x g, and 15000 x g for 20 min at 4°C. The
15 000 x g supernatant was ultracentrifuged at 200000 x g
for 1 h at 4°C. The pellet (crude vesicle fraction) was sol-
ubilized in 20 mM Tris-HC] pH 8.6 at 4°C overnight. The
sample was centrifuged at 15000 x g and pellet containing
mainly insolubilized uromodulin was discarded. The super-
natant was underlaid with a double-cushion composed of 1
and 2 M sucrose in 20 mM Tris-HCI prepared in D,0O and
ultracentrifugated at 110 000 x g for 3 h at 4°C. The 1 and
2 M fractions were collected, diluted 20 times of the origi-
nal volume in 20 mM Tris-HCI pH 8.6, and ultracentrifuged
two times at 110000 x g for 90 min at 4°C. Pellets were
resuspended in 50 pL 20 mM Tris-HCI pH 8.6. Protein con-
centrations were measured by BCA assay (Thermo Scientific,
Rockford, IL, USA) using Nanodrop 2000 (Thermo Fisher
Scientific Inc., Waltham, MA, USA). The 1 M fractions were
used for further analysis.

2.3 SDS-PAGE and immunoblotting

Samples (20 g protein) were electrophoretically separated
under reducing conditions on a precast Novex 4-12% Bis-
Tris NuPAGE gel using MOPS running buffer (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions and stained with colloidal Coomassie blue. Western
blot (WB) analysis was performed on proteins separated by
SDS-PAGE. Gel was destained in water, soaked in 1% SDS
pH 8.5 for 30 min, washed twice in water and once us-
ing the NuPAGE Transfer Buffer for 10 min. Proteins were
transferred onto PVDF membranes using a dry blotting sys-
tem, iBlot (Life Technology, Carlsbad, CA, USA) according
to the manufacturer’s instruction. Transferred proteins were
probed with mouse monoclonal antibodies. The blots were
incubated with alkaline phosphatase conjugated secondary
antibodies and the immune complexes were detected using a
Western Light chemiluminescent detection system (Applied
Biosystems, Bedford, MA) according to the manufacturer’s
protocol.
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Figure 1. A schematic of the workflow used for the isolation and purification of urinary extracellular vesicles.

2.4 Analytical methods

Qualitative transmission electron microscopy (TEM) imaging
analysis: Purified urinary EVs were absorbed onto the cupper
grid, stained with uranyl acetate dehydrate/methyl cellulose,
and imaged using an JEM-1011 transmission electron micro-
scope (JEOL, Japan) at 100 kV. Images were taken using the
Morada cooled slow-scan CCD camera (3783 x 2672 pixels).

Nanoparticle tracking analysis (NTA): For particle size de-
termination, NTA was performed with a NanoSight NS300
instrument (Malvern NanoSight) equipped with the NTA 2.3
analytical software. Experiments were carried out diluting the
samples to 1 ng/mL protein concentration, leading to particle
concentrations around 8 x 108 mL~1.

2.5 iTRAQ labeling, MudPIT, and shotgun analyses

Urinary EV samples (Table 1) were solubilized in 0.8%
RapiGest SF (Waters Corp., Milford, MA, USA) and lysed
by three freeze-thaw cycles in liquid nitrogen under soni-
cation. Proteins (100 wg per samples) were reduced, alky-
lated, in-solution digested by trypsin, and labeled by 4-plex
iTRAQ reagents (Applied Biosystems, Foster City, CA, USA)
as described previously [17]. After labeling reactions, the four
samples were combined and desalted using Oasis HLB 30 mg
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columns (Waters Corp.) according to manufacturer’s instruc-
tion. Sample was vacuum dried. Two independent iTRAQ
analyses were performed. MudPIT was used to identify the
iTRAQ-labeled proteins. The pooled sample (400 pg) was
solubilized in strong cation exchange (SCX) solvent A (20%
ACN, 0.1% formic acid) and offline fractionated by SCX chro-
matography using the Ultimate 3000 HPLC system (Dionex,
Sunnyvale, CA, USA) and a PolySULFOETHYL A 100 x
2.1 mm, 5 wm, 200 A pore column (PolyLC Inc, Columbia,
MD). SCX chromatographic conditions were as follows: SCX
solvent A for 10 min, SCX solvent B (20% ACN, 0.1% formic
acid, 500 mM KCl) ramped up to 30% over 35 min, 60% over
5 min, 100% over 5 min, holding SCX solvent B at 100% for
15 min, all at a flow rate of 300 wL/min. Fifty fractions were
collected from 10 to 60 min at 60 s intervals. After separation,
the SCX fractions were vacuum dried and separated in the
second dimension using RP nanoflow chromatography on
the Ultimate 3000 HPLC system. Sample cleanup was per-
formed online using an RP monolithic precolumn, 200 pm
id x 5 mm length (LCPackings, Sunnyvale, CA, USA) at
25 pL/min flow rate. Peptides were separated at a flow rate
of 300 nL/min on a PepSwift Monolithic column, 100 pm
id x 5 cm length (LCPackings) using the following gradient:
(RP solvent A: 2% ACN, 0.1% formic acid and RP solvent B:
98% ACN, 0.1% formic acid) 5-50% D in 90 min, 50-98%
D in 6 s for 10 min. Eluted peptides were online analyzed in
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information-dependent acquisition mode using the QSTAR
Elite (Applied Biosystems) mass spectrometer equipped with
ananoflow electrospray ion source. Peptides were analyzed in
positive-ion mode. Mass spectra were acquired between m/z
300 and 1500 for 1 s. The two most intense multiply charged
peptides were selected for CID using rolling collision energy
and dynamic acquisition time. One minute dynamic exclu-
sion window was selected for the two CID experiments.

For the shotgun proteomics experiments, lysed vesicles
samples (5 wg) were in-solution digested according to [17] but
without labeling reaction. Online nano-HPLC-ESI-MS/MS
experiments were performed using a liner gradient of 5-50%
B in 60 min.

