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Abstract

Background: Levels of urinary microvesicles, which are in-
creased during various kidney injuries, have diagnostic po-
tential for renal diseases. However, the significance of urinary
microvesicles as a renal disease indicator is dampened by the
difficulty to ascertain their cell source. Objectives: The aim of
this study was to demonstrate that podocytes can release mi-
grasomes, a unique class of microvesicle with size ranging
between 400 and 2,000 nm, and the urine level of migra-
somes may serve as novel non-invasive biomarker for early
podocyte injury. Method: In this study, immunofluorescence
labeling, electronic microscopy, nanosite, and sequential
centrifugation were used to purify and analyze migrasomes.
Results: Migrasomes released by podocytes differ from exo-
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somes as they have different content and mechanism of re-
lease. Compared to podocytes, renal tubular cells secrete
markedly less migrasomes. Moreover, secretion of migra-
somes by human or murine podocytes was strongly aug-
mented during podocyte injuries induced by LPS, puromycin
amino nucleoside (PAN), or a high concentration of glucose
(HG). LPS, PAN, or HG-induced podocyte migrasome release,
however, was blocked by Rac-1 inhibitor. Strikingly, a higher
level of podocyte migrasomes in urine was detected in mice
with PAN-nephropathy thanin control mice. Infact,increased
urinary migrasome number was detected earlier than elevat-
ed proteinuria during PAN-nephropathy, suggesting that uri-
nary migrasomes are a more sensitive podocyte injury indica-
tor than proteinuria. Increased urinary migrasome number
was also detected in diabetic nephropathy patients with pro-
teinuria level <5.5 g/day. Conclusions: Our findings reveal
that podocytes release the “injury-related” migrasomes dur-
ing migration and provide urinary podocyte migrasome as a
potential diagnostic marker for early podocyte injury.
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Introduction

Podocytes control glomerular permeability with their
exceptionally complex morphology. The development of
proteinuria is often associated with podocyte injury, such
as podocyte foot process effacement [1, 2] and cell lose [3,
4]. As podocytes are terminal differentiated cells and lack
capacity of renewal, detecting early stage podocyte injury
is thus critical for the success of glomerular disease treat-
ment.

Previous studies by us [5, 6] and others [7, 8] have
demonstrated that extracellular vesicles (EVs), particu-
larly exosomes, are a class of signal molecules mediating
intercellular communication. Although the molecular
basis how exosome release is linked to cell injury remains
poorly understood, the release of EV's by various cells is
often increased at early stages of kidney diseases. This has
generated a considerable interest in the potential of exo-
somes released by renal cells as sensitive biomarkers for
nascent kidney diseases. Several studies have linked cir-
culating EVs released from renal endothelial cells to the
progression of different kidney diseases such as acute kid-
ney injury, CKD, diabetic nephropathy (DN), lupus ne-
phritis, and nephrotic syndrome [9-11]. As urine is also
a rich source of EVs [12], increased levels of urinary EV's
provide a possible noninvasive indicator of kidney inju-
ries [12,13]. Indeed, Burger etal. [14] reported that podo-
cytes release EVs in vitro when treated with high glucose
for 24 h. Interestingly, the same group detected signifi-
cantincreases in podocyte-EVsin type 1 diabetes patients
in the absence of albuminuria, nephrinuria, or glomeru-
lar filtration rate (GFR) decline [15], implying that uri-
nary podocyte-EVs may be a more sensitive marker for
podocyte injury than proteinuria. In type 2 diabetes, uri-
nary EVs were reported to be associated with DN pro-
gression [16, 17]. De et al. [17] observed a progressive
increase in total urinary EVs and podocalyxin* EVs in
diabetic patients, along with increased albuminuria. In
addition, an inverse correlation between urinary EVs and
GFR was observed by Kaminska et al. [16] in diabetic pa-
tients. Higher levels of podocyte-derived EVs were asso-
ciated with podocyte injury in patients with renovascular
hypertension [18] or lupus nephritis [19]. Urinary EVs
can be also derived from other cell types. Despite failing
to detect increased podocyte-EVs in the urine of patients
with renovascular hypertension and essential hyperten-
sion, Santelli et al. [20] reported an increase in tubule-
derived p16* EVs, which were directly associated with
circulating proinflammatory biomarkers and negatively
associated with GFR. In kidney transplant recipients, as
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well as a mouse model of adenine-CKD, urinary CD133*
EVs from progenitor cells were demonstrated to be re-
leased by the donor’s glomeruli and proximal tubule cells
[21-23]. Their study also showed that progenitor cell
CD133" EVs may have a protective role during the rees-
tablishment of kidney function. Further complicating
this issue, urinary EVs are also derived from extra-renal
cell sources. Burbano et al. [24] observed higher levels of
urinary EVs expressing specific markers of monocyte ac-
tivation in lupus nephritis, implicating the presence of
inflammatory infiltrates in renal parenchyma. Urinary
EVs containing other biomarkers, such as monocyte che-
moattractant protein-1 and neutrophil gelatinase-associ-
ated lipocalin, were also investigated in other kidney dis-
ease [25]. Given that urinary EVs particularly can be de-
rived from different renal and extra-renal cells, and it is
difficult to discern the cell source of urinary exosomes,
the significance of urinary exosomes as noninvasive
markers for podocyte injury is dampened.

