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Abstract

Podocytopathy and associated nephrotic syndrome (NS) have been reported in a knockout mouse
strain (Asah1f/fl/PodoCre) with a podocyte-specific deletion of a subunit (the main catalytic
subunit) of acid ceramidase (Ac). However, the pathogenesis of podocytopathy of these mice
remains unknown. The present study tested whether exosome release from podocytes is enhanced
due to Asahl gene knockout, which may serve as a pathogenic mechanism switching on
podocytopathy and associated NS in Asah1f/fl/PodoCr® mice. We first demonstrated the
remarkable elevation of urinary exosome excretion in Asah1/fl/PodoC" mice compared with
WT/WT mice, which was accompanied by significant Annexin-11 (an exosome marker)
accumulation in glomeruli of Asah1f/fl/PodoC mice, as detected by immunohistochemistry. In
cell studies, we also confirmed that Asahl gene knockout enhanced exosome release in the
primary cultures of podocyte isolated from Asah1f/fl/PodoCre mice compared to WT/WT mice. In
the podocytes from Asah1/fl/PodoCre mice, the interactions of lysosome and multivesicular body
(MVB) were demonstrated to be decreased in comparison with those from their control
littermates, suggesting reduced MVB degradation that may lead to increase in exosome release.
Given the critical role of transient receptor potential mucolipin 1 (TRPML1) channel in Ca2*-
dependent lysosome trafficking and consequent lysosome-MVB interaction, we tested whether
lysosomal Ca?* release through TRPML1 channels is inhibited in the podocytes of Asah1/fl/
Podo®'® mice. By GCaMP3 Ca?* imaging, it was found that lysosomal Ca2* release through
TRPML1 channels was substantially suppressed in podocytes with Asahl gene deletion. As an Ac
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product, sphingosine was found to rescue TRPML1 channel activity and thereby recover
lysosome-MVB interaction and reduce exosome release of podocytes from Asah1f/fl/podoCre
mice. Combination of N, A-dimethylsphingosine (DMS), a potent sphingosine kinase inhibitor,
and sphingosine significantly inhibited urinary exosome excretion of Asah1/fl/PodoCre mice.
Moreover, rescue of Aashl gene expression in podocytes of Asah1f/fl/PodoCre mice showed
normal ceramide metabolism and exosome secretion. Based on these results, we conclude that the
normal expression of Ac importantly contributes to the control of TRPML1 channel activity,
lysosome-MVB interaction, and consequent exosome release from podocytes. Asahl gene defect
inhibits TRPML1 channel activity and thereby enhances exosome release, which may contribute to
the development of podocytopathy and associated NS.

Podocyte; Acid ceramidase; Exosome; Multivesicular body; Lysosome; TRPML1 channel

Introduction

As a regulator of cell-to-cell communication or signaling, extracellular vesicles (EVs) are
now classified as three distinct populations including apoptotic bodies, microvesicles, and
exosomes [1,2]. Exosomes, the smallest EV with approximately 50-140 nm in diameter, are
formed through the endocytic process and released from intracellular multivesicular bodies
(MVBs) through an active process [3]. In regard to the regulation of exosome release,
lysosome function has been reported to determine the MVB fate through lysosome-
dependent degradation of MVBs [4,5]. Pharmacological inhibition of lysosome function has
been found to increase exosome secretion in different cells such as neurons, epithelial cells,
and vascular cells [6-8]. Mechanistically, the regular trafficking of lysosomes may be
essential for the fusion of lysosomes and MVBs, which is found to depend on lysosomal
Ca?* release [9-11]. Functionally, the exosome has been implicated in the pathogenesis of
different diseases including renal and cardiovascular diseases [12-15]. Increasing evidence
has shown that exosomes are not only an important biomarker for renal function or disease,
but also serve as an critical mechanism mediating cell-to-cell communication in the Kidney,
which may participate in the development of various renal diseases [15-17]. Given the fact
that podocytes can secret exosomes containing various factors [18,19] and that cellular
function of podocytes is regulated by exosomes [17,20], the exosome secretion may be a
crucial mechanism to turn on the podocyte dysfunction or injury leading to podocytopathy.