2.6 Protein identification, quantitation, and
statistical analysis

MS data were analyzed and MS/MS peak list was generated
with Analyst QS 2.0 software (Applied Biosystems). Peak lists
from the two independent iTRAQ experiments were merged.
Mascot v.2.2 was used to search the peak list against Swis-
sProt 2013_04 database (539 829 sequences) with human tax-
onomy (20 253) using trypsin with up to two possible missed
cleavages. An analysis of false-positive rate of the protein
identifications was performed by searching all tandem mass
spectra from the nano-HPLC-ESI-MS/MS analyses againstan
in-house curated decoy UniProtKB human protein database
containing forward and reversed sequences. In addition, con-
taminants such as human keratins, porcine trypsin, etc. were
included in this database. The false-positive rate analysis re-
sulted in an estimate, a percentage of false positives (1.87%)
for the present peptide data set. For quantitative analysis,
iTRAQ modification at lysine residue and at the N-termini of
the peptide and carbamidomethylation of cysteines were set
as fixed modifications. Oxidation of methionine and iTRAQ
modification at tyrosine residues were set as variable modifi-
cations. Mass tolerance was set to 50 ppm for precursor and
0.1 Da for fragment ions. Mascot iTRAQ 4-plex quantifica-
tion method was used for peptide and protein quantitation.
The protein ratio was calculated as a weighted median ratio.
Criteria for protein identification and quantitation were as
follows: a minimum of two unique peptides and p < 0.05 sig-
nificance threshold using MudPIT scoring. The fold-change
cutoff was determined based on the two technical replicates
of iTRAQ experiment according to Datta et al. [18]. Protein
IDs were translated to GenelDs using UniProt’s ID Mapping
(http://www.uniprot.org/) and the list of these IDs was com-
pared with the three data sets: urinary human ExoCarta [19],
Pistskun et al. [20], and Wang et al. [7].

Open-source DAVID 6.7 (http://david.abcc.ncifcrf.gov/)
was used to obtain Gene Ontology (GO) terms associated
with those proteins that showed significant expression differ-
ences across the samples. The list of gene IDs was loaded into
the online tool clicking on functional annotation clustering
and selecting gene ID as identifier and gene list as list type.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Three gene ontologies: molecular function, cellular compo-
nent and biological process, and the KEGG pathways were
analyzed.

2.7 Reagents

PBS, formic acid, ACN, and methanol (LC-MS grade) were
obtained from Romil (Cambrige, GB). Sodium azide, PMSF,
and leupeptin were from AppliChem (Darmstadt, Germany).
Trizma base, minimum 99.9% titration and uranyl acetate
were from Sigma-Aldrich (Steinheim, Germany). RapiGest
was from Waters Corp.. Deuterium oxide, 99.8 Atom%D was
purchased from Armar Chemicals (Dottlinger, Switzerland).
Micro-BCA Protein Assay kit was from Thermo Scientific. Se-
quencing grade modified trypsin was from Promega (Madi-
son, WI, USA). NuPAGE Bis-Tris precast gel 4-12%, MOPS
SDS buffer and reagent kits including the SeeBlue Plus2 Pre-
Stained Standard and the electrophoretic cell for SDS-PAGE
were acquired from Life Technologies. Monoclonal antibod-
ies PC1 (7E12), PC2 (D3), CD9, tumor susceptibility gene 101
(TSG101, Y16), Na-K-Cl cotransporter isoform 2 (NKCC2, H-
110) apoptosis-linked gene-2 interacting protein X (ALIX),
B-actin (B-ACTIN), and Nat/H™" exchanger 3 (NHE3) rab-
bit polyclonal antibody were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Polyclonal AQP2 antibody was a gift
from Prof. Christensen B. M., at Aarhus University.

3 Results

The study involved 46 previously diagnosed male ADPKD
patients (Table 1). Because linear regression analysis shows
a significant inverse relationship between the rate of renal
volume increase and the rate of decline in the GFR [21], study
participants were grouped according to eGFR values as con-
trol (group 1), late stage (group II), early stage (group III), or
tolvaptan treated (group IV). Tolvaptan is a vasopressin V2-
receptor antagonist that modulates the serum sodium con-
centration by increasing renal solute-free water excretion. The
use of tolvaptan in ADPKD patient management has been en-
couraged by results obtained in cellular studies [22], animal
models [23], and a recent clinical trial [14]. Clinical studies
showed that tolvaptan effectively slows down the decline in
kidney function by reducing the rate of cyst growth [23, 24].
Therefore, in addition to study the protein expression profiles
of urinary EVs isolated from control and ADPKD patients at
different stages, we also included in the analysis a group of
tolvaptan-treated patients (Table 1).

3.1 Purification of urinary EVs
High-quality preparation of urinary EVs for the down-
stream proteomics pipeline is fundamental since a variable

level of contamination by nonvesicle-derived proteins has a
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Figure 2. Physicochemical characterization of urinary extracellular vesicles (EVs). (A) Images of the SDS-PAGE protein profiles at the
different stages of the isolation of EVs using the double-sucrose cushion ultracentrifugation method. (B) Particle size distribution measured
by nanoparticle tracking analysis (Nanosight) (mean: 127 nm, mode: 95 nm, SD: 53 nm. (C) Transmission electron microscopy image of

urinary EVs isolated from the pooled control healthy sample.

