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Abstract
Background The 5/6 nephrectomy (5/6Nx) rat model recapitulates many elements of human CKD.Within weeks
of surgery, 5/6Nx rats spontaneously exhibit proximal tubular damage, including the production of very large
extracellular vesicles and brush border shedding. We hypothesized that production and elimination of these
structures, termed large renal tubular extracellular vesicles (LRT-EVs), into the urine represents a pathologic
mechanism by which essential tubule proteins are lost.

Methods LRT-EVs were isolated from 5/6Nx rat urine 10 weeks after surgery. LRT-EV diameters were measured.
LRT-EV proteomic analysis was performed by tandem mass spectrometry. Data are available via the Proteo-
meXchange Consortium with identifier PXD019207. Kidney tissue pathology was evaluated by trichrome
staining, TUNEL staining, and immunohistochemistry.

Results LRT-EV size and a lack of TUNEL staining in 5/6Nx rats suggest LRT-EVs to be distinct from exosomes,
microvesicles, and apoptotic bodies. LRT-EVs contained many proximal tubule proteins that, upon disruption,
are known to contribute to CKD pathologic hallmarks. Select proteins included aquaporin 1, 16 members of the
solute carrier family, basolateral Na1/K1-ATPase subunit ATP1A1, megalin, cubilin, and sodium-glucose
cotransporters (SLC5A1 and SLC5A2). Histologic analysis confirmed the presence of apical membrane proteins in
LRT-EVs and brush border loss in 5/6Nx rats.

Conclusions This study provides comprehensive proteomic analysis of a previously unreported category of
extracellular vesicles associated with chronic renal stress. Because LRT-EVs contain proteins responsible for
essential renal functions known to be compromised in CKD, their formation and excretion may represent an
underappreciated pathogenic mechanism.
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Introduction
The kidney’s proximal tubules (PTs), when healthy,
reabsorb the majority of total glomerular filtrate, in-
cluding large quantities of water, electrolytes, and
nearly 100% of filtrate protein. Bulk reabsorption is
enabled by the extensive surface area of apical micro-
villi, the so-called brush border, and their extensive
reabsorption apparatus. Loss of the PT brush border
has been reported in both acute kidney disease and
CKD (1,2), and the pathologic effects of progressive
brush border loss on renal function has been estab-
lished in amouse model of acute-to-CKD transition (3).
The rat 5/6 nephrectomy (5/6Nx) remnant kidney
model of CKD recapitulates many elements of human
CKD, including brush border loss, proteinuria, albu-
minuria, polyuria, and more (1,3,4). We have observed
the timing of brush border loss in these rats to coincide
with renal functional decline, and with the presence of

large extracellular vesicles originating from PTs (1).
This process is distinct from AKI-associated brush
border necrosis and sloughing. We term these vesicles
large renal tubular extracellular vesicles (LRT-EVs).
Despite our identification of what could be LRT-EVs
published as histologic representations by other groups
(with the earliest found dated 1914), we were unable to
find explicit, in-text, literature reference to them, ren-
dering their identification and functional consequence
uncertain. LRT-EVs are too large to be exosomes
(40–100 nm) or microvesicles (100–1000 nm) (5). Al-
though the LRT-EV size range is compatible with
apoptotic bodies (800–5000 nm) (5), there is no evi-
dence of PT epithelial apoptosis via terminal deoxynu-
cleotidyl transferase–mediated digoxigenin-deoxyuridine
nick-end labeling (TUNEL) staining, and othermethods,
in our 5/6Nx model during the period of LRT-EV
production.
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CKD now afflicts .15% of the US adult population (6).
New diagnostic and treatment strategies for CKD are ur-
gently needed. Assessment of urine-excreted biomarkers
has long been a diagnostic and prognostic cornerstone of
kidney disease. Rapid technologic advances are changing
this field. Old standbys such as urine albumin are now
being supplemented by new-age, “omics-based” (e.g., tran-
scriptomics), urine-excreted biomarker analysis. Many such
studies focused on extracellular vesicles, especially exo-
somes, and microvesicles, and provided novel insight into
renal pathophysiology. We know the presence of our CKD
rat LRT-EVs to temporally coincide with marked exacerba-
tion of renal pathology (1). On the basis of these observa-
tions, we hypothesized that LRT-EVs are excreted in the
urine and contain proteins essential to healthy renal func-
tion. Toward this, and while mindful of insightful omics-
based extracellular vesicle analysis from others, we per-
formed a tandem mass spectrometry (MS/MS) proteomic
analysis of LRT-EVs we isolated from CKD rat urine. We
found LRT-EVs to contain a wide array of tubule proteins.
Many of these were PT epithelial proteins that, upon dis-
ruption, are known to contribute to hallmarks of renal
disease. This study provides needed information upon hith-
erto poorly characterized, renal pathology–associated LRT-
EVs. Because LRT-EVs contain proteins essential to healthy
renal function, their formation and excretion represents
a potential, newly described mechanism of renal pathology.