Podocytopathy is a critical pathological change which causes disruption of glomerular
filtration barrier, proteinuria, and glomerular injury in the progression of end-stage renal
disease. Despite extensive studies, however, the pathogenesis of podocytopathy remains
poorly understood. Recently, we have demonstrated that podocyte-specific deletion of the a
subunit (the main catalytic subunit) of acid ceramidase (Ac) leads to glomerular ceramide
accumulation, proteinuria, and podocytopathy in a newly developed mouse strain (Asah1fl/fl/
Podo®'e) [21]. Studies from our laboratory and by others have also demonstrated that
increase in glomerular ceramide level importantly contributes to the development of
glomerular disease under various pathological conditions [22]. Although these studies
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defined the role of Ac-ceramide signaling in the development of podocytopathy, the precise
mechanism mediating podocyte injury and initiating the nephrotic syndrome during Ac
deficiency or gene deletion remains unclear. In this regard, earlier reports have shown that
elevation of podocyte-derived exosome release is associated with albuminuria and
glomerular degeneration in some patients with focal segmental glomerular sclerosis (FSGS)
and nephrotic syndrome (NS) [15,23-25]. In diabetic mice, exosomes released from
podocytes have been found to increase even before onset of albuminuria [18]. It has also
been reported that lysosomal transient receptor potential mucolipin 1 (TRPMLZ1) channel as
a well-known lysosome function regulator is gated by Ac-associated sphingolipids, which is
implicated in exosome release from podocytes [11]. These previous studies raised the
possibility that Asahl gene knockout may enhance exosome secretion from podocytes
resulting in podocytopathy and NS due to TRPML1 channel dysfunction.

In the present study, we tested the hypothesis that Asahl gene knockout in podocytes will
result in the dysregulation of TRPML1 channel activity and thereby enhance exosome
release, which may be a fundamental mechanism to cause podocytopathy and associated NS.
To test this hypothesis, we first examined whether exosome release from podocytes is
enhanced by Asahl gene knockout in vivo and in vitro. Then, we determined the effect of
Asahl gene deletion on the lysosome-MVB interaction in podocytes and the role of
TRPML1 channel in increased exosome secretion from podocytes with deficient Ac activity.
Finally, we tested whether exogenous administration of an Ac product, sphingosine can
recover the podocyte TRPML1 channel activity and enhance the interaction of lysosome and
MVB, reducing exosome secretion. Our results demonstrate that a normal expression Asahl
gene is essential for the control of TRPML1 channel activity in podocytes and thus
determines the fate of MVBs and consequent exosome release. Defect of this gene will lead
to enhancement of exosome release from podocytes, which may be a novel mechanism
switching on podocytopathy and NS.

Materials and methods

2.1. Animals

2.2.

Metabolic cage experiments were performed to collect urine of eight-week-old WT/WT
(C57BL/6 J) and Asah1f/fl/Podotr mice [21]. Then, these mice were sacrificed and their
kidneys were harvested for immunohistochemistry. In animal treatment experiments, eight-
week-old WT/WT and Asah1f/fl/Podoc™® mice received daily i.p. injection of N, A-
dimethylsphingosine (Cayman Chemical, Ann Arbor, MI, USA) at 400 ug/kg [26] or
combination of A, N-dimethylsphingosine and sphingosine (Cayman Chemical, Ann Arbor,
MI, USA) at 8 mg/kg [27] for 2 weeks. After treatments, metabolic cage experiments were
performed to collect urine of these mice. All animal experimental protocols were approved
by the Institutional Animal Care and Use Committee of the Virginia Commonwealth
University.