negative effect on the quantitative analysis. Samples prepared
by the conventional differential centrifugation and the filtra-
tion methods result in a raw urinary EVs preparation charac-
terized by a high level of vesicle heterogeneity, a high level of
matrix contamination (mainly uromodulin, albumin, keratin,
etc.) and by a low level of purity grade [6,17]. EVs were pu-
rified from pooled urine samples from control and ADPKD
patients according to our previously developed protocol [16]
shown in Fig. 1. Briefly, the raw urinary EVs fraction obtained
Dby differential centrifugation was resolubilized using 10 mM
Tris-HCI at pH 7.8, centrifuged at 15 000 x g, and further
purified by ultracentrifugation on a 1 and 2 M sucrose/D,0
double-layer cushion. This preparation has the advantage to
separate the larger vesicles into the 2 M fraction and to re-
move uromodulin aggregates by solubilization. SDS-PAGE
was performed to profile the proteins at the different steps of
the isolation/purification process: that is, pooled total urine,
EVs-depleted urine, crude urinary vesicles fraction, 15 000 x g
pellet and supernatant after the resolubilization, and the
final samples purified from the crude EVs by the su-
crose double-cushion ultracentrifugation. SDS-PAGE images
(Fig. 2A) show the progressive removal of the two major
soluble urinary proteins, that is, uromodulin (centered at

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

approximately 85 kD) and albumin (centered at approxi-
mately 60 kD) from the samples. Moreover, the purified
urinary EVs show a characteristic SDS-PAGE profile simi-
lar to those reported [10]. Size and morphology of the vesi-
cles have been characterized by means of NTA and TEM.
NTA showed particles with an average particle size 127 nm,
mode 95 nm, and standard deviation 53 nm in the 1 M su-
crose fraction (Fig. 2B). TEM analysis resulted in smaller
(30-100 nm) average particle diameter (Fig. 2C), which was
explained by the known dehydration of the vesicles upon
analysis. The purity level of the urinary EVs was further as-
sessed by shotgun proteomics because it can rapidly identify
the most abundant and easily accessible proteins in com-
plex biological samples [25]. Proteins identified in the 1 M
sucrose fraction isolated from the urine of healthy donors
(Table 1, group I) are listed in Supporting Information Ta-
ble 1. All the identified proteins was found to be present
in the EVpedia vesicle protein database [26] since had previ-
ously been identified in urinary exosomes’ studies. They also
have high identification counts (between 13 and 128), which
indicates that they are conserved vesicle proteins. Further-
more, proteins known to contaminate urinary EVs were
not identified among the first 25 top-ranking proteins (i.e.,

www.clinical.proteomics-journal.com
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Figure 3. (A) SDS-PAGE image of urinary extracellular vesicles isolated from healthy control (lane A), ADPKD patients with
eGFR < 60 mL/min/1.73 m? (lane B), ADPKD patients with eGFR > 60 mL/min/1.73 m? (lane C), and ADPKD patients with eGFR > 60 mL/min/
1.73 m? treated with tolvaptan (lane D). (B) Western blots of EV marker proteins ALIX, NHE3, TSG101, AQP2, and CD9.

albumin could not been identified at all, and uromodulin is
44 in the ranking list of this particular data set). Thus, the
results prove that the samples contained nanosized vesicles
and the contamination from the soluble urinary proteome
was expected to be low.

As ADPKD is characterized by a high rate of cellular prolif-
eration, an elevated level of EV secretion was expected in the
ADPKD-related samples. The total protein yields determined
from the 1 M sucrose fractions though were very similar
(Table 1), which suggested that the urinary EV secretion rate
for normal subjects and ADPKD patients could be similar.
A qualitative analysis of the SDS-PAGE image of urinary EV
proteins isolated from ADPKD patients and healthy donors
(Fig. 3A) revealed very similar profiles with only slight dif-
ferences in the intensities of some of the bands. WB analy-
ses showed that several urinary EV-specific proteins (ALIX,
NHE3, TSG101, and CD9) were enriched in all the 1 M sam-
ples (lanes 5-8, Fig. 4B) but not in total urine (lanes 1-4,
Fig. 3B), confirming that this fraction contained the specific
vesicles. WBs were performed without normalization, which
may explain that they are odds with the proteomic data in
the case of AQP2. It should be noted that because of the
lack of adequate and widely accepted “housekeeping” urinary
EVs protein as a reference signal for rigorous normalization,
quantitation with WB or other antibody-based analysis in EVs

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in general, and in disease-related EVs in particular, is very
challenging.

3.2 Quantitative proteomic analysis of urinary EVs
isolated from ADPKD patients

To obtain insights into the alterations in protein expression
in urinary EVs isolated from ADPKD patients, samples were
analyzed by quantitative proteomics using an isobaric-tag la-
beling strategy. By 2D nano-LC-MS/MS analysis, we iden-
tified 172 iTRAQ-labeled proteins (Supporting Information
Tables 2 and 3) common to the four groups. Comparing our
data to those of the human urinary data set contained in the
ExoCarta database (http://www.exocarta.org/) [19] and to the
recently published urinary EV proteome sets of Wang et al.
[7] and Raj et al. [17], we found that 20 (over 1%) of our MS-
identified proteins were not yet listed and may be novel en-
tries into these databases. An unexpectedly high percentage
(68%) of the 126 quantified proteins (Supporting Information
Table 4) showed a significant fold-change with respect to the
control samples (Supporting Information Table 5, Table 2,
and Fig. 4). A total of 50 proteins showed abundance in-
creases of more than 1.7-fold (Table 2A), and 40 proteins
showed abundance decreases of more than 0.6-fold (Table 2B)

www.clinical.proteomics-journal.com
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A up-regulated

eGFR< 60
(40 proteins)

IGHG3, IGHG2, UPK2

eGFR> 60
(25 proteins)

Tolvaptan
(42 proteins)
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B down-regulated

" NAPSA, cHmps,
CONAL N1,

eGFR< 60
(36 proteins)

eGFR> 60
(30 proteins)

Tolvaptan
(21 proteins)

Figure 4. Comparison of (A) upregulated and (B) downregulated urinary extracellular vesicle proteins in the different ADPKD patient groups
studied: eGFR < 60 mL/min/1.73 m?, eGFR > 60 mL/min/1.73 m?, and eGFR > 60 mL/min/1.73 m? treated with tolvaptan with respect to the
healthy control sample at fold-change higher than 1.7 (upregulated) and 0.6 (downregulated).

in at least one of the groups. In particular, we identified 22
upregulated proteins (Fig. 4A) and 15 downregulated pro-
teins (Fig. 4B) in samples from all three ADPKD groups. In
addition, the eGFR < 60 mL/min/1.73 m?> ADPKD patient
group showed a significantly higher number of differentially
expressed proteins (76) than did the eGFR > 60 mL/min/
1.73 m? group (55) relative to the normal group. The average
relative abundance of the upregulated proteins was found to
be higher in the eGFR < 60 mL/min/1.73 m? ADPKD patient
group (Supporting Information Table 4). These data suggest
that as the disease progresses, the alterations in the urinary
EV proteome become more pronounced.