Recent works by Yu’s group [26-29] discovered a
unique class of microvesicles named as migrasomes can be
secreted by cells during the process of cell migration. The
studies showed that migrasomes have the following char-
acteristics: (a) vesicles of 300-3,000 nm diameters with 1
monolar membrane, and (b) containing numerous smaller
vesicles inside, and (c) expressing unique proteins such as
NDST1 (bifunctionalheparan sulfate N-deacetylase/N-sul-
fotransferase 1), PIGK (phosphatidylinositol glycan an-
chor biosynthesis, class K), CPQ (carboxypeptidase Q),
and EOGT (EGF domainspecific O-linked N acetylglucos-
aminetransferase). Migrasomes are different from exo-
somes not only in size but also in the content and the mech-
anism by which vesicles are released. More interestingly,
although the biological purpose and function of cellular
release of migrasomes remains incompletely understood,
the production and release of migrasomes is highly depen-
dent upon the motility of the cells. In other words, cells
with high motility likely release more migrasomes than low
motility cells.

Given podocytes possess a higher capacity of motility
than other renal cells, we postulate that human and mouse
podocyte can release a significant amount of migrasomes
during migration. Since motility of podocytes, including
the translocation to cover the space emptied by lost podo-
cytes or the change of the podocyte foot processes from
normal to an effaced morphology, are all tightly corre-
lated with podocyte injury [30-33], the migrasomes se-
creted by podocytes are likely increased when podocytes
are injured. To test these hypotheses, we employed mor-
phological, biochemical and molecular techniques to
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characterize the migrasomes released by podocytes and
the association between the number of migrasomes re-
leased by podocytes and podocyte injury. Employing
urine samples obtained from a puromycin amino nucleo-
side (PAN)-induced kidney injury mouse model and pa-
tients with active DN diseases, we further detected mig-
rasomes in the urine and explored the possibility of uri-
nary migrasomes serving as a non-invasive diagnostic
marker for early podocyte injury.

Materials and Methods

Cell Culture and Treatment

Human podocyte cell line (HPC) was a kind gift from Professor
M. Saleem (Children’s Renal Unit, Bristol Royal Hospital for Chil-
dren, University of Bristol, UK) and was cultured as previously
described. HPCs were seeded onto culture plates and cultured in
RPMI 1640 medium enriched with 10% FBS, 100 U/mL penicillin
and 100 pg/mL streptomycin (Gibco, Gaithersburg, MD, USA),
and ITS (Sigma-Aldrich, St. Louis, MO, USA). HPCs were cul-
tured at 33°C and 5% CO, for proliferation and were then shifted
to 37°C and 5% CO, for differentiation for 10-12 days. HPCs were
incubated with or without different dose LPS (Sigma-Aldrich),
PAN (Sigma-Aldrich), and HG (Sigma-Aldrich) for different time.
HPCs were cultured with or without 50 pg/mL LPS, 75 pg/mL
PAN, 60 mM HG, and different dose Rac-1 inhibitor (EHT 1864)
(Tocris, 3872) for different time. In addition, HPCs were cultured
with dynamin Inhibitor Dynasore (Merck, 324410) or blebbistatin
(Merck, 203392) for 12 h.

Patient Sample Collection

Healthy volunteers (n = 5) and DN patients (n = 10) were en-
rolled in this study. The urine samples were collected from DN
patients with mild podocyte injure and low proteinurialevel (1.57-
5.55 g/day). Patients were diagnosed based on renal biopsies at the
National Clinical Research Center of Kidney Diseases, Jinling Hos-
pital, Nanjing University School of Medicine. The urine was col-
lected from DN patients within 24 h.

Cell Transfection

HPCs were seeded in a 6-well plate. Until they reached a con-
fluence of 70-80%, HPCs were transfected, respectively, with 2-ug
plasmid tetraspanin-4 (TSPAN4)-mcherry per well using Lipo-
fectamine™ 3000 (ThermoFisher Scientific). Then replace with
new medium at 4 h post-transfection.

Immunofluorescence

HPCs transfected with plasmid TSPAN4-mcherry were seeded
into 35-mm glass-bottom dishes coated with fibronectin (1 pg/
mL) and cultured at 37°C for 15 h. Then HPCs transfected with
plasmid TSPAN4-mcherry were fixed with 4% paraformaldehyde
for 10 min at room temperature. Confocal images were taken using
a two-photon laser confocal microscope (Lei TCS SP8-MaiTai
MP). HPCs grown in 35 mm glass-bottom dishes were fixed with
4% paraformaldehyde for 10 min at room temperature. HPCs were
washed with PBS 3 times, blocked in PBS containing 10% FBS, and
then incubated with primary antibody anti-SIRPa (Abcam,
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ab8120) overnight at 4°C. After 3 PBS rinses, fluorophore-conju-
gated secondary antibody Alexa Fluor™488 donkey anti-rabbit
(Invitrogen, A21206) was applied for 60 min at room temperature.
After 3 PBSrinses, the stained samples were mounted in Prolong™
Diamond Antifade Mountant (Life Technologies, P36961) with
DAPI (Santa Cruz Biotechnology, sc-3598).