Materials and Methods
Animal Model
All animal protocols were approved by the Medical Col-

lege of Wisconsin Institutional Animal Care and Use Com-
mittee and performed in compliance with the National
Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals. Male Sprague-Dawley rats (Envigo,
Madison, WI) were maintained on 0.4% sodium chloride
chow (AIN-76A Purified Rodent Diet; Dyets Inc., Bethle-
hem, PA) and water ad libitum, under a 12-hour light cycle.
At 10 weeks of age, animals underwent a sham or 5/6Nx
operation, as described previously (1,4). In brief, rats were
anesthetized (50 mg/kg ketamine, 8 mg/kg xylazine, and
5 mg/kg acepromazine), and the entire right kidney and left
kidney poles were removed by surgical excision. Gelfoam
coagulant was applied to resected surfaces. All subsequent
rat data collection was performed 10 weeks after the 5/6Nx
or sham surgery.

Tissue Collection and Histology
Tissues were excised from anesthetized animals and im-

mediately immersion fixed in 10% formalin. Kidneys were
processed, paraffin-embedded, sectioned (4 mm), and stained
with Masson trichrome by the Children’s Research Institute
Histology Core at the Medical College of Wisconsin. Light
microscopy was performed using an Eclipse E-400 micro-
scope (Nikon). TUNEL staining was performed following
the manufacturer’s instructions (Click-iT Plus TUNEL As-
say), with DNAase I pretreatment as a positive control
(Thermo Fisher). Mounting medium with 49,6-diamidino-2-
phenylindole (DAPI; Vector Laboratories) was used to label
nuclei. Imaging was performed on aNikon A1-R laser scanning
confocal microscope. Immunohistochemistry formegalinwas

performed as previously described (7), with 1:50 megalin
antibody (AB184676; Abcam) and 1:100 Texas Red–labeled
anti-mouse antibody (T-862, 1:100; Invitrogen). Immunohis-
tochemistry for sodium-hydrogen antiporter 3 (NHE3; also
known as SLC9A3) was performed in the same manner,
except with 1:50 NHE3 antibody (MABN1813; Millipore
Sigma). Imaging was performed with an Eclipse 80i micro-
scope (Nikon) orNikonA1-R confocalmicroscope. Histologic
sections of PTs, stained with Masson trichrome, from sham
and 5/6Nx rats were assessed for the presence of LRT-EVs.
This analysis was performed on histologic sections acquired
from separate cohorts of sham and 5/6Nx rats at 2, 4, 5, 7, and
10 weeks postsurgery.

LRT-EV Isolation and Diameter Measurement
Sham-operated and 5/6Nx rats (n53 per group) were

housed in wire-bottom metabolic cages, and urine was
collected into ice-immersed conical tubes for 24 hours. All
subsequent steps were performed at room temperature.
Urine was filtered (70-mm mesh), and then centrifuged at
300 3 g for 15 minutes (spin A). The resulting pellet was
resuspended in 1 ml PBS and centrifuged again (spin B). The
supernatant from both spins (A and B) was combined and
centrifuged at 6503 g for 10minutes (spin C), to remove any
larger material or shed cells. The supernatant from spin C
was centrifuged at 20003 g for 10 minutes (spin D), to pellet
the LRT-EV’s. The pellet was then washed in 1 ml of PBS
and centrifuged at 580 3 g for 10 minutes (Spin E). An
aliquot of this final isolate was inspected and imaged under
light microscopy for the presence of LRT-EVs. No LRT-EVs
were observed in samples fractionated from sham-operated
rat urine. The LRT-EV isolation methodology is summa-
rized in Supplemental Figure 1. The size of LRT-EVs from
5/6Nx rats wasmeasured from the light-microscopy images
using the Analyze Particles feature of FIJI software (free
download: https://imagej.net/Fiji/Downloads).