In order to highlight changes in biological processes, the
molecular functions and pathways associated with the differ-
entially expressed proteins were mapped using the DAVID
GO functional classifications tool. We obtained 45, 16, and 37
enriched GO_Biological Process (BP), GO_Molecular Func-
tion (MF), and GO_Cellular Compartment (CC) terms linked
with the significantly differentially expressed proteins, re-
spectively (Supporting Information Table 6). Analyses of the
enriched GO_BP and GO_MF proteins suggested that there
are significant alterations in cytoskeletal arrangement, cell
polarity, cell division and motion, Ca?* binding, and endocy-
totic pathways in ADPKD patients (Supporting Information
Tables 7 and 8).

3.3 PC1 and PC2 in urinary EVs of ADPKD patients
First, we sought to determine the expression profiles of

the PKD-related proteins (PC1 and PC2) in urinary EVs of
ADPKD patients. PC1 primarily localizes in the cilia but is

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

also expressed at the lateral domain of the plasma membrane
and adhesion complexes in polarized epithelial cells. PC2 ap-
pears to reside primarily in the ER and Golgi, but some PC2
forms a complex with PC1 in the ciliary membrane. In a re-
cent work, a subfraction of EVs isolated from urine samples
of healthy humans was shown to be positive for both PC1
and PC2 [10]. Because these proteins were not directly de-
tected in our iTRAQ experiment, we performed WB analyses
in order to specifically detect the expression of these proteins
in urinary EVs from ADPKD patients. Immunoblotting ex-
periments performed with an antibody raised against recom-
binant wide-type PC1 showed an abundant high molecular
mass band at 450-460 kDa; however, this band was detected
only in the control sample (Fig. 5). This result was in ac-
cord with the reported loss of plasma membrane localized
PC1, which leads to the disruption of the multiprotein com-
plex composed of PC1, PC2, E-cadherin, and B-catenin in
PKD-affected cells [27]. In fact, WB analysis of PC2 using
a mADb raised against 689-968 amino acid fragment of PC2
showed a faint and diffuse band at 130-150 kDa in the control
sample that was largely absent in samples from the ADPKD
patient groups (Fig. 5). Interestingly, loss of the genes encod-
ing PC1 or PC2 has been shown to result in the upregulation
of a group of genes related to apolipoprotein synthesis, trans-
port, and expression in murine tissues [28]. In agreement
with these results, we found that expression of apolipoprotein
Al (APO-A1), the major protein component of high-density
lipoprotein in plasma, was heavily upregulated in the ADPKD
patient groups in general (Table 2). In particular, APO-A1 was
upregulated more than tenfold in the eGFR < 60 mL/min/
1.73 m? group.

www.clinical.proteomics-journal.com
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3.4 Reduction in the AQP2 level and induction of
cytoskeleton rearrangement in ADPKD

AQP2 is a vasopressin-regulated water channel protein ex-
pressed both in the apical plasma membrane of renal col-
lecting duct cells and in small intracellular vesicles [29]. Up-
and downregulation of the AQP2 water channels is controlled
by AQP2 translocation from the storage vesicles to the api-
cal membrane. Defects in AQP2 trafficking have a signifi-
cant effect on the urine-concentrating capability of the kid-
ney in general, and consequently, these defects are important
in ADPKD pathogenesis. It is clinically acknowledged that
ADPKD patients have an impaired maximum urine concen-
trating capacity that is present even during the early stage of
the disease. AQP2 is excreted in the urine by exocytosis of
AQP2-containing intracellular vesicles [20], but urinary EV-
mediated AQP2 secretion has also been demonstrated [12].
Here, we found that the level of AQP2 was 0.4-fold lower
in urinary EVs isolated from the different ADPKD patient
groups than in control samples (Table 2B). This was as-
sociated with observed downregulation of several isoforms
of charged multivesicular body proteins (CHMP5, CHM1B,
CHM2A, and CHMA4B) and vacuolar protein sorting asso-
ciated proteins (VPS4A and VPS4B) involved in AQP2 traf-
ficking. During EV biogenesis, the vesicles retain a mem-
brane topology similar to that of the plasma membrane due to
the two membrane inversion events. Therefore, the reduced
AQP2 level in the urinary EVs indicates a lower expression
of aquaporin water channels in the apical plasma membrane
and thus correlates with the reduced renal concentrating ca-
pability of ADPKD patients. Importantly, these results also
imply that urinary EVs may harbor proteins indicative of the
state of the urinary tract (i.e. collecting duct) that are difficult
or impossible to study noninvasively.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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485 kDa

130 kDa

Figure 5. Western blotimages of polycystin-
1 (PC1) and polycystin-2 (PC2) in total urine
and urinary extracellular vesicles isolated
from healthy control and ADPKD patient
groups Il (late stage, eGRF < 60 ), Il (early
stage, eGRF > 60), and IV (tolvaptan treated).