Primary culture of murine podocytes

Primary culture of murine podocytes was performed as described in previous studies [28].
Briefly, we infused 20 mL of dynabeads from the abdominal aorta below the renal artery at
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flow rate of 7.4 mL/min/g kidney. After infusion, kidneys were removed, decapsulated, and
dissected. The cortex was minced into small pieces and digested with mixture of collagenase
A (1 mg/mL) and deoxyribonuclease I (0.2 mg/mL) in Hanks’ balanced salt solution at 37
°C for 20 min with gentle agitation. The digested tissue was placed on 100 uM strainer and
gently pressed with ice-cold medium. After washing the glomeruli with ice-cold PBS for 6
times, we resuspended the isolated glomeruli with beads into 5 mL medium and transfer
them into the collagen I-coated culture flask. After 3 days of culture of isolated glomeruli,
cellular outgrowths were detached with Trypsin-ethylenediaminetetraacetic acid solution
and transferred to a glass tube. Then, the glass tube was placed onto magnetic particle
concentrator for 1 min to remove the glomerular cores and dynabeads. The supernatant was
passed through a 40 um sieve to remove the remaining glomerular cores. The filtered
podocytes were cultured in D-MEM/F-12 (1:1) containing 10% fetal bovine serum (Cansera
International, Canada) supplemented with 0.5% Insulin—Transferrin—Selenium-A liquid
media supplement (Invitrogen), 100 U/mL penicillin, and 100 mg/mL streptomycin on a
new collagen I-coated flask at 37 °C before use in experiments.

LC-MS/MS analysis

After cell counting, podocytes of WT/WT and Asah1/fl/Podoc™ mice were normalized to 1
x 108 before LC-MS/MS analysis. After homogenization of podocytes, C12 ceramide (10
ng) was added to the homogenate reaction mixture as an internal standard. Then, the mixture
was separated in chloroform/methanol/water (2:2:1.8). After evaporation with nitrogen and
reconstitution with ethanol/formic acid (99.8:0.2), the samples were ready for LC-MS/MS
assay. The separation of ceramide was performed on a Shumadzu SCL HPLC system
(Kyoto, Japan) with a C18 Nucleosil AB Column (Macherey-Nagel, Duren, Germany). MS
detection was carried out using an Applied Bio systems 3200 Q trap with a turbo V source
for TurbolonSpray (Ontario, Canada). The concentrations of total ceramide, including C14,
C16, C18, C20, C22, and C24 ceramide, and sphingosine were calculated after
normalization with glomerular numbers of each sample. The fragment ion obtained with the
highest mass-to-charge ratio (/7/z 264) was selected for quantitative MS detection in the
multiple reaction monitoring mode.

2.4. GCaMP3 Ca?*imaging

At 18-24 h after nucleofection with GCaMP3-ML1, podocytes were used for experiments
[11]. The fluorescence intensity at 470 nm (F470) was recorded with a digital camera
(Nikon Diaphoto TMD Inverted Microscope). Metafluor imaging and analysis software were
used to acquire, digitize and store the images for offline processing and statistical analysis
(Universal Imaging, Bedford Hills, NY, USA). Lysosomal Ca2* release was measured under
a ‘low’ external Ca2* solution, which contained 145 mM NaCl, 5 mM KCI, 3 mM MgCl,,
10 mM glucose, 1 mM EGTA and 20 mM HEPES (pH 7.4). GPN (Cayman Chemical, Ann
Arbor, M1, USA) was used as positive control to induce Ca?* release from lysosomes in
podocytes. ML-SA1 (Sigma-Aldrich Chemicals, St. Louis, MO, USA) was used as a potent
TRPML channel agonist.
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2.5. Isolation of lysosomes from podocytes

After treatment with vacuolin-1 (1 pM) for 2 h, isolation of lysosomes was performed [29].
After washing podocytes with pre-cooled PBS, pre-cooled homogenization buffer (0.25 M
sucrose, 10 mM Tris, pH = 7.4) was used for detachment of podocytes by a cell scraper. Cell
suspension in glass-grinding vessel was homogenized using a Teflon pestle operated at 900
rotations per minute (rpm). The homogenate was then transferred to a 1.5 ml microfuge test
tube and centrifuge at 14,000¢ for 15 min at 4 °C. After centrifuge, the middle part of
supernatant was transferred to a 10-ml polycarbonate centrifuge tube. An equal volume of
16 mM CaCl, was added to precipitate lysosomes. After being shaken on a rotary shaker at
100 rpm for 5 min at 4 °C, supernatant was centrifuged at 25,000g for 15 min at 4 °C in an
ultracentrifuge. The supernatant was discarded and the pellet was resuspended in one
volume of ice cold washing buffer (150 mM KCI, 10 mM Tris, pH = 7.4). The suspension
was centrifuged at 25,0009 for 15 min at 4 °C in an ultracentrifuge. After supernatant being
discarded, the pellet containing lysosomes was resuspended in 40 L of washing buffer,
which was used for whole-lysosome patch clamp recording. All steps were performed on ice
to minimize the activation of damaging from intracellular phospholipases and proteases.
Lysosomes were used for electrophysiological recordings within 3 h of isolation to keep
lysosomes fresh. To confirm the purity of isolated lysosomes, CytoPainter lysosome staining
kit (Abcam, Cambridge, United Kingdom) was used to stain the lysosomes in podocytes
before lysosome isolation. The dye working solution was added to the culture medium and
incubated at 37 °C for 2 h. After lysosome isolation, the green fluorescence at EX/Em =
490/525 nm of samples were detected using Guava Easycyte Mini Flow Cytometry System
(Guava Technologies, Hayward, CA, USA). The data were analyzed using Guava acquisition
and analysis software (Guava Technologies, Hayward, CA, USA).