Living-Cell Imaging

The night before imaging, HPCs transfected with TSPAN4-
mcherry-expressing plasmid were cultured in a 96-well plate coat-
ed with fibronectin (1 pg/mL). Images were acquired using a high
content screening (PerkElmer operetta), time interval is around 6
min. The images were analyzed by Columbus analysis software
and Windows Movie Maker.

Isolation of Migrasomes and Exosomes

Migrasomes and exosomes produced by cultured podocytes
were isolated by sequential centrifugation process. Briefly, for
isolation of large amount of podocyte migrasomes and exosomes,
podocytes were grown in 8-12 flasks (300 cm? each flask) coated
with 0.1 g/mL fibronectin. Migrasomes were isolated from 2
sources: migrasomes adhered to plates or connected to cell sur-
face, and migrasomes in the supernatant of cultured podocytes.
To isolate migrasomes in the supernatant, cell culture medium
was collected in 50 mL tubes. To isolate the adherent migra-
somes, flasks were treated with trypsin for 3-4 min after remov-
al of supernatant, and the cell and migrasomes were also collect-
ed in 50 mL tubes. Cells and large debris were removed by cen-
trifugation at 1,000 g for 10 min followed by 4,000 g for 20 min.
Migrasomes were then collected as the pellet by centrifugation at
20,000 g for 30 min. The supernatant was then passed through a
0.22 m filter and centrifuged at 120,000 g for 90 min to obtain
exosomes. Isolated migrasomes and endosomes were subjected
to biological and morphological analysis. To isolate migrasomes
from human urine samples, urine samples of the control group
(n = 5), and the DN patients (n = 10) were collected in 50 mL
tubes. After removal of cells and cell debris by centrifugation at
1,000 g for 10 min followed by 4,000 g for 20 min, urine samples
were then centrifuged at 20,000 g for 30 min to collect crude uri-
nary migrasomes.

Nanoparticle Tracking Analysis

The number and size of migrasomes were directly tracked us-
ing the NanoSight NS 300 system (NanoSight Technology, Mal-
vern, UK), configured with a 488 nm laser and a high-sensitivity
sCMOS camera. Migrasomes were resuspended in PBS to achieve
between 20 and 100 particles per frame. Samples were manually
injected into the sample chamber at ambient temperature. Each
sample was measured in triplicate at camera setting 12 with acqui-
sition time of 30 s and detection threshold of 7. At least 200 com-
pleted tracks were analyzed per video. The NTA analytical soft-
ware version 2.3 was used for analyzing the data.

Migrasome Adhesion

Migrasomes isolated from the urine of healthy donors (control
group) and DN patients were seeded into 35 mm glass-bottom
dishes coated with fibronectin (1 pg/mL) and incubated at 37°C for
30 min. Migrasomes attached to dishes were stained with PKH67
Green Fluorescent Cell Linker (Sigma-Aldrich, MIDI67) in dark
for 15 min. Afterward, migrasomes attached to dishes were washed
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with PBS and fixed with 4% paraformaldehyde for 10 min. After 3
washes with PBS, the stained samples were directly observed using

a two-photon laser confocal microscope (Lei TCS SP8-MaiTai
MP).

PAN-Induced Murine Kidney Injury Model

Animal protocols and procedures were approved by the Insti-
tutional Animal Care and Use Committee at Nanjing University
(Nanjing, China). For PAN-induced podocyte injury, mice re-
ceived 2 intravenous injections of PAN (180 mg/kg, on day 1 and
day 3) [34]. Urine was collected for determination of albumin/Cr
and NanoSight analysis on day 0, 2, 4, and 6. Kidneys were har-
vested and processed for transmission electron microscopy (TEM)
onday0, 2, 4, and 6. Urinary albumin and Cr were measured using
mouse albumin ELISA (Bethyl Laboratories) and Cr assay (Sigma-
Aldrich) kits according to the manufacturers’ protocols. Urine al-
bumin excretion was indicated by the ratio of albumin to Cr (mg/
mg).