By searching for common GO functions among the up-
and downregulated urinary EV proteins in ADPKD patients
(Table 2A and B), we found that expression of proteins of the
evolutionarily conserved ezrin/radixin/moesin (ERM) family
was significantly upregulated in all ADPKD groups (Fig. 3A).
ERM family proteins are known to be involved in actin cy-
toskeleton organization, cell adhesion, proliferation, and mi-
gration. During cystogenesis, cyst-lining epithelial cells un-
dergo extensive changes in cellular composition, location,
and shape, highlighting the important roles of membrane—
cytoskeleton interactions. In addition to ERM family proteins,
annexin A2, a ubiquitous endothelial cell surface protein that
is also involved in cytoskeletal organization, was also up-
regulated. Annexin A2 forms a heterotetramer with its pri-
mary ligand, S100A10, which connects two membrane sur-
faces. Similarly, podocytes-related brain acid soluble protein
1 (BASP1) known to be involved in cytoskeletal and lipid raft
dynamics was overexpressed in all ADPKD groups too (Ta-
ble 2A). Evidence suggests that dynamic changes in the actin
cytoskeleton play a critical role in the intracellular traffick-
ing of AQP2 [30]. Depolymerization of actin filaments has
been shown to result in an increase in AQP2 translocation to
the cell surface, whereas highly polymerized actin networks
trap AQP2-containing vesicles. Accordingly, upregulation of
cytoskeleton-linking proteins (ERM family, and annexin A2)
may induce polymerization of the actin cytoskeleton and thus
reduce the rate of AQP2 translocation to the plasma mem-
brane.

3.5 Alterations in Ca?*-binding protein expression

In addition to compromised cytoarchitecture, ADPKD is also
characterized by aberrant ion currents in cyst-lining epithelial

www.clinical.proteomics-journal.com
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cells. ADPKD cyst cells with mutations in the PKD1 and/or
PKD2 genes lack flow-sensitive Ca** signaling and conse-
quently show a reduced cytoplasmic Ca** concentration. In
addition to changes in PC1 and PC2 expression, in our study,
the expression of ten Ca’*-binding proteins (G0O:0005509,
Supporting Information Table 5) was altered in urinary EVs
of ADPKD patients compared with normal subjects. In partic-
ular, we found increases in the expression of annexin Al and
annexin A2 and two proteins belonging to the S100 family,
S100A8 and S100A9. Annexins (12 members) and S100 pro-
teins (25 members) represent two large but distinct calcium-
binding protein families. Annexins Al and A2 localize api-
cally in ADPKD epithelia and show Ca?"-dependent bind-
ing to phospholipids and the cytoskeletal protein F-actin [31].
Their presence in our samples further confirms that urinary
vesicles could provide important information regarding the
in vivo regulation of apical membrane proteins of polarized
renal epithelial cells.

Moreover, our data revealed a decrease in the expression
of annexin A1l in the urinary EVs from the patient groups
compared with those from healthy subjects. Annexin A1l
is a mid-body protein known to be involved in the terminal
phase of cytokinesis, when abscission occurs and the two
daughter cells separate. It has been shown that cells lacking
normal cilia structure and/or function undergo abnormal cell
division [32] and vesicle trafficking [33]. Thus, the observed
reduction in the annexin 11level in the urinary EVs of ADPKD
patients may be indicative of defective cytokinesis and vesicle
transport.

3.6 Alterations in Wnt signaling pathways

Several studies have revealed an unforeseen connection be-
tween deregulation of Wnt/B-catenin signaling and poly-
cystic kidney disease [34]. Besides proteins involved in cy-
toskeletal organization, here we found that some proteins
involved in regulating Wnt signaling pathways are differen-
tially expressed in urinary EVsisolated from ADPKD patients.
In particular, reduced expressions of one of the six mem-
bers of the glypican family, GPC5B, a positive regulator of
Wnt signaling pathway was observed in all ADPKD-related
groups (0.2, 0.4, and 0.5 fold-changes in patient groups II,
I11, and IV, respectively). Glypicans enhance Wnt signaling
by stabilizing the interaction between Wnt proteins and friz-
zled receptors expression of glypican-5 is developmentally
regulated in the kidney and it is frequently deregulated in
cancer. CD9 tetraspanin, a candidate upstream negative regu-
lator of the Wnt signaling pathway, exhibited reduced expres-
sion levels too. This result is interesting in light of emerging
data suggesting a novel role for tetraspanins in the regula-
tion of Wnt/B-catenin signaling through exosomal-released
B-catenin [35]. The noncanonical Wnt and planar cell polar-
ity signaling pathways are overlapping but distinct pathways
that play roles in controlling cilia orientation and cell motility.
CDC42, one of the core components of the planar cell polarity

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Proteomics Clin. Appl. 2015, 9, 552-567

pathway, has been shown to be significantly upregulated in
cystic kidneys [36], and here we found that it is also upregu-
lated in urinary EVs. In addition, PEBP1 and UPK1A, which
are proteins involved in the establishment/maintenance of
cell polarity, were also significantly upregulated (Table 2).

3.7 Effect of tolvaptan treatment on the urinary EV
proteome profile

To evaluate the effect of tolvaptan on the urinary EV pro-
teome of ADKPD patients, patients with an eGFR > 60
mL/min/1.73 m? were divided into two groups (treated
(group IV) and not treated (group III)). The 117/116 iTRAQ
reporter ion ratios were calculated (Table 3 and Support-
ing Information Table 5). Analysis of the relative ratios
showed that overall 25 proteins exhibited a significant fold-
change. The expression of 18 proteins was upregulated
and that of seven proteins was downregulated. The upreg-
ulated group included the immunoreactive proteins IGHG3,
IGHG1, IGHG2, and IGKC. Similarly, increases in the lev-
els of Nek6 serine/threonine kinase (1.8-fold) and kinase
substrate MARCS (3.8-fold) were detected. Upregulation of
these proteins could be related to VPV2 antagonist-mediated
inhibition of Ras/mitogen-activated protein kinase signal-
ing (demonstrated in polycystic kidney models). Further-
more, the expression levels of three proteins related to Ca*-
activated signaling (S10A8, annexin Al, and annexin A11)
were found to diminish upon tolvaptan treatment.