2.6. Whole-lysosome patch clamp recording

Podocytes were treated with vacuolin-1 (1 uM) for 2 h to increase the size of lysosomes.
Using a planar patch clamp system, Port-a-Patch (Nanion Technologies), the whole-
lysosome electrophysiology was performed on isolated lysosomes from podocytes [29]. The
bath solution contained 60 mM KMSA, 60 mM KF, and 10 mM HEPES (pH 7.2, 2 mM
CaMSA was added immediately before starting the measurements to avoid precipitation of
CaF2). The luminal solution contained 70 mM KMSA, 60 mM CaMSA, 2 mM MgClI2, and
10 mM HEPES (pH 4.6). The planar patch-clamp technology combined with a pressure
control system and microstructured glass chips containing an aperture of around 1 pm
diameter (resistances of 10-15 MQ) (Nanion Technologies). Currents were recorded using
an EPC-10 patch-clamp amplifier and PatchMaster acquisition software (HEKA). Data were
digitized at 40 kHz and filtered at 2.8 kHz. The membrane potential was held at —60 mV,
and 500 ms voltage ramps from —200 to +100 mV were applied every 5 s. All recordings
were obtained at room temperature (21-23 °C), and all recordings were analyzed using
PatchMaster (HEKA) and Origin 6.1 (OriginLab). The salt-agar bridges were used to
connect the reference Ag/AgCl wire to the bath solution to minimize voltage offsets. Ag/
AgCl-coated electrodes were chloridated in bleach solution approximately 15 min until a
black AgCl-layer was obvious on the silver wire. The liquid junction potential was
corrected.
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2.7. Confocal microscopy

Double-immunofluorescence staining was performed using cultured podocytes grown on
collagen-coated glass coverslips [30,31]. Briefly, after fixation, the cells were incubated with
rabbit anti-VPS16 (1:200; proteintech, Rosemont, 1L, USA) and rat anti-Lamp-1 (1:200;
Abcam Biotechnology, Cambridge, United Kingdom) overnight at 4 °C. Then, Alexa 488-
labeled anti-rabbit secondary antibody (1:200; Life Technologies, CA, USA) and Alexa 594-
labeled anti-rat secondary antibody (1:200; Life Technologies, CA, USA) were added to the
cell slides and incubated for 1 h at room temperature. Slides were then washed, mounted,
and observed using a confocal laser scanning microscope (Fluoview F\V1000, Olympus,
Japan). Sequential laser excitation at 488 and 568 nm and emission collection between 495
and 530 nm and 590-680 nm for fluorescein/EGFP/Alexa Fluor 488 and Alexa Fluor 594,
respectively, were used to minimize bleedthrough between the two fluorophores. The zero
offset was set with the laser turned off and the photomultiplier gain was adjusted to keep the
intensity range, from background to the most intense, within the eight bit digital output
range. Podocytes selected for imaging met the criteria of having no nearby podocytes and
clearly discernible nuclei with phase contrast. Imaging was performed at the equatorial plane
of podocytes. The images were acquired blindly to minimize operator bias. Image Pro Plus
6.0 software (Media Cybernetics, Bethesda, MD, USA) was employed to analyze
colocalization, expressed as the Pearson correlation coefficient.