Electron Microscopy

Scanning electron microscopy was performed as previously de-
scribed [26]. In brief, the culture cells were grown on coverslips,
fixed with 2.5% glutaraldehyde at room temperature, and then
post fixed with 1% osmium containing 1.5% potassium ferrocya-
nide for 60 min at room temperature. All samples were then dehy-
drated with a graded series of ethanol (50, 70, 90, 95, and 100%)
for 8 min each. After changing ethanol with tertiary butyl alcohol,
samples were frozen at —20°C and then dried with a freeze drier.
The dried samples were coated with an approximately 10-nm-
thick gold film by sputter coating before examination with a field
emission scanning electron microscope. TEM was performed as
previously described [35]. In brief, the samples were collected and
fixed in 2.5% glutaraldehyde, followed by post-fixation in 2% os-
mium tetroxide, dehydrated in graded acetones ethanol, and em-
bedded in epoxy resin (SPI Inc., Westchester, PA, USA), and 80- to
90-nm-ultrathin sections were stained for 15 min in 5% uranyl
acetate followed by 0.1% lead citrate for 5 min. Electron micro-
graphs were obtained and analyzed using the Hitachi 7,500 trans-
mission electron microscope.

Western Blot

Western blot analyses were performed as previously described
[35]. Briefly, proteins were extracted from cells, migrasomes, or
exosomes was resolved by SDS-PAGE before being transferred
onto the appropriate membrane and incubated with antibodies.
Primary antibodies of ALIX (Abcam, ab186429), PIGK (Abcam,
ab201693), podocin (Sigma-Aldrich, P0372), SGLT2 (Abcam,
ab37296), and secondary antibody of goat anti-rabbit IgG-HRP
(Santa Cruz, sc-2004) were used for detection.

microRNA Microarray

Total RNA was quantified by the NanoDrop ND-2000 (Ther-
mo Scientific) and the RNA integrity was assessed using Agilent
Bioanalyzer 2100 (Agilent Technologies). The sample labeling, mi-
croarray hybridization, and washing were performed based on the
manufacturer’s standard protocols. Briefly, total RNA was dephos-
phorylated, denaturated, and then labeled with Cyanine 3-CTP.
After purification, the labeled RNAs were hybridized onto the mi-
croarray. After washing, the arrays were scanned with the Agilent
Scanner G2505C (Agilent Technologies).

Migrasome as Podocyte Early Injury
Marker

Statistical Analysis

Data were presented as mean + SEM. Statistical analysis was
performed in GraphPad Prism 7.0. All data were obtained from at
least 3 independent experiments. Statistical comparisons between
groups were analyzed for significance by two-tailed ¢ test. Results
were considered significant at p values of <0.05.

Results

Podocytes Secret Migrasomes, a Unique Class of

Microvesicles Different from Exosomes

Recent work by Ma et al. [26] discovered that migra-
somes, a unique class of microvesicles whose size vary
between 300 and 3,000 nm, can be secreted by “migrating
cells” during the process of cell migration. As podocytes
possess a high motility capacity, we postulate that podo-
cytes can also release migrasomes. To test this hypothesis,
we transfected immobilized HPCs with TSPAN4-mCher-
ry-expressing plasmid [26] and closely monitored the cell
movement during in vitro culture. As shown in Figure 1a,
corroborating the finding that migrasomes are released
by rat podocytes in the opposing direction of cell migra-
tion [26], we observed that TSPAN4-positive migrasomes
(arrowheads) were released along the tubular structures.
In contrast, cultured renal tubular HK-2 cells, also trans-
fected with TSPAN4-mCherry-expressing plasmid,
showed neither significant TSPAN4-positive tubular ex-
tension nor migrasomes (Fig. 1b). Given that SIRPa is
heavily expressed in podocytes [35], we also used SIRPa
as a podocyte marker to validate migrasome secretion by
HPCs. SIRPa-positive tubular structures (arrows) were
found extended from podocytes, and along the tubular
structures, SIRPa-positive migrasome particles (arrow-
heads) were observed (Fig. 1c). The dynamic process of
migrasome release from a cultured podocyte was record-
ed (see online suppl. video; for all online suppl. material,
see www.karger.com/doi/10.1159/000511504). More-
over, the scanning electron microscopy images showed
numerous tubular structures protruding from the podo-
cyte surface, and along these extended tubes, migrasomes
with size of ~500 nm were distally located from the cell
boundary (Fig. 1d). Differing from exosomes, which are
normally less than 100 nm in diameter, the migrasomes
released from HPCs were arranged from 400 to 2,000 nm.

As integrin o5 is enriched in migrasomes and plays a
critical role in migrasome release [27], migrasomes se-
creted by podocytes should be much more adherent than
exosomes released from the same cells. Indeed, we found
that migrasomes rapidly adhered to fibronectin-coated
culture plates following the release. Figure le shows the
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Fig. 1. Cultured human podocytes release migrasomes. a, b, Mig-
rasomes released by human podocyte (HPCs) (a) but not renal
tubular HK-2 cells (b) observed by confocal fluorescence micros-
copy. HPCs and HK-2 cells were transfected with TSPAN4-
mCherry-expressing plasmid and grown on coverslips. ¢ Immu-
nofluorescence staining of SIRPa in HPC observed by confocal
microscopy. In panel a, ¢, enlarged sections were shown in the

TEM images of adherent migrasomes (obtained after
washing the culture dish) or free migrasomes (obtained
from podocyte culture supernatant). Given that genera-
tion and release of migrasomes by a cell is dependent
upon cell motility [26], we compared the generation and
release of migrasomes in both human podocytes and re-
nal tubular HK-2 cells. As shown in Figure 1f, compared
to podocytes, HK-2 cells released significantly less migra-
somes over the same 3-h duration. This observation sup-
ports the notion that podocytes possess significantly
higher motility than tubular HK-2 cells.