Proteomic Sample Preparation and Analysis
The remaining LRT-EVs were transferred to a Dounce

homogenizer and mechanically lysed on ice, followed by
30minutes of water-bath sonication at room temperature, as
previously described (8). Homogenized LRT-EVs were then
buffer swapped (53) and concentrated into 250 ml of 25 mM
ammonium bicarbonate, pH 8.0, using 3K MWCO Amicon
Ultrafiltration Units (Millipore), as described by the manu-
facturer’s protocol. The concentrated LRT-EV protein frac-
tions then had 0.1% of the MS-compatible RapiGest surfac-
tant (Waters) added, followed by incubation on ice for
10 minutes. Samples were then reduced (10 mM dithiothrei-
tol for 30 minutes at 37°C), alkylated (20 mM iodoacetamide
for 30 minutes in the dark at room temperature), and diges-
ted with Trypsin Gold (Promega), as previously described
(8–10). After protein digestion, all samples were desalted/
concentrated using OMIX C18 zip-tips (Varian), according
to the manufacturer’s protocol, and prepared for liquid
chromatography–MS/MS analysis as previously described
(8–10). Peptides were separated on a NanoAcquity UPLC
system (Waters) with a C18 (Phenomenex) column with
a 240-minute gradient (2%–98% acetonitrile) and analyzed
with a LTQ-Orbitrap Velos MS (Thermo Fisher), as pre-
viously described (8,10,11).
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The MS/MS spectral data were searched against the
rodent UniProtKB protein databases in Mascot and SEQUEST
algorithms, followed by comparative analysis using the
Visualize proteomic software (8,12). Within the software,
preference was given to rat, and the Mascot/SEQUEST
matches were combined for each run using the combine
search function, whichmatches each scan to the best spectral
match from either algorithm to ensure no redundancy.
Filters were applied for each search, including a Visualize
P.0.85 (false discovery rate,5%). All biologic replicates
(N53 with two technical replicates of each; six total runs)
were then combined in Visualize where a peptide filter of
two or more peptides and a scan count filter of six was
applied. The unique proteins detected in the experiments
were uploaded to Ingenuity Pathway Analysis, using the
UniProt accession number for subsequent categorization of
proteins by known cellular location and function/type (7).
The MS proteomics data have been deposited to the Pro-
teomeXchange Consortium, via the PRIDE partner reposi-
tory, with the dataset identifiers PXD019207 and 10.6019/
PXD019207 (13).

Statistical Analysis
Histologic assessment for the presence of LRT-EVs in PTs

(Figure 1D) are represented as average6SEM. These data
were not normally distributed, as assessed by the Shapiro–
Wilk test. Therefore, the nonparametric Mann–Whitney test
was used to determine the presence of significant differences
(P,0.05) between groups.