2.8. Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) measurements were performed with a NanoSight
NTA3.2 Dev Build 3.2.16 (Malvern Instruments Ltd., UK), equipped with a sample chamber
with a 638-nm laser and a Viton fluoroelastomer O-ring. The samples were injected in the
sample chamber with sterile syringes (BD, New Jersey, USA) until the liquid reached the tip
of the nozzle. All measurements were performed at room temperature. The screen gain and
camera level were 10 and 13, respectively. Each sample was measured at standard
measurement, 30 s with manual shutter and gain adjustments. Three measurements of each
sample were performed. 3D figures were exported from the software. Particles sized
between 50 and 100 nm were calculated [11].

2.9. Statistical analysis

All of the values are expressed as mean + SEM. Significant differences among multiple
groups were examined using £test or ANOVA followed by a Student-Newman-Keuls test. P
< 0.05 was considered statistically significant.

3. Results

3.1. Elevated urinary exosome excretion in mice with podocyte-specific Asahl gene

knockout

By nanoparticle tracking analysis (NTA), we first measured urinary exosome excretion of
WT/WT and Asah1f/fl/Podoc™ mice. In Fig. 1A, the representative 3-D histograms of
urinary exosomes showed that the urinary exosome concentrations remained relatively low
in WT/WT mice. However, urinary exosome concentration of Asah1f/fl/Podocr® mice was
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obviously higher than WT/WT mice. Summarized data demonstrated that podocyte-specific
Asahl gene knockout remarkably enhanced urinary excretion of exosomes in Asah1/fl/
Podo®® mice. Furthermore, we used immunohistochemical analysis to determine the
glomerular level of Annexin-Il, an exosome marker, in glomeruli of these mice. Consistent
with NTA results, Annexin-11 was detected at a low level within glomeruli in WT/WT mice.
On the contrary, Asahl gene deletion in podocytes significantly elevated the glomerular
Annexin-11 level in Asah1f/fl/Podo®r mice (Fig. 1B).

3.2. Characterization of podocytes isolated from Asah1/fl/Podoc™® mice and their

littermates

To further determine the derivation of increased urinary vesicles in Asah1f/fl/Podoc™ mice,
we isolated and cultured podocytes from WT/WT and Asah1/fl/Podoc mice as previously
described [28]. As illustrated in Fig. 2A, podocytes isolated from WT/WT mice abundantly
expressed podocyte markers such as podocin, nephrin, and synaptopodin, suggesting the
normal function of these cells after isolation and primary culture. We next detected the
expression of a. subunit of Ac in podocytes of different mice by confocal microscopy. The
representative images showed that a subunit of Ac was undetectable in podocytes of
Asah1fl/podocre mice (Fig. 2B). Using Western blot analysis, Asahl gene knockout in
podocytes of Asah1/fl/Podoc™ mice was further confirmed (Fig. 2C). Furthermore, we
performed LC-MS/MS to determine the levels of Ac-associated sphingolipids in podocytes
of WT/WT and Asah1f/f/PodoCr® mice. Total ceramide levels and C16 ceramide, the main
substrate of Ac, were analyzed after normalization for the number of cells collected for the
analysis. It was found that both total ceramide and C16 ceramide levels were much higher in
podocytes of Asah1f/fl/Podoc™ mice compared with WT/WT mice. On the other hand, there
was no significant difference in the sphingosine level in podocytes of WT/WT and
Asah1fl/podoCre mice (Fig. 2D).

3.3. Enhanced exosome release due to decreased lysosome-MVB interaction

Consistent with in vivo results, the representative 3-D histograms illustrated that WT/WT
podocytes released exosomes in a low level after culture for 24 h. Podocytes isolated from
Asah1/fl/podocre mice, however, secreted large number of exosomes compared with
podocytes of WT/WT mice (Fig. 3A). The summarized data showed that Asahl gene
knockout dramatically enhanced exosome secretion from podocytes. To determine the role
of lysosomes in the regulation of exosome release, confocal microscopy was performed to
detect lysosome-MVB interaction in these cells. In WT/WT podocytes, we observed
considerable colocalization of VPS16 as MVB marker (green fluorescence) and Lamp-1 as
lysosome marker (red fluorescence), as shown by yellow spots in these cells. On the
contrary, very few colocalization of VPS16 and Lamp-1 was seen in podocytes with Asahl
gene knockout (Fig. 3B). The summarized data confirmed that colocalization of VPS16 and
Lamp-1 was significantly reduced by Asah1 gene deletion in podocytes.

