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INTRODUCTION

ecent advances in the high-throughput technolo-
R gies and data analysis have led to better under-
standing of the biological processes involved in
several kidney disorders,'5!"%? including the medullary
sponge kidney (MSK) disease, a rare congenital malfor-
mation characterized by dilation of the collecting ducts
in the renal papillae, urinary acidification and concen-
tration defects, cystic anomalies of precalyceal ducts
associated with a high risk of nephrocalcinosis, and
recurrent kidney stones.”

Our research group, analyzing both the whole uri-
nary proteome profile”” and the protein content of
urinary extracellular vesicles (microvesicles and exo-
somes),”® has previously identified specific biological
fingerprints of MSK able to discriminate this disorder
from other clinical conditions including idiopathic
calcium nephrolithiasis (ICN)’ and selected potential
biomarkers that could allow earlier diagnosis of MSK
avoiding diagnostic
approaches.

Laminin subunit alpha 2 was one of the promising
identified proteins. This is a major component of the
extracellular matrix that may have a role in cystic
dilatation of the precalyceal ducts and in renal tubular
epithelial cell polarization.®”**

expensive and invasive
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Instead, the proteomic analysis of urinary extra-
cellular vesicles®”*® was able to differentiate patients
with MSK from those affected by autosomal domi-
nant polycystic kidney disease.” Analysis of the
protein content of urinary extracellular vesicles of
patients with the 2 disorders suggested a different
mechanism of cystogenesis and probably confirmed
earlier reports indicating MSK could be an inborn
malformation.”’

However, even with the reports of these literature,
the physiopathologic mechanism associated with this
disease is not fully understood. Therefore, we reinter-
rogated proteomic raw data previously obtained from
urinary microvesicles of MSK and ICN’ applying
updated bioinformatic methodologies to identify a
specific urinary extracellular vesicle proteomic finger-
print differentiating patients with MSK from those
affected by ICN (controls).

RESULTS

The protein composition of urinary exosomes and
microvesicles of patients with MSK and ICN was
determined by mass spectrometry (details in the
Supplementary Methods). We identified 2978 proteins
in the exosomes and microvesicles isolated from urine
of patients with MSK and ICN (Supplementary
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Figure 1. GO annotation enrichment analysis of the total proteins identified and kinome tree of exosomes and microvesicles isolated from urine
of MSK and ICN samples. (a) Dot plot shows the enriched signatures in exosomes, microvesicles isolated from urine of patients with MSK and
ICN. In the graph, the points located on the straight line passing through the coordinates (1x, 1y) and (-1x, -1y) are the equally enriched
signatures, whereas those above or under this line are positively enriched in MSK or ICN samples, respectively. The triangle, square, and
pentagon points indicate the GO annotation enriched in the exosomes, microvesicles, or both the extracellular vesicles of the MSK or ICN
samples, respectively. Exosomes and microvesicles of the ICN samples are enriched in kinases (see Supplementary Table S3). (b) Kinome tree
showing the statistical significance of identified kinases. Gray circles indicate the nonsignificant proteins, whereas red circles, triangles,
squares, and pentagons indicate the most statistically significant kinases in analysis of variance (ANOVA), ANOVA, and t test for exosomes,
ANQOVA and t test for microvesicles, and ANOVA and t test for exosomes and microvesicles, respectively (see Supplementary Table S4).
ANOVA, analysis of variance; GO, gene ontology; ICN, idiopathic calcium nephrolithiasis; MSK, medullary sponge kidney.

Tables S1 and S2). Among these, 2491, 2456, 2471, and
2190 were classified in the exosomes or microvesicles of
MSK or ICN samples, respectively. In addition, 1774
proteins (60.5%) overlapped in all samples, whereas
only 119 (4.1%) and 25 (0.9%) were exclusive for
exosomes and microvesicles of MSK samples and 57
(1.9%) and 83 (2.8%) were exclusive for exosomes and
microvesicles of ICN  samples, respectively
(Supplementary Figure S1).

Total identified proteins were classified according
to the cellular component, molecular function and
biological process of the gene ontology signatures.
Using these classification and other gene ontology
annotations extracted from UniProt database (www.
unipro‘c.org),SS
was performed.

This analysis showed an enrichment of 57 signatures
(Supplementary Table S3). Interestingly, the most
discriminative signature in the extracellular vesicles

a gene ontology enrichment analysis
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able to differentiate the 2 study groups was that
including kinases (n = 82 identified proteins) (Figure la
and Supplementary Table S3). Among the 82 identified
kinases, 62, 47, 68, and 71 were identified in the exo-
somes or microvesicles of the MSK or ICN samples,
respectively.

Noteworthy, 37 of 82 kinases (45.1%) overlapped in
all samples, whereas only 2 of 82 (2.4%), 0 of 82 (0%), 5
of 82 (6.1%), and 4 of 82 (4.9%) were exclusive for the
exosomes or microvesicles of the MSK or ICN samples,
respectively (Supplementary Figure SZA). Moreover, 34
of 82, 17 of 82, and 14 of 82 were highlighted in
analysis of variance test and ¢ test in the comparison of
exosomes or microvesicles of MSK and ICN, respec-
tively (Supplementary Figure S2B and Supplementary
Table S4).