Results
We observed vesicles budding from PTs 10 weeks after

5/6Nx surgery (Figure 1A), a time when these rats exhibit
substantial pathology, including tubular damage, protein-
uria, and cardiovascular dysfunction (1). Sham-operated
rats had intact brush borders and lacked lumenal vesicles.
In 5/6Nx rats, the PT epithelial cells in regions of large
vesicle production had intact nuclei upon visual inspection,
were not TUNEL positive, and no TUNEL or DAPI signal
was detected within the vesicles (Figure 1B), suggesting
these vesicles are not apoptotic bodies. We isolated LRT-
EVs (Figure 1C) from 5/6Nx rat urine using a purpose-
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Figure 1. | Large renal tubular extracellular vesicles (LRT-EVs) spontaneously form in 5/6Nx but not sham-operated rats, are easily visible
upon routine histological assessment, and are urine-excreted. (A) Examination of renal cortical tissue collected from 5/6 nephrectomy (5/6Nx)
and sham-operated controls 10 weeks postsurgery. 5/6Nx rats exhibited extensive brush-border loss and the presence of large renal tubule
extracellular vesicles (LRT-EVs) in proximal tubule lumens (arrows). (B) Terminal deoxynucleotidyl transferase–mediated digoxigenin-
deoxyuridine nick-end labeling (TUNEL) indicates apoptosis by labeling DNA double-strand breaks. Kidney sections from sham-operated
(sham; left) and 5/6Nx (center) rats were TUNEL negative (488 nm autofluorescence, green; 49,6-diamidino-2-phenylindole [DAPI], blue).
Importantly, the large vesicles within the lumen and the nuclei of the cells producing the vesicles were both TUNEL negative. A section treated
with DNase (right) serves as a positive control for the assay (DAPI in blue colocalized with TUNEL in bright green). (C) These vesicles were
isolated from 5/6Nx rat urine through a sequence of filtration and centrifugation (see Supplemental Figure 1 for detailedmethodology). Sham rat
urine lacked LRT-EVs. (D) Proximal tubules were scored for the presence of LRT-EVs in separate cohorts of sham and 5/6Nx rats at 2, 4, 5, 7, and
10 weeks postsurgery. Each dot represents one animal. (E) The size, as measured bymicroscopic analysis, and lack of apoptotic markers suggest
these vesicles (LRT-EVs) represent a unique category of urine-excreted, extracellular vesicle, prompting proteomic analysis to characterize their
composition. A subset of published diameters and protein markers of exosomes, microvesicles, and apoptotic bodies are represented here
(5,14,15). Individual LRT-EV diameter measurements are shown; horizontal bar equals average. Nx, 5/6 Nx; Sh, sham.
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developed, filtration and differential centrifugation meth-
odology (Supplemental Figure 1). We histologically deter-
mined the presence of LRT-EVs in PTs in sham and 5/6Nx
rats at 2, 4, 5, 7, and 10 weeks postsurgery (Figure 1D). The
presence of LRT-EVs in PTs was time dependent. At 2 weeks
postsurgery, 2%61% (average6SEM) of 5/6Nx PTs had
LRT-EVs; at 4 weeks, 8%63%; at 5 weeks, 7%63%; at 7
weeks, 51%66%; and at 10 weeks, 59%65%. The PTs of
sham-operated rats had virtually no LRT-EVs at any of
those time points. Microscopic image analysis of LRT-EVs
isolated from urine at 10 weeks postsurgery revealed them
to be circular in shape (in the two-dimensional images), with
an average diameter 6 SD of 2.8 6 1.5 mm, and median
diameter of 2.5 mm. It is possible that LRT-EVs of a larger
diameter were eliminated as part of the isolation method-
ology. LRT-EV size and protein markers render them dis-
tinct from exosomes, microvesicles, and apoptotic bodies
(Figure 1E).
Proteomic analysis of isolated LRT-EVs detected 447 pro-

teins (Supplemental Table 1). These proteins were of diverse
functionality and derive from numerous cellular locations
(Figure 2A). Of the total proteins, 46% were cytoplasmic
proteins, 24% were extracellular space proteins, 7% were
nuclear proteins, and 20%were plasma membrane proteins.
Proteins within these respective cellular domains were sub-
divided by functionality. Subgroups included the following:
transporters, enzymes, ion channels, kinases, peptidases,
transcriptional regulators, phosphatases, G protein–coupled
receptors, cytokines, and transmembrane receptors (Ta-
ble 1). The LRT-EVs containedmegalin (LDL-related protein
2; LRP2) in relatively high quantities. Megalin is a PT-
microvilli reabsorption mediator of numerous ligands, in-
cluding vitamin carrier proteins, lipoproteins, hormones,
enzymes, immune-related proteins, and select drugs and
toxins (16). Consistent with the proteomics, immunohisto-
chemical analysis indicated the presence of megalin within
LRT-EVs (Figure 2B). We also observed that megalin was
abundant throughout the PT in 5/6Nx rats, but its intra-
cellular localization was abnormally distributed. NHE3
(SL9A3) is a PT protein that was not identified in LRT-
EVs. Consistent with these data, immunohistochemical
analysis indicated robust NHE3 expression in sham-
operated rat PT epithelial cells, reduced expression in PT
epithelial cells of 5/6Nx rats, and no expression in LRT-EVs
(Figure 2C).