3.4. Inhibition of podocyte TRPML1 channel activity by Asah1 gene knockout

Given that lysosomal TRPML1 channel-mediated Ca?* release has been reported to be
essential for lysosome trafficking, we tested whether lysosomal TRPML1 channel activity
can be altered by Asah1 gene knockout in podocytes. To specifically detect Ca2* release
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through lysosomal TRPML1 channel, nucleofection of GCaMP3-ML1 plasmid into
podocytes was performed to express GCaMP3, a single-wavelength genetically encoded
Ca?* indicator, on the cytoplasmic amino terminus of TRPML1 in these cells as described in
our previous studies [11]. A fluorescent microscopic imaging system was used to
dynamically and continuously monitor the GCaMP3 fluorescence signal (F470) in
podocytes. The intensity of Ca2*-induced GCaMP3 fluorescence indicated the amount of
Ca?"* released through lysosomal TRPML1 channel. As shown in Fig. 4A and B, the
GCaMP3 fluorescence detected in WT/WT podocytes was weak under control condition.
ML-SA1 as a TRPML1 channel agonist induced a rapid elevation of GCaMP3 fluorescence
in these cells, which was followed by a large signal increase caused by late addition of
ionomycin, a Ca2* ionophore. In contrast, ML-SA1 failed to augment GCaMP3 fluorescence
in podocytes of Asah1f/fl/Podoc™ mice, while ionomycin still stimulated a dramatic
elevation of GCaMP3 fluorescence in these cells. The summarized data showed that ML-
SA1 induced remarkable TRPML1 channel-mediated Ca2* release in podocytes which was
almost blocked by Asahl gene knockout (Fig. 4C). Western blot analysis was performed to
test whether Asah1l gene deletion changed TRPML1 channel expression in podocytes. It was
found that expression of TRPML1 channel in podocytes was not affected by Asahl gene
deletion (Supplementary Fig. 1). Next, we examined the effect of sphingosine (Sph) as the
product of ceramide metabolism by Ac on the opening of TRPMLL1 channel. By GCaMP3
Ca?* imaging, Sph was demonstrated to induce lysosomal Ca2+ release through TRPML1
channel in WT/WT podocytes in a dose-dependent manner (Supplementary Fig. 2).
Interestingly, Sph induced substantial Ca?* release through TRPML1 channel in podocytes
of WT/WT mice as well as Asah1f/fl/Podocre mice (Fig. 5). Given that Sph can be
phosphorylated to sphingosine-1-phosphate (S1P), an important signal molecule, we tested
whether S1P regulates TRPML1 channel. It was found that S1P had no effects on TRPML1
channel activity (Supplementary Fig. 3).

3.5. Role of different sphingolipids in regulation of TRPML1 channel activity

To further dissect the actions of Ac-associated sphingolipids on TRPML1 channel activity,
lysosomes of these cells were isolated from podocytes of WT/WT and Asah1f/fl/podocre
mice for whole-lysosome patch clamping. After treatment with vacuolin-1, podocytes were
enlarged and then isolated for experiments as described in our previous studies [11]. To
characterize the function of TRPMLL1 channel in isolated lysosomes, we stimulated patched
lysosomes with ML-SA1 in 3 different doses in the bath solution. It was found that bath
application of ML-SA1 induced Ca2* release from lysosome of WT/WT podocytes in a
dose-dependent manner (Fig. 6A and B). However, there was no significant increase
observed in lysosomal Ca2* currents after addition of ML-SA1 into bath solution (Fig. 6C).
Next, we measured lysosomal Ca2* release in response to Ac-associated sphingolipids such
as sphingomyelin (SM), C16 ceramide (Cer), and sphingosine (Sph) to determine their
regulatory role on TRPMLL1 channel. As illustrated in Fig. 6D, SM, Cer, and Sph had
different effects on Ca2* release of lysosomes isolated from WT/WT podocytes, with
inhibition by SM, no effect by Cer, but enhancement by Sph. Although both SM and Cer
produced no effect on Ca2* release of lysosomes isolated from podocytes with Asahl gene
knockout, Sph remained to increase TRPML1 channel activity in these lysosomes (Fig. 6E).
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Inhibition of exosome release by enhancement of TRPML1 channel activity