Based on the size difference between migrasomes and
exosomes, we designed a simple sequential centrifuga-
tion strategy to directly isolate migrasomes and exo-
somes from the supernatant of cultured podocytes
(Fig. 2a). As shown, following 1,000 g and 4,000 g cen-
trifugation to remove cell debris, migrasomes were di-
rectly obtained by centrifugation at 20,000 g for 30 min.
In contrast, exosomes were only harvested through ultra-
centrifugation (120,000 g for 90 min). The purity of iso-
lated migrasomes and exosomes released by HPCs were
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right panels, respectively. Scale bar, 25 pm. d Migrasomes released
by HPC observed by SEM. Scale bar, 1 um. e TEM images of HPC-
released migrasomes adherent to the culture dish or purified from
the supernatant. Scale bar, 500 nm. f Level of migrasomes secreted
by HPCs and HK-2 cells in 3-h culture. HPCs, human podocyte
cell lines; TEM, transmission electron microscopy; SEM, scanning
electron microscopy; TSPAN4, tetraspanin-4.

validated by TEM (Fig. 2b). In agreement with a previous
study showing that migrasomes contain a higher level of
a class K gene (PIGK) whereas exosomes contain a high-
er level of Alix [29], Western blot analysis of isolated mi-
grasomes and exosomes released by the same cultured
podocytes detected a high level of PIGK in migrasomes
but not in the exosomal fraction, whereas a high level of
Alix was found in the exosomal fractions but not in mi-
grasomes (Fig. 2c). Microarray data further showed a dif-
ferent expression profile of miRNAs in isolated podocyte
migrasomes and exosomes (Fig. 2d). The detailed infor-
mation of miRNA microarray can be obtained from
GEO database (https://www.ncbi.nlm.nih.gov/geo/que-
ry/acc.cgi?acc=GSE150459). For instance, significantly
higher levels of miR-1303, miR-490-5p, miR-548a, miR-
611, and miR-661 were detected in isolated migrasomes
than in isolated exosomes, while isolated exosomes ex-
pressed more miR-144-3p, miR-221-3p, and miR-4286
than migrasomes. These results clearly suggest that mig-
rasomes and exosomes released by podocytes are 2 dis-
tinct microvesicles.
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Fig. 2. Podocyte migrasomes and exosomes possess different pro-
tein and miRNA profiles. a Schematic illustration of migrasome
and exosome purification procedure from cultured HPCs. b TEM
images of migrasomes and exosomes. Scale bar, 200 nm. ¢ Western
blot analysis of HPCs (cell body), migrasomes, and exosomes using

Release of Migrasomes by Podocytes Is Augmented

during Cell Injuries Induced by LPS, PAN, or HG

As motility of podocytes is linked to cell injury [31, 33],
we next determined whether release of migrasomes by
podocytes, which is positively correlated to podocyte mi-
gration, reflected podocyte injury. In this experiment,
podocytes were injured by treatment with LPS, PAN, or
HG at various dosages or for different durations, and the
number of migrasomes released by podocytes was mea-
sured by NanoSight analysis. As shown in Figure 3, treat-
ment with LPS (Fig. 3a), PAN (Fig. 3b), or HG (Fig. 3¢)
all significantly enhanced the release of migrasomes in a

Migrasome as Podocyte Early Injury
Marker

antibodies against Alix and PIGK. d Different miRNA expression
profile in migrasomes and exosomes identified by miRNA micro-
array chip. HPCs, human podocyte cell lines; TEM, transmission
electron microscopy.

time-dependent and dose-dependent manner. Collec-
tively, these results suggest that release of migrasomes
from podocytes is augmented during podocyte injury.

Release of Migrasomes Is Blocked by Inhibiting Rac-1

Activity in Podocytes

As podocyte migration requires a dynamic change or
re-arrangement of the intracellular filament network, we
next determined whether the release of migrasomes dur-
ing podocyte injury is also dependent upon the intact in-
tracellular filament network. For this experiment, migra-
some release by injured podocytes was assessed in the
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Fig. 3. Increased migrasome release during
podocyte injury. HPCs were treated with
LPS, PAN, or HG at different concentra-
tion or for different times. The number of
migrasomes was detected and analyzed by
NanoSight. a HPCs were treated with LPS
at 50 pg/mL for different times (left panel)
or various LPS concentration for 6 h (right
panel). b HPCs were treated with PAN at
75 pg/mL for different times (left panel) or
various concentration of PAN for 24 h
(right panel). ¢ HPCs were treated with
HG at 60 mM for different times (left pan-
el) or different concentration of glucose
for 48 h (right panel). Data represent mean
+ SEM, and p value was analyzed by
2-tailed Student’s t test. **p < 0.01, ***p <
0.001, ****p < 0.0001. HPCs, human podo-
cyte cell lines; PAN, puromycin amino nu-
cleoside.

presence of or absence of various inhibitors against fila-
mentous actin or microtubulin. As shown in online suppl.
Figure 1, migrasome release from HPCs was significantly
reduced by Dynasore, an inhibitor of motor protein dyna-
min [36], and blebbistatin, a selective non-muscle myosin

II inhibitor [37].