4 Discussion

Research on urinary EVs is rapidly expanding in clinical
nephrology. Over the past 10 years, EVs have been isolated
from urine by different methods and studied in relation to a
number of different nephropathies with the specific aim of
discovering novel biomarkers [7]. Recently developed isola-
tion and purification methods now allow not only qualitative
but also quantitative analyses of the urinary EV proteome, the
latter of which is fundamental for comparing protein expres-
sion profiles of samples obtained from different sources [17].
To the best of our knowledge, this is the first report describ-
ing the multiplex quantitative proteomic analysis of urinary
EVs in the study of patients with ADPKD.

Our study showed that the expression of a high percent-
age of proteins is significantly altered in urinary EVs isolated
from ADPKD patients relative to urinary EVs isolated from
healthy controls (Table 2 and Fig. 3). GO term enrichment
analysis (Supporting Information 7and 8) highlights that up-
regulated proteins were enriched in membrane to membrane
docking, establishment or maintenance of apical/basal cell
polarity, and microtubule polymerization GO terms (Fig. 6).
This is in agreement with the cystogenesis characterized by
compromised cytoarchitecture and membrane protein po-
larity defects in ADPKD [37] and shows the potential of
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Table 3. List of proteins significantly (A) upregulated and (B) downregulated with respect to the eGFR > 60 mL/min/1.73 m? ADPKD
patient group (early-stage ADPKD) in urinary extracellular vesicles isolated from patient with similar eGFR values but treated with
tolvaptan (iTRAQ isotope ratio 117/116) and their fold-change measured by MuDPIT-iTRAQ

UniProt ID (Human)  UniProt protein name Score?)  MassP Matches® Coverage?  Tolvaptan/early stage
117/116  SD (geo)®

(A) Upregulated

NAPSA Napsin-A 34 47 429 12 1.4 1.805

CLIC4 Chloride intracellular channel 30 32728 6 14.2 1.539
protein 4

MARCS Myristoylated alanine-rich 52 35 886 4 11.1 NN
C-kinase substrate

TGM4 Protein-glutamine 74 84436 24 25.9 1.364
gamma-glutamyltrans-
ferase 4

MGA Maltase-glucoamylase, intestinal 109 220398 M 12.2 NN

IGKC Ig kappa chain C region 116 13070 24 48.1 2.236

AQP1 Aquaporin-1 203 30033 18 22.3 1.543

NHRF3 Na(+)/H(+) exchange regulatory 28 63864 29 17.7 1.354
cofactor NHE-RF3

IGHG2 Ilg gamma-2 chain C region 25 40 108 6 10.7 1.869

DPP4 Dipeptidyl peptidase 4 139 94815 72 33.2 1.319

GSK3A Glycogen synthase kinase-3 alpha 38 54 720 7 2.7 - 1.027

IGHG1 lg gamma-1 chain C region 47 40775 19 22.4 1.246

NEK6 Serine/threonine protein kinase 30 39575 11 8.6 1.017
Nek6

TBCEL Tubulin-specific chaperone 39 52280 18 8.3 1.012
cofactor E-like protein

S23A1 Solute carrier family 23 member 1 66 68094 10 11.4 1.128

IGHG3 lg gamma-3 chain C region 29 46 322 16 24.1 1.259

NHRF1 Na(+)/H(+) exchange regulatory 134 42444 32 40.5 NN
cofactor NHE-RF1

GNAS1 Guanine nucleotide-binding 48 117317 29 5.8 1.197
protein G(s) subunit « isoforms
XLas

(B) Downregulated

CHMP4B Charged multivesicular body 48 28825 11 23.7 2.064
protein 4b

GGT1 Gamma-glutamyltranspeptidase 1 232 64884 92 20.9 NN

ANX11 Annexin A11 209 58300 71 42 1.259

PDCD6 Programmed cell death protein 6 49 22921 30 29.8 NN

S10A8 Protein S100-A8 34 12758 29 46.2 - 1.412

THY1 Thy-1 membrane glycoprotein 49 19448 8 24.8 [06 1439

ANXA1 Annexin A1 202 43673 37 33.8 1.259

F

a) This column indicates the protein mascot scores.
b) In this column, the calculated molecular masses of the proteins are reported.

¢) In this column, the number of spectrum matches to the identified proteins at 95% confidence is reported.

d) The percentage of protein sequence coverage.

e) This column indicates the fold-changes and the standard geometric deviations (SD (geo)). SD (geo) factor values are provided for protein
identities obtained from at least three peptide fragmentations with expect score < 0.05. For example, for a fold-change of 1.5 and SD (geo)
of 1.3 the 95% confidence interval is obtained by 1.5 x 1.3 = 1.95 and 1.5/1.3 = 1.154. Information on individual spectra are provided in
Supporting Information Table 2; NN, not determined.

the impaired urinary concentrating ability of these patients.
However, because all patients in the study were encouraged to
drink water in order to keep the circulating vasopressin level
low, we cannot exclude the possibility that the low AQP2 level
was due to water load.