Based on our findings, enhancement of TRPML1 channel activity may be a potential
therapeutic strategy against elevated exosome secretion from podocytes in Asah1f/fl/podocre
mice. To test this hypothesis, we treated podocytes of WT/WT and Asah1™/fl/podocre mice
with C2 ceramide (Cer) or Sph for 24 h before further experiments. In Fig. 7A, the
representative 3-D histograms of vesicles showed that podocytes of Asah1f/fl/Podocr® mice
released much less exosomes after treatment with Sph but not Cer. The summarized data of
NTA demonstrated that exosomes released from podocytes lacking Asahl gene were
significantly decreased after treatment with Sph. Also, confocal microscopy was performed
to detect lysosome-MVB interaction in these cells after treatments. As shown in Fig. 7B,
obvious increase in colocalization of VPS16 and Lamp-1 indicated by yellow spots was
found in podocytes of WT/WT mice as well as Asah1/fl/Podoc™ mice after treatment with
Sph compared with vehicle and Cer groups. The summarized data showed that
colocalization of VPS16 and Lamp-1 in podocytes of both groups of mice was significantly
increased by Sph. Moreover, we tested whether sphingosine inhibited urinary exosome
excretion in Asah1™/fl/Podoc™ mice. WT/WT and Asah1f/fl/Podoc™ mice at 8 weeks were
treated with vehicle, N, A-dimethylsphingosine (DMS), or combination of DMS and Sph
daily for 2 weeks. After treatment, the urine samples of these mice were collected and NTA
was performed to determine the level of urinary exosome excretion of these mice. As shown
in Fig. 8, no significant changes of urinary exosome excretion were found between vehicle-
treated mice and DMS-treated mice. The combination of DMS and Sph, however,
significantly decreased urinary exosome excretion of both WT/WT and Asah1/fl/podocre
mice.

Downregulation of exosome release by overexpression of Asahl gene

To further confirm the role of Ac activity in the regulation of ceramide metabolism and
exosome release from podocytes, we used a podocyte-specific full-length Ac gene
expression vector (GeneCopoeia, Cat#: MPRM47536-PF02) to overexpress Asahl gene in
WT/WT podocytes or rescue Asahl gene in podocytes of Asah1f/fl/Podoc™ mice. By
immunofluorescent staining, we demonstrated that overexpression of Asahl gene in
podocytes significantly upregulated the level of Ac expression in WT/WT podocytes but
failed to affect ceramide level in these cells. Podocyte-specific full-length Ac gene
expression vector rescued the expression of Ac and totally blocked ceramide accumulation
in podocytes of Asah1f/fl/Podoc™ mice (Fig. 9A). As shown in Fig. 9B, NTA results showed
that overexpression of Asahl gene obviously reduced exosome secretion from WT/WT
podocytes. Recovery of Ac expression was found to prevent the increase in exosome release
from podocytes of Asah1f/fl/Podoc™ mice. As a control plasmid, mock vector produced no
effects on both types of cells.

4. Discussion

The major goal of the present study was to determine whether podocyte exosome secretion
is enhanced by Asahl gene knockout via inhibition of TRPML1 channel activity, which may
serve as a pathogenic mechanism of podocytopathy and NS in Asah1f/fl/PodoCre mice. Our
results demonstrated a remarkable enhancement of exosome release from podocytes in vivo
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and in vitro in Asah1f/fl/PodoCre mice, which was attributed to reduced degradation of
MVBs by lysosomes in these cells. Treatment with Ac product, Sph completely blocked
exosome secretion by recovering the lysosome-MVB interaction in podocytes of Asah1f/fl/
PodoC'® mice. These results suggest that Asah1 gene expression critically contributes to the
control of lysosome TRPML1 channel activity and consequently regulates the interaction of
lysosome-MVB interaction determining exosome release.