Migrasome number/cell Migrasome number/cell

Migrasome number/cell

LPS-50 pg/mL

800
KKk K
1
e}
600 Q
400
Kk ok k
1
Q
200
O .
3 6 12
h
PAN-75 pg/mL
250 EE 33
1
200 + Kk sk >k 00
1
150
100
50
O .
6 12 24
h
HG-60 mMm
kokk ok
300  —
KKKk
1
200 H
100
0 -
12 24 48
h

Migrasome number/cell Migrasome number/cell

Migrasome number/cell

©

o

o
|

[e2)

o

o
1

— —_ N N
o wv1 o w1
o o o o
1 1 1 |

w1
o
1

o
|

400

300

200

100

LPS-6 h

Hg/mL

PAN-24 h

50 75
pg/mL

HG-48 h

kkoskok

kK kok

100

kk

It has also been reported that Rac-1, a small Rho-family
GTPase involved in modulating cellular signaling that con-
trol migration and inflammation, is over-activated during
podocyte injury, and that inhibition of Rac-1 activity would
protect podocyte structure and function [38-40]. To test

whether Rac-1 activity is involved in migrasome release

428

Kidney Dis 2020;6:422-433
DOI: 10.1159/000511504

Liu/Li/Rong/Zeng/Zhu/Chen/Li/Liu/Zen



300 250 400
3 3 — 5
g < 200+ O kkkk =
(9 (] [
o) Q0 Q
1S £ 150 S
> 3 >
c c c
(4] [} ()
1S £ 100 1S
2 2 2
8 & 8
i) o 50 k=)
= = =
04
~
ORI
RO NSRS RN
Qe\ (ob( (ob( Q)b(
Q& Q¥ P
(/ XQz\ XQ\g\ XQI?s

a b Q‘?‘e QV“e Q@ C

Fig. 4. Rac-1 inhibitor blocks the release of migrasomes from
podocytes induced by LPS, PAN, or HG. The number of migra-
somes was detected and analyzed by NanoSight. a Dose-depen-
dent inhibition of Rac-1 inhibitor (EHT 1864) on migrasome re-
lease from HPCs treated with or without LPS (50 pg/mL) for 6 h.
b Dose-dependent inhibition of EHT 1864 on migrasome release
from HPCs treated with or without PAN (75 ug/mL) for 24 h.

from injured podocytes, we treated podocytes with spe-
cific Rac-1 inhibitor (EHT 1864) in the presence of LPS,
PAN, or HG. As shown in Figure 4, Rac-1 inhibitor dose-
dependently suppressed the release of migrasomes from
podocytes induced by LPS (Fig. 4a), PAN (Fig. 4b), or HG
(Fig. 4c). The results strongly argue that the protective ef-
fect of Rac-1 inhibitor on podocyte injury may be due to
inhibition of migrasome release by podocytes.

Urinary Migrasome Number Is a Sensitive Indicator

for Early Podocyte Injury

Given that migrasome release by injured podocytes is
significantly increased compared to normal podocytes, we
next explored whether podocyte migrasomes could be de-
tected in mouse urine under normal or podocyte injury
condition. To establish a mouse nephropathy model, mice
were intravenously injected twice with PAN (180 mg/kg),
with injections of saline serving as a control (Fig. 5a, red
arrows). Mouse urine samples were collected every other
day for migrasome, albumin, and Cr measurement. On the
indicated day post-PAN treatment, mice were killed and
kidneys were collected to examine renal tissue damage by
transmission electronic microscopy. As shown in online
suppl. Figure 2, ultrastructural analysis by TEM showed
the appearance of disruption and effacement of podocyte

Migrasome as Podocyte Early Injury
Marker

¢ Dose-dependent inhibition of EHT 1864 on migrasome release
from HPCs cultured in the normal concentration of glucose or HG
(60 mM) for 48 h. Data represent mean + SEM. p value was ana-
lyzed by 2-tailed Student’s ¢ test. **p < 0.01, ***p < 0.001, ****p <
0.0001. HPCs, human podocyte cell lines; PAN, puromycin amino
nucleoside.

foot processes even on day 2 after injection of PAN. PAN
treatment significantly increased the level of migrasomes
in mouse urine. Notably, increased level of migrasomes
was detected in the urine at an earlier time point (day 2)
than increased proteinuria (day 4) (Fig. 5b), suggesting
that elevated levels of urinary migrasomes may serve as an
indicator for early podocyte injury. Interestingly, Western
blot analysis further showed that urinary migrasomes ob-
tained from PAN-treated mice heavily expressed podocyte
marker podocin but not tubular cell marker sodium-de-
pendent glucose transporters 2 (SGLT2), implying that
urinary migrasomes detected at this stage are mainly de-
rived from mouse podocytes (Fig. 5¢).