Identified kinases in the exosomes or microvesicles
of the MSK or ICN samples were visualized by means of
the interactive web application CoralTree®” (Figure 1b
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Figure 2. Volcano plots and heatmap of kinases of exosomes and microvesicles from urine of patients with MSK and ICN. (a) Volcano plot of
total identified kinases in exosomes and microvesicles from urine of MSK and ICN samples. Small and large blue or red circles indicate the
nonsignificant and significant kinases upregulated in ICN or MSK samples, respectively. Black line indicates the limits of statistical significance.
(b) Heatmap of total kinases identified. Heatmap of profiles of 82 kinases (see Supplementary Table S4 for detail). Each row represents a kinase
and each column a type of samples. Normalized Z-scores of kinase abundance are depicted by a pseudocolor scale (red, white, and blue
indicate positive equal and negative expression, respectively) compared with each kinase value. The dendrogram displays unsupervised hi-
erarchical clustering analysis, where similar sample/kinase profile values are next to each other. Visual inspection of the dendrogram and
heatmap demonstrates the ability of the kinases to discriminate between exosomes and microvesicles of MSK and ICN samples. ICN, idiopathic

calcium nephrolithiasis; MSK, medullary sponge kidney.

and Supplementary Figures S3 and S4) and volcano plot
(Figure 2a and Supplementary Tables S3 and S4).

The expression profile of these proteins in the exo-
somes and microvesicles of the MSK and ICN samples,
after Z-score normalization, was visualized in a heatmap
diagram (Figure 2b).

Finally, according to several statistical algorithms,
ephrin receptors (EphAl, EphB3, and EphB6) resulted
the most promising kinase biomarkers for differenti-
ating the 2 study groups (Figure 2b). Enzyme-linked
immunosorbent assay (ELISA) validated these results
(Supplementary Figure S5).

DISCUSSION

In this study bioinformatic analysis revealed that
several kinases were able to differentiate MSK from ICN
(control) and that 3 ephrin receptors (EphAl, EphB3,
and EphB6) resulted the most significantly down-
regulated proteins in MSK versus ICN.

Ephrin receptors, belonging to the largest subfamily of
receptor tyrosine kinases, are subdivided based on
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sequence similarity into an A subclass (EphA1-EphAS8)
and a B subclass (EphB1-EphB4, EphB6). Their ligands,
the ephrins, are cell surface-bound proteins classified into
2 subfamilies based on their mode of membrane attach-
ment: ephrins A (A1-A6) and ephrins B (B17B3).SlO
Ephrin receptors and ephrins are expressed in almost
all tissues of a developing embryo and are involved in a
wide array of developmental processes (including car-
diovascular and skeletal development, axon guidance,
modulation of cell adhesion and migration).”"’

These biological processes, whether deregulated,
may be involved in the pathophysiology of the MSK
disease. In fact, based on available literature, MSK
could belong to congenital anomalies of the kidney and

. 2,812,513 . L. .
urinary tract. Its association with several
developmental defects in other organs” suggests that
this defective embryogenic step could be shared by the

. . S14-S16
various organs involved.

In addition, as recently repor‘ced,7 tyrosine kinases and
ephrin ligands may regulate kidney cytoarchitecture once

development is completed. Immunolocalization
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experiments revealed that EphB2 is localized in the tu-
bules of the inner and outer medulla and EphB6 is in the
tubules of the outer medulla and cortex. By contrast,
EphBI1 was detected in the tubules throughout the whole
nephron.”*"’

More recently, it has been shown that EphB2 has no
role in kidney development but is abnormally activated
after kidney injury contributing to renal fibrosis.” The
down-regulation of ephrins in MSK may, therefore,
represent a potential biological protective mechanism
to prevent the fibrosis. We cannot also exclude that the
higher levels of ephrins in ICN may be in part caused
by a calcification-induced tissue microinflammation
and proinflammatory macrophage accumulation.®'®

EphB signaling by RhoA activation and Racl inac-
tivation induces cell retraction, enlargement of focal
adhesions, and prominent stress fibers in primary
cultures of medullary tubule cells. These results sug-
gest that EphB receptor signaling through Rho family
GTPases regulates the cytoarchitecture and spatial or-
ganization of the tubule cells in the adult kidney me-
dulla and, therefore, may affect the reabsorption ability
of the kidney.”'” Moreover, Rho family GTPases
regulate cystogenesis’ and correct cellular polariza-
tion®?°; therefore, down-regulation of EphB signaling
in MSK could play a role in cystic dilations of the distal
tubules and in altered polarization of the renal tubular
cells, which characterize these patients.sw

The results of this study (and our previous findings)
demonstrated that a complex biological machinery is
deregulated in MSK. Several biological elements
including laminins (mainly laminin 2) together with
ephrins (in particular, EphB3 and EphB6) and other
kinases (e.g., MAPK) could orchestrate cell prolifera-
tion, cystic dilations of precalyceal ducts, and extra-
cellular matrix remodeling typically associated with
this disease.

Because 8% of patients with MSK in Italy have
mutations in GDNF gene,SZl we cannot exclude that the
GDNF/RET  deregulation kinase
expression.

Although additional studies are necessary to define
the impact of kinases and ephrin signaling in MSK, we
can postulate that kinase down-regulation could be a
characteristic of this pathology and represent a new
and previously unrecognized biological mechanism
associated with this rare kidney disorder. Finally, the
selected proteins (mainly EphAl, EphB3, and EphB6)
may represent future disease biomarker and potential
therapeutic targets.

may influence
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