Discussion
We demonstrate there to be innumerable, protein-laden,

LRT-EVs in the PTs and urine of 5/6Nx rats 10 weeks
postsurgery. LRT-EVs house proteins essential to PT reab-
sorption. The importance of PT brush-border reabsorption is
made clinically evident by the severity of the genetic dis-
eases in which it is comprised (e.g., Dent disease, Fanconi
syndrome). The loss of numerous functionally important
proteins through LRT-EV formation in a CKD-like model of
chronic renal stress/insufficiency has not been character-
ized. These shed proteins are varied in function, and, there-
fore, their loss likely contributes to a spectrum of CKD-
related phenotypes. The effect size of these lost proteins on
cellular function is likely dependent on a complex relation-
ship between themagnitude of protein loss, cellular demand

for that protein’s function, and the cell’s ability to compen-
sate through translational replacement and/or compensa-
tory mechanisms. Loss of PT proteins has been described
in other models of renal injury (3,17). It is possible this
protein loss is caused, in part, by LRT-EV formation and
excretion, although additional studies would be required to
confirm this.
LRT-EV size, lack of protein markers specific to other

extracellular vesicles, and presence only in specific patho-
logic settings, render them distinct from relatively well-
characterized urine extracellular vesicles such as exosomes,
microvesicles, and apoptotic bodies. To the best of our
knowledge, this is the first, explicit description of LRT-EVs.
Although much work remains to more fully characterize
LRT-EVs, this study enables us to draw several inferences
about them. First, LRT-EVs are likely derived, at least in
part, from the PT epithelium. This is suggested by their
absence in the Bowman’s capsule; their presence in the PT;
their temporal correspondence to PT brush-border loss; and
their containment of many PT-specific proteins, including
aquaporin 1 (AQP1), cubilin, and megalin. Second, LRT-EV
presence in CKD 5/6Nx rats, but not in sham-operated
rats, may suggest LRT-EVs lack membership within the
“healthy” tubule extracellular vesicle milieu, but rather exist
consequent to pathology. In this respect, LRT-EVs bear
resemblance to oncosomes and exophers. Oncosomes are
very large extracellular vesicles (1–10 mm), carry oncogenic
proteins, and have only been observed in association with
cancer (18,19). Exophers, which are also large (4 mm), are
extracellular vesicles produced by Caenorhabditis elegans
neurons only under specific conditions of neuronal stress.
Exophers appear to be a means by which these neurons
package and jettison neurotoxic components (20). Not only
are LRT-EVs similar to oncosomes and exophers in size, but
also in their derivation from a particular tissue type only
under specific pathologic conditions. In contrast, exosomes
and microvesicles are found in urine from healthy individ-
uals. Third, urine exosomes, microvesicles, and apoptotic
bodies are each associated with specific protein markers.
These markers often reflect the mechanism of their respec-
tive vesicle’s formation. For example, exosomes are endo-
somal in origin and contain protein markers (e.g., TSG101,
ALIX) associated with the endosomal system (5,14,15). Sim-
ilarly, microvesicles form through outward budding of the
plasma membrane; some proteins involved in this process,
such as ARF6, are microvesicle protein markers (14). Apo-
ptotic bodies are associated with markers of apoptosis, such
as caspase 3 (14,15). The protein markers of exosomes,
microvesicles, and apoptotic bodies were largely absent
from LRT-EVs, perhaps suggesting LRT-EVs have a forma-
tion mechanism distinct from those extracellular vesicles.
Many LRT-EV proteins are important for maintenance of

cellular homeostasis (Figure 3A). For example, regucalcin is
an important nuclear and cytoplasmic calcium ion regula-
tor. Superoxide dismutase familymembers SOD1 and SOD3
are critical to the cellular response to reactive oxygen spe-
cies. Voltage-dependent anion-selective channels VDAC1
and VDAC2, and ATP synthase subunits (ATP5F1A,
ATP5F1B, ATP5PB) play key roles in mitochondrial ener-
getics. Loss of such proteins may reduce the PT’s capacity
for reabsorption, albeit indirectly. LRT-EVs also contained
many proteins directly involved in reabsorption (Figure 3B).
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Table 1. Summary of protein diversity in large renal tubular extracellular vesicles