In addition, most of the proteins showing altered expres-
sion could be related to the cilium and the ciliary pathways.
This is interesting, as primary cilia are considered to be key

unbiased, hypothesis-free quantitative proteomics analysis of
urinary EVs. Our data showed that expression of proteins in-
volved in cytoskeletal organization (ERM family and annexin
2) by linking the actin cytoskeleton to the plasma membrane
is significantly upregulated in EVs of ADPKD patients. Cy-
toskeletal rearrangement plays critical roles in cyst formation
and the intracellular trafficking of AQP2. The observed reduc-
tion in the AQP2 level in ADPKD patients is consistent with
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Down-regulated in ADPKD
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Figure 6. Enriched Go terms (i.e. cellular compartment (CC), molecular function (MF), and biological function (BF)) of differentially expressed
proteins in urinary extracellular vesicles (EVs). Blue bars (left side): upregulated proteins (fold enrichment > 3.0); red bars (right side):
downregulated proteins (fold enrichment > 3). Negative value means that the GO term was downregulated in ADPKD-related urinary EVs.

p < 0.05 was considered as statistical significance.

regulators in the development of polycystic kidneys. Most
significantly, PC1 and PC2 expression, together with that of
other Ca?*-binding proteins (annexin A1, annexin A2, S100-
A9, S100-A8, retinoic acid induced protein 3) was found to
be significantly altered in urinary EVs isolated from ADPKD
patients. Some of these proteins showed a reduced expres-
sion level upon tolvaptan treatment with respect to ADPKD
eGFR > 60 mL/min/1.73m? patient group. Recent findings
outlining interactions between EVs and cilia are intriguing.
Reports of altered expression of surface tetraspanins and im-
mune regulatory proteins, including APO-A1, may further
support this theory. Several proteins highly expressed in the
different sections of the urinary system showed significant
alterations, like 4.4 fold-change of prostate stem cell anti-
gen expressed in urinary bladder, 4.4 fold-change of BASP1
highly expressed in podocytes, 0.3 fold-change of dipepti-
dase 1 highly expressed in bladder and kidney (Table 2);
4.8 fold-change of napsin A and 3.8 fold-change of chlo-
ride intracellular channel 4 proteins highly expressed in the
apical domain of proximal tubule cells (Table 3). These pro-
teins have been frequently identified in urinary EVs prepa-
rations (EVPedia community database [26]), and thus there
altered expression might indicate dysregulation of complex
biological processes characteristic of the specific part(s) of the
urinary tract.

Finally, the results of this study show that the quantitative
analysis of urinary EV proteome provides a unique opportu-
nity to investigate the expressions of proteins that are diffi-
cult to isolate noninvasively. In particular, since the pattern of
membrane protein expression in urinary EVs is highly similar
to that of the plasma membrane surface of the epithelial cells

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the EVs originate from, suggests that urinary EVs will likely
become a useful tool for the in vivo study of kidney-related
disease processes. This is particularly important, as monitor-
ing of patients with kidney diseases will turn out to be more
important with the development of therapeutic interventions.

This work was supported by the project “Ricercando 2009”
funded by the Italian Nephrology Society (SIN). We gratefully
acknowledge Otsuka Pharmaceutical Development & Commer-
cialization, Inc. for the access of urine samples of ADPKD pa-
tients treated by tolvaptan. The authors thank Rosarita Tat€ and
Michele Cermola (Institute of Genetics and Biophysics, CNR,
Italy) for TEM analysis and image inspection, and Roberto
Ghiandoni (Malvern, Nanosigth) for the nanoparticle tracking
analysis.

The authors have declared no conflict of interest.

5 References

[1] Yoon, VY. J., Kim, O. VY., Gho, Y. S., Extracellular vesicles as
emerging intercellular communicasomes. BMB Rep. 2014,
47,531-539.

Gyorgy, B., Szabo, T., Pasztoi, M., Pal, Z. et al., Membrane
vesicles, current state-of-the-art: emerging role of extracel-
lular vesicles. Cell. Mol. Life Sci. 2011, 68, 2667-2688.

[2

[3

Yuana, Y., Sturk, A., Nieuwland, R., Extracellular vesicles in
physiological and pathological conditions. Blood Rev. 2013,
27, 31-39.

Choi, D. S., Kim, D. K., Kim, Y. K., Gho, Y. S., Proteomics,
transcriptomics and lipidomics of exosomes and ectosomes.
Proteomics 2013, 13, 1554-1571.

[4

www.clinical.proteomics-journal.com



Proteomics Clin. Appl. 2015, 9, 552-567

(5]

[6

(7]

[8

[9

[10]

(111

[12]

[13]

[14]

(15]

[16]

[17]

(18]

[19]

[20]

[21]

Buzas, E. I., Gyorgy, B., Nagy, G., Falus, A., Gay, S., Emerging
role of extracellular vesicles in inflammatory diseases. Nat.
Rev. Rheumatol. 2014, 10, 356-364.

Pocsfalvi, G., Stanly, C., Vilasi, A., Fiume, I. et al., Employing
extracellular vesicles for non-invasive renal monitoring: a
captivating prospect. World J. Clin. Urol. 2014, 3, 66-80.

Wang, Z., Hill, S., Luther, J. M., Hachey, D. L., Schey,
K. L., Proteomic analysis of urine exosomes by multidi-
mensional protein identification technology (MudPIT). Pro-
teomics 2012, 12, 329-338.

Wallingford, J. B., Mitchell, B., Strange as it may seem: the
many links between Wnt signaling, planar cell polarity, and
cilia. Genes Dev. 2011, 25, 201-213.

Ishikawa, H., Thompson, J., Yates, JR 3rd, John, R., Marshall,
Wallace, F, Proteomic analysis of mammalian primary cilia.
Curr. Biol. 2012, 22, 414-419.

Hogan, M. C., Manganelli, L., Woollard, J. R., Masyuk, A. I.
et al., Characterization of PKD protein-positive exosome-like
vesicles. J. Am. Soc. Nephrol. 2009, 20, 278-288.

Masyuk, A. ., Huang, B. Q., Ward, C. J., Gradilone, S. A. et al.,
Biliary exosomes influence cholangiocyte regulatory mech-
anisms and proliferation through interaction with primary
cilia. Am. J. Physiol. Gastrointest. Liver Physiol. 2010, 299,
G990-G999.

Street, J. M., Birkhoff, W., Menzies, R. |., Webb, D. J. et al.,
Exosomal transmission of functional aquaporin 2 in kidney
cortical collecting duct cells. J. Physiol. 2011, 589, 6119-6127.