Next, elevated urinary migrasome concentration dur-
ing kidney injury was validated in human urine samples.
For this experiment, we collected urine samples from
healthy volunteers (control group, n = 5) and patients
with active DN (n = 10). The control group and DN pa-
tients had proteinuria level in a range of 0.10-0.15 and
1.57-5.55 g/day, respectively (Fig. 6a). As expected, mig-
rasome levels in urine samples from DN patients were
significantly higher than those in the control group
(Fig. 6b). Given that integrin a5-containing migrasomes
have high adhesive capacity [41], we also directly assessed
the migrasome level in human urine samples via adhesion
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Fig. 5. Detection of podocyte migrasomes in urine in PAN-treated
mice. a Schematic of experimental design. Briefly, mice were in-
jected with saline (control) or PAN (180 mg/kg) on day 1 and day
3 (indicated by red arrows). Urine was collected and tested on day
0,2, 4, and 6. b Migrasome level and albumin/Cr ratio detected in
control group (n = 8) and PAN group (1 = 8). Data represent mean
+ SEM, and p value was analyzed by 2-tailed Student’s ¢ test. ns, no
significance. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
¢ Urinary migrasomes collected on day 2 and day 4 following PAN
treatment expressed podocyte marker podocin but not tubular cell
marker SGLT-2. PAN, puromycin amino nucleoside.

assay. Migrasomes isolated from the urine samples of the
control group and DN patients were cultured in a fibro-
nectin-coated culture dish for 30 min to allow adhesion.
After gentle washing, adherent migrasomes were stained
with PKH67 and observed under a confocal microscope.
As shown in Figure 6¢, significantly more PKH67-stained
urinary migrasomes (arrows) were found in DN patients
than in the control group.
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Fig. 6. Detection of migrasomes in urine samples from healthy vol-
unteers (control) and patients with active DN. Urinary migrasome
level was assayed and analyzed by NanoSight. a Proteinuria level
of control (n = 5) and DN (n = 10) groups. b Migrasome levels in
control (n = 5) and DN (n = 10) groups. ¢ Immunofluorescence
staining of migrasomes with PKH67. Migrasomes from urine sam-
ples of control group and DN group were incubated in culture
dishes for 30 min for adhesion. Following gentle wash, migrasomes
were then stained with PKH67. Scale bar, 5 um. Data in a, b rep-
resent mean = SEM, and p value was analyzed by 2-tailed Student’s
t test. **p < 0.01, ***p < 0.001, ****p < 0.0001. DN, diabetic ne-
phropathy.

Discussion

In the present study, we report that podocytes can re-
lease significantly more migrasomes than renal tubular
cells, and the release of migrasomes by podocytes is aug-
mented during podocyte injury. As a markedly higher lev-
el of podocyte migrasomes in urine was detected in mice
or human patients with kidney injury, our results collec-
tively suggest that podocyte-released migrasomes in urine
may serve as a non-invasive indicator for podocyte injury.

Migrasomes were first discovered by Yu’s group re-
cently [26-28]. As a new class of EVs, migrasomes are
different from classic EVs released by cells, including exo-
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somes. Supporting this, our study showed the size of mi-
grasomes released by podocytes ranging 400-2,000 nm,
which is significantly larger than ~100-nm podocyte exo-
somes. In addition to the size difference, podocyte migra-
somes contained different miRNAs compared to exo-
somes secreted by the same podocytes (Fig. 2). Morpho-
logical study also suggests that release of migrasomes and
exosomes follow different pathway. Unlike exosomes
which are generally stored in multivesicular bodies and
released through fusion of multivesicular bodies with
plasma membranes, migrasomes were released along the
tubular structures that were directly extended from podo-
cyte surface (Fig. 1). Although migrasome has just been
named recently, such microvesicles might be observed
previously. Analyzing EVs in urine samples from healthy
donors and nephritic and nephrotic patients, Hera et al.
[42] reported a subpopulation of EVs that had a mean size
of over 200 nm and an absence of “exosomal” markers,
such as CD24 and CD63, suggesting that these large EV's
are not exosomes but migrasomes. Interestingly, 0.1- to
1.0-um podocyte-derived EV's (termed as microparticles)
were previously identified in urine samples and the uri-
nary level of these microparticles was associated with dia-
betic glomerular injury [14, 15]. Given that cell shedding
vesicles have a size of 100-500 nm [43], it would be dif-
ficult to separate the microparticles from migrasomes
based on vesicle size. However, different from migra-
somes, microvesicles, which are directly shed from cell
plasma membranes, generally do not contain small vesi-
cles inside. Employing TEM, we carefully analyzed the
pellet isolated by centrifugation at 20,000 g for 30 min.
The TEM data showed that >70% EVs isolated from the
supernatant of cultured HPC contained small vesicles in-
side, suggesting that the majority of isolated EVs are mi-
grasomes which directly link to podocyte motility and in-
jury.