Location Category UniProt/Swiss-Prot/GenPept
Accession Protein Symbol Scan Count Peptide Count Entrez Gene Name

Cytoplasmic Enzymes P19468 GSH1 25 260 Glutamate-cysteine ligase catalytic
subunit

P04764 ENOA 17 139 Enolase 1
P07632 SODC 8 109 SOD1

Ion channels P81155 VDAC2 10 44 Voltage dependent anion channel 2
Q9Z2L0 VDAC1 6 22 Voltage dependent anion channel 1

Kinases Q4KLZ6 TKFC 16 74 Triokinase and FMN cyclase
P16617 PGK1 10 40 Phosphoglycerate kinase 1
P07379 PCKGC 8 30 Phosphoenolpyruvate carboxykinase 1

Peptidases P00758 KLK1 8 165 Kallikrein 1
P00787 CATB 12 147 Cathepsin B
P16675 PPGB 10 125 Cathepsin A

Phosphatases P25113 PGAM1 8 36 Phosphoglycerate mutase 1
P20611 PPAL 8 27 Acid phosphatase 2, lysosomal
Q91YE9 5NT1B 8 18 59-Nucleotidase, cytosolic 1B

Transporters P55054 FABP9 10 60 Fatty acid binding protein 9
P19511 AT5F1 3 59 ATP synthase peripheral stalk-

membrane subunit b
P10719 ATPB 14 44 ATP synthase F1 subunit b

Extracellular Cytokines P08721 OSTP 7 86 Secreted phosphoprotein 1
Q9CPT4 MYDGF 3 14 Myeloid-derived growth factor
P06684 CO5 4 12 Complement C5

Growth factors P07522 EGF 44 590 EGF
P01015 ANGT 15 189 Angiotensinogen
P23785 GRN 7 98 Granulin precursor

Other proteins P17475 A1AT 40 2659 Serpin family A member 1
P05545 SPA3K 32 2252 Serine protease inhibitor A3K

precursor
P27590 UROD 24 1724 Uromodulin

Peptidases Q01177 PLMN 58 1172 Plasminogen
P01026 CO3 78 949 Complement C3
P06866 HPT 24 401 Haptoglobin

Transporters P02770 ALBU 9 16,638 Albumin
P12346 TRFE 65 3405 Transferrin
P14046 MUG1 74 1583 Murinoglobulin 1
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Table 1. (Continued)

Location Category UniProt/Swiss-Prot/GenPept
Accession Protein Symbol Scan Count Peptide Count Entrez Gene Name

Plasma membrane Enzymes P07314 GGT1 21 324 g-Glutamyltransferase 1
P97675 ENPP3 10 23 Ectonucleotide pyrophosphatase/

phosphodiesterase 3
Q8CFN2 CDC42 3 19 Cell division cycle 42

G protein–coupled receptors Q3KRC4 GPRC5C 2 8 G protein–coupled receptor class C
group 5 member C

Ion channels Q9Z0W7 CLIC4 10 64 Chloride intracellular channel 4
Q9Z0Y8 CACNA1I 2 7 Calcium voltage-gated channel

subunit a1 I
Q91YD4 TRPM2 2 6 Transient receptor potential cation

channel subfamily M member 2
Kinases Q01279 EGFR 4 9 EGF receptor
Other proteins P31977 EZRI 28 241 Ezrin

Q9R0T4 CADH1 13 204 Cadherin 1
Q9JJ19 NHRF1 25 131 SLC9A3 regulator 1

Peptidases P15684 AMPN 30 418 Alanyl aminopeptidase, membrane
P07861 NEP 34 361 Membrane metalloendopeptidase
P14740 DPP4 31 289 Dipeptidyl peptidase 4

Transmembrane proteins P07151 B2MG 8 143 b-2-Microglobulin
O70244 CUBN 17 58 Cubilin
Q63257 IL4RA 4 48 IL-4 receptor