Winyard, P, Jenkins, D., Putative roles of cilia in polycystic
kidney disease. Biochim. Biophys. Acta 2011, 1812, 1256—
1262.

Torres, V. E., Chapman, A. B., Devuyst, O., Gansevoort, R. T.
et al., Tolvaptan in patients with autosomal dominant poly-
cystic kidney disease. N. Engl. J. Med. 2012, 367, 2407-2418.

Karp, N. A., Lilley, K. S., Investigating sample pooling strate-
gies for DIGE experiments to address biological variability.
Proteomics 2009, 9, 388-397.

Raj, D. A. A., Capasso, G., Fiume, I., Pocsfalvi, G., Proce-
dura di isolamento e di purificazione degli esosomi uri-
nari per la ricerca di biomarcatori proteici, patent de-
posited on 14 March 2011, Ufficio Italiano Brevetti e Marchi,
NA2011A000012.

Raj, D. A., Fiume, |., Capasso, G., Pocsfalvi, G., A multiplex
quantitative proteomics strategy for protein biomarker stud-
ies in urinary exosomes. Kidney Int. 2012, 81, 1263-1272.

Datta, A., Park, J. E., Li, X., Zhang, H. et al., Phenotyping
of an in vitro model of ischemic penumbra by iTRAQ-based
shotgun quantitative proteomics. J. Proteome Res. 2010, 9,
472-484.

Mathivanan, S., Simpson, R. J., ExoCarta: a compendium of
exosomal proteins and RNA. Proteomics 2009, 9, 4997-5000.

Pisitkun, T., Shen, R.-F, Knepper, M. A., Identification and
proteomic profiling of exosomes in human urine. Proc. Natl.
Acad. Sci. USA 2004, 101, 13368-13373.

Grantham, J. J., Chapman, A. B., Torres, V. E., Volume pro-
gression in autosomal dominant polycystic kidney disease:
the major factor determining clinical outcomes. Clin. J. Am.
Soc. Nephrol. 2006, 1, 148-157.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[22]

[23]

[24]

(25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

567

Reif, G. A., Yamaguchi, T, Nivens, E., Fujiki, H. et al., Tolvap-
tan inhibits ERK-dependent cell proliferation, Cl— secretion,
and in vitro cyst growth of human ADPKD cells stimulated
by vasopressin. Am. J. Physiol. Renal Physiol. 2011, 301,
F1005-F1013.

Torres, V. E., Vasopressin in chronic kidney disease: an ele-
phant in the room? Kidney Int. 2009, 76, 925-928.

Irazabal, M. V., Torres, V. E., Hogan, M. C., Glockner, J. et al.,
Short-term effects of tolvaptan on renal function and vol-
ume in patients with autosomal dominant polycystic kidney
disease. Kidney Int. 2011, 80, 295-301.

Wu, C. C., MacCoss, M. J., Shotgun proteomics: tools for
the analysis of complex biological systems. Curr. Opin. Mol.
Ther. 2002, 4, 242-250.

Kim, D. K., Lee, J., Kim, S. R., Choi, D. S. et al., EVpedia:
a community web portal for extracellular vesicles research.
Bioinformatics 2014, 10, 933-939.

Roitbak, T., Ward, C. J., Harris, P. C., Bacallao, R. et al.,
A polycystin-1 multiprotein complex is disrupted in poly-
cystic kidney disease cells. Mol. Biol. Cell 2004, 15, 1334-
1346.

Allen, E., Piontek, K. B., Garrett-Mayer, E., Garcia-Gonzalez,
M. et al., Loss of polycystin-1 or polycystin-2 results in dys-
regulated apolipoprotein expression in murine tissues via
alterations in nuclear hormone receptors. Hum. Mol. Genet.
2006, 75, 11-21.

Nielsen, S., Renal aquaporins: an overview. BJU Int. 2002,
90, 1-6.

Jang, K.-J., Cho, H. S., Kang, D. H., Bae, W. G. et al., Fluid-
shear-stress-induced translocation of aquaporin-2 and reor-
ganization of actin cytoskeleton in renal tubular epithelial
cells. Integr. Biol. 2011, 3, 134-141.

Markoff, A., Gerke, V., Expression and functions of annexins
in the kidney. Am. J. Physiol. Renal Physiol. 2005, 289, F949-
956.

AbouAlaiwi, W. A., Ratnam, S., Booth, R. L., Shah, J. V., Nauli,
S. M., Endothelial cells from humans and mice with poly-
cystic kidney disease are characterized by polyploidy and
chromosome segregation defects through survivin down-
regulation. Hum. Mol. Genet. 2011, 20, 354-367.

Tomas, A., Futter, C., Moss, S. E., Annexin 11 is required for
midbody formation and completion of the terminal phase of
cytokinesis. J. Cell Biol. 2004, 165, 813-822.

Benzing, T, Simons, M., Walz, G., Wnt signaling in poly-
cystic kidney disease. J. Am. Soc. Nephrol. 2007, 18, 1389-
1398.

Chairoungdua, A., Smith, D. L., Pochard, P, Hull, M., Caplan,
M. J., Exosome release of beta-catenin: a novel mechanism
that antagonizes Wnt signaling. J. Cell Biol. 2010, 190, 1079-
1091.

Luyten, A., Su, X., Gondela, S., Chen, Y. et al., Aberrant reg-
ulation of planar cell polarity in polycystic kidney disease.
J. Am. Soc. Nephrol. 2010, 21, 1521-1532.

Charron, A. J., Nakamura, S., Bacallao, R., Wandinger-Ness,
A., Compromised cytoarchitecture and polarized trafficking

in autosomal dominant polycystic kidney disease cells. J.
Cell Biol. 2000, 149, 111-124.

www.clinical.proteomics-journal.com