Although classic EVs particularly exosomes released
by renal cells may reflect the physiologic or pathophysi-
ologic status, the molecular basis underlying such exo-
somes as a potential indicator for renal cells is still miss-
ing. With different stimulation, non-injured cells can ac-
tively release exosomes. In other words, release of
exosomes by renal cells such as podocytes or renal tubular
cells is not an event specific for cell injury. In contrast, as
generation and release of migrasomes is dependent upon
cell motility, and in podocytes, cell motility is tightly cor-
related with cell injury, migrasomes are likely a novel
class of true cell injury-related microvesicles. Therefore,
the amount of migrasomes released by podocytes can di-
rectly reflect the degree of podocyte injury. Supporting

Migrasome as Podocyte Early Injury
Marker

the notion that generation and release of migrasomes is
positively correlating with the capacity of cell motility, we
compared the migrasomes released by different renal
cells and found that cultured podocytes secreted signifi-
cantly more migrasomes than cultured HK-2 cells. Al-
though podocytes can possess a high capacity of motility
like myeloid-derived leukocytes [44], accumulating evi-
dence suggest that most migratory activities of podocytes,
including lateral translocation, apical translocation, or
even the stationary motility that is involved in podocyte
cell retraction and foot process effacing [45], are associ-
ated with podocyte injury. Recent studies using in vivo
multiphoton microscopy confirmed that healthy podo-
cytes remain static and migration of podocytes only occur
when podocytes are injured [46, 47]. Moreover, increased
podocyte motility induced by various reagents that cause
podocyte injury has been widely shown previously [34,
48, 49]. Indeed, our results showed that LPS, PAN, or HG
treatment promoted migrasome release from podocytes
in a time- and dose-dependent manner (Fig. 3). The
amount of migrasomes released by cultured podocytes
was positively correlated with the degree of cell injury. In
line with previous studies showing that the dynamic cy-
toskeleton network plays an essential role in migrasome
movement and release [26, 28], we found that release of
podocyte migrasomes was significantly reduced by Dyna-
sore and blebbistatin (online suppl. Fig. 1). Interestingly,
we also observed a strong inhibitory effect of Rac-1 in-
hibitor on the release of podocyte migrasomes induced by
LPS, PAN, or HG (Fig. 4). As Rac-1 activity plays a critical
role in podocyte injury and inhibition of Rac-1 activity
can protect podocytes [38-40], our results suggest that
Rac-1 activity is involved in the release of podocyte mig-
rasomes and that Rac-1-mediated release of podocyte mi-
grasomes is a critical component of podocyte injury pro-
cess. In other words, Rac-1 inhibitors may protect podo-
cytes against various injuries via blocking the generation
and secretion of podocyte migrasomes.

Another disadvantage of urinary exosomes as a non-
invasive renal disease marker is the complexity of cell
sources from which urinary exosomes are derived. Exo-
somes in urine can be derived from different renal cells as
well as non-renal cells, and the originating cell source of
urinary exosomes is difficult to ascertain. Therefore, al-
teration of whole urinary exosome level may fail to pin-
point which glomeruli cells are damaged. Unlike exo-
somes in urine, urinary migrasomes are mainly derived
from podocytes at least at the early stage of nephropathy.
As shown in Figure 5c¢, urinary migrasomes isolated from
PAN-treated mice on day 2 and 4 posttreatment heavily
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expressed podocyte marker podocin but not renal tubular
cell marker SGLT2. This notion of podocytes being the
major cell source of urinary migrasomes is also supported
by the observation that podocytes release significantly
more migrasomes than other renal cells such as renal tu-
bular HK-2 cells in vitro (Fig. 1f). Given the relevance of
generation of urinary migrasomes to podocyte injury,
levels of migrasomes in urine may serve as an ideal diag-
nostic indicator for early development of podocyte-based
nephropathies.

As a novel class of microvesicles, the biological func-
tion of migrasomes, however, remains poorly understood
up to date. Jiang et al. [50] recently reported that migra-
somes may affect zebra fish organ morphogenesis through
serving as chemoattractants to ensure the correct posi-
tioning of dorsal forerunner cells vegetally located to the
embryonic shield. As podocyte migrasomes also carry
different signal molecules and miRNAs and can be trans-
ferred between the cells, it would be very interesting to
know whether they play a role in mediating cell-cell com-
munication under various physiologic conditions. In
conclusion, our study reveals that podocytes can release
migrasomes during the injury-related migration process,
and that detection of urinary migrasomes may serve as a
diagnostic biomarker for early podocyte injury.
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