Transporters P98158 LRP2 106 651 LDL receptor-related protein 2/
megalin

Q64319 SLC3A1 31 427 Solute carrier family 3 member 1
Q9JJ40 NHRF3 20 152 PDZ domain-containing 1
P29975 AQP1 8 151 Aquaporin 1
P15083 PIGR 21 134 Polymeric Ig receptor
Q62687 S6A18 12 86 Solute carrier family 6 member 18
Q63424 S15A2 16 59 Solute carrier family 15 member 2
Q9WTW7 S23A1 11 43 Solute carrier family 23 member 1
Q80W57 ABCG2 9 33 ATP binding cassette subfamily G

member 2
P50516 VATA 9 32 ATPase H1 transporting V1 subunit A

This table summarizes the threemost abundant proteins (by scan count and if present) within each functional category (type) of select cellular locations identified by Ingenuity PathwayAnalysis.
The ten most abundant transport proteins in the plasma membrane are indicated. UniProt accession numbers, protein symbols, and Entrez gene name are also provided. See Supplemental
Table 1 for a complete list of Ingenuity Pathway Analysis–identified protein location/types. SLC9A3, sodium-hydrogen antiporter 3; FMN, flavin mononucleotide; H1, hydrogen ion.

1
1
1
2

K
ID

N
EY

3
6
0



Sham 5/6Nx 5/6Nx (inset)

Rat Cortex Immunohistochemistry. Megalin (red), DAPI (blue), Autofluorescence (green).

Sham 5/6Nx 5/6Nx (inset)

Rat Cortex Immunohistochemistry. NHE3 (red), DAPI (blue), Autofluorescence (green).
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Figure 2. | Proteomic analysis revealed LRT-EVs to contain proteins derived from numerous cellular compartments and of variable
functional class. (A) Proteins identified through tandem mass spectrometry data analysis (N53 with two technical replicates of each; six runs
total), and meeting a minimum scan count of six and peptide count of two, were uploaded to Ingenuity Pathway Analysis to categorize these
proteins based on cellular compartment and protein type/function. The percentage of identified LRT-EV proteins per cellular compartment
(location) is depicted on the horizontal bar at the top. The proteins within each cellular compartment are then subcategorized by type, with
percentage within each compartment indicated at the right of the vertical bars. (B) Proteomic analysis identified the plasma membrane
transporter megalin in LRT-EVs. Representative immunohistochemistry of kidney tissues collected 10 weeks postsurgery show presence of
megalin (red) localized at the base of the brush border on the apical membrane in sham-operated (sham) rats. In 5/6Nx rats, megalin can be seen
in LRT-EVs that are within the tubule lumen and LRT-EVs emerging from the proximal tubule cells. The distribution of megalin is diffuse (yellow)
or absent in some tubular cells. Image on right is an inset from center image. DAPI, blue; autofluorescence at 455 nm, green. Scale bar, 100 mm.
(C) Proteomic analysis failed to detect sodium-hydrogen antiporter 3 (NHE3) in LRT-EVs. Immunohistochemistry of kidney tissue collected
10 weeks postsurgery shows the presence of NHE3 (red) in sham and 5/6Nx rat proximal tubule epithelial, but not in LRT-EVs. DAPI, blue;
autofluorescence at 455 nm, green. Scale bar, 50 mm.
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Their collective loss likely contributes to a spectrum of CKD-
related phenotypes. Our proteomic analysis identified 16
proteins of the solute carrier family—plasma membrane
transporters that facilitate reabsorption of many solutes.
Among them were SLC3A1 and SLC34A1, functional loss
of which is associated with cystinuria and phosphaturia,
respectively (21,22). Proteomics identified sodium-glucose
cotransporters (SLC5A1 and SLC5A2) in LRT-EVs. Their
functional inhibition is associated with glucosuria, which is
reported to occur with progressive brush-border loss (3).
Megalin and cubilin, both found within LRT-EVs, are re-
ceptors that facilitate reabsorption of a wide variety of
ligands, including proteins. LRT-EVs contained five subu-
nits of vacuolar ATPase (ATP6V1A, ATP6V1B2, ATP6V0D1,
ATP6V0C, and ATP6V1E1), a proton pump that is in PT
epithelia and in distal tubule intercalated cells (23). Vacuolar
ATPase regulates organelle pH and endocytic reabsorption
of filtered proteins, among other functions (24,25). Also lost
in urine-excreted LRT-EVs was G protein–coupled receptor
family C group 5 member C (GPRC5C). Gprc5c-knockout
mice have reduced blood pH and elevated urine pH (26).
LRT-EVs contained AQP1, an important mediator of water
balance. AQP1 loss impairs the kidney’s ability to concen-
trate urine (27). LRT-EVs contained sodium-potassium
ATPase (Na1/K1-ATPase) subunit a 1, a primary compo-
nent of the basolateral Na1/K1-ATPase. The transmem-
brane Na1/K1-ATPase is responsible for generating the
electrochemical gradient that facilitates virtually all energy-
dependent tubular reabsorption in the PT.
Some PT proteins abundantly expressed in health were

identified in LRT-EVs (e.g., SLC2A1 and SLC34A1), whereas
others were not, such as SLC9A3 (NHE3). This could in-
dicate that inclusion of specific proteins into LRT-EVs is not
strictly on the basis of abundance. It may also reflect in-
trinsic protein-expression changes consequent of pathology.
For example, NHE3 expression, highly expressed in health,
is significantly reduced only 2 weeks after 5/6Nx in rats
(28,29). Our immunohistochemistry analysis of NHE3
expression (Figure 2C) is consistent with these previous
studies. Thus, LRT-EVs may lack NHE3, and other
PT proteins abundantly expressed in health, due to
a pathology-related reduction in expression. Interest-
ingly, NHE3-regulator 1 (NHE3R1) was identified in
LRT-EVs. NHE3R1 is involved in NHE3 intracellular
trafficking (30). Thus, loss of NHE3R1 to LRT-EVs may
have contributed to the differences in NHE3 expression
between sham and 5/6Nx rat PT epithelia. From this
study, we are unable to determine how and why specific
proteins were included in LRT-EVs while others were
not. Inclusion likely depends upon a complex amalgam
of regulated and stochastic factors.
Several studies have made important contributions to our

knowledge of the PT and urinary proteome (31–33). The
“shotgun” proteomics-based analysis of 5/6Nx LRT-EVs
provided here adds to our understanding of renal tubular
pathophysiology. Hypothesis-driven investigations of LRT-
EV production and characteristics in different disease states
and model systems may provide deeper understanding of
changes that occur during CKD progression. This study had
a number of limitations. First, the marked increase in LRT-
EV formation and excretion that occurred between week 5
and 7 postsurgery coincided with the timing of a sharp

decline in renal function in this model, including elevations
in proteinuria, and an abrupt increase in histologic evidence
of proximal tubule pathology, including hypertrophy and
dilation (1). Despite this, we are unable, from this study, to
determine conclusively that LRT-EVs are a pathogenic
mechanism of CKD. However, the fact that they house
functionally important tubule proteins suggests they are,
at a minimum, formed during a period of rapid worsening
of renal function in the 5/6Nxmodel of CKD. Second, many
LRT-EV proteins were specific to the PTs, but others were
not. For example, LRT-EVs contained FABP3, which, in
health, is expressed in greater abundance in distal tubules
than PTs (34), and is considered a urinary biomarker of
distal tubule damage (35). Although PTs appear to be the
predominate site of LRT-EV formation, LRT-EVs may be
generated at additional sites. Third, we performed our
proteomic analysis on LRT-EVs collected from 5/6Nx rats
10 weeks postsurgery. The LRT-EV proteome likely varies
with renal injury type and with advances (or retreats) in
disease progression.
In conclusion, the 5/6Nx rat model of CKD spontane-

ously produces LRT-EVs that are excreted in the urine.
Our proteomic analysis indicates LRT-EVs contain
a wide assortment of proteins, including those specific
to the PT epithelium such as transporters, enzymes,
transmembrane receptors, and endocytic receptors
(Figure 4). This study adds to the rapidly growing field
of omics-based, renal disease, extracellular-vesicle
analysis. Therapies designed to limit LRT-EV forma-
tion may improve renal function. Loss of important
tubule proteins via excretion of LRT-EVs may represent
an underappreciated pathogenic mechanism of renal
disease.
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Figure 3. | Proteomic analysis revealed LRT-EVs to contain proteins derived from numerous cellular compartments and of variable
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