Recent studies in our laboratory have demonstrated that podocytopathy and steroid-resistant
NS occur in mice with podocyte-specific Asahl gene deletion [21]. However, the
pathogenesis of podocytopathy and NS in these mice remains unclear. In this regard, there is
evidence that urinary exosomes not only indicate the physiological or pathological condition
of kidney as a biomarker, but also participate in the initiation or development of various
kidney diseases [15-17]. More specifically, many reports have shown that podocyte-derived
exosomes increased in accompany with albuminuria and glomerular degeneration in patients
with FSGS and NS [15,23]. Furthermore, podocyte-derived exosomes have been reported to
be detectable in urine even before the onset of albuminuria in diabetic mice [18]. Given that
exosome biogenesis and secretion have been reported to be critically regulated by ceramide
signaling pathway in different tissues and cells [32], the present study tested whether
podocyte-specific Asahl gene deletion leads to ceramide increase in podocyte and thereby
augments exosome release from these cells. By NTA, it was found that urinary exosome
excretion in Asah1/fl/Podoc™ mice was remarkably enhanced. IHC detection demonstrated
that exosomes were significantly accumulated in glomeruli. Consistent with these in vivo
results, exosomes were also found to be abundantly released from isolated and cultured
podocytes with Asah1 gene deletion. Together, these results suggest that Asah1f/fl/podocre
mice with podocytopathy have enhanced podocyte-derived exosomes release and their
enrichment in glomeruli. To our knowledge, our findings support the view that Asahl gene
expression is indeed implicated in the control of exosome release from podocytes.

Another interesting finding of the present study is that the lysosome-MVB interaction was
obviously inhibited in podocytes isolated from Asah1f/fl/Podoc™® mice. These results imply
that lysosome may determine the MVB fate in podocytes, which may be a major mechanism
to result in robust exosome release from podocytes lacking Asahl gene. Our results are
consistent with previous studies reporting that lysosomes are essential for the degradation of
MVBs and autophagosomes in podocytes [11,19,33,34]. In other types of cells such as
neurons, epithelial cells, and vascular cells, increased exosome release was found after
inhibition of lysosome function [6-8]. In addition, MVBs were found to fuse with
autophagosomes to form amphisomes and subsequently fuse with lysosomes to terminate
MVB fate and thereby reduce exosome release [35,36]. Our results support the view that
augmented exosome release may be attributed to reduced lysosome-MVB interaction in
podocytes with Asah1 gene knockout.

The present study determined how Asahl gene deletion attenuates the lysosome-MVB
interaction and increased exosome secretion in podocytes. It has been reported that the
trafficking of lysosomes is essential for the fusion of lysosomes and MVBs, which depends
on lysosomal Ca2* release [9-11]. In this regard, it is well known that lysosomal Ca2* is
released through TRPML1 channel in response to endogenously produced NAADP [37-40]
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or other factors like PIPs (PI (3,5)P2) and irons [9,41]. Recently, lysosomal TRPML1
channel activity has been shown to be regulated by sphingolipids, which serve as a key
mechanism determining lysosome trafficking, where accumulated SM inhibited its activity
and reduced lysosomal Ca?* release, leading to failure of lysosome trafficking and
lysosomal storage disease, as shown in Niemann-Pick disease [10]. Sph, a Cer metabolite
via Ac was also found to activate TRPML1 channels, promoting lysosome Ca2* release and
trafficking. We recently reported that lysosomal TRPML1 channel-mediated Ca?* release is
controlled by Ac [11]. Based on these observations, we hypothesized that Asahl gene
deletion and associated changes in sphingolipids block TRPML1 channel-mediated Ca2*
release from lysosomes and thereby inhibit a Ca2*-dependent lysosome trafficking in
podocytes of Asah1/fl/Podoc™ mice. By GCaMP3 Ca2* imaging and whole lysosome patch
clamping, we indeed confirmed that TRPML1 channel agonist ML-SA1 induced remarkable
and rapid lysosomal Ca2* release in podocyte of WT/WT mice. Coinciding with deficient
lysosome trafficking, Asah1 gene knockout resulted in failure of ML-SA1 to induce
TRPML1 channel-mediated Ca2* release in podocytes. Sph as the product of Ac, however,
rescued the function of TRPML1 channel in podocytes lacking Asahl gene. Functionally,
treatment of podocytes from Asah1f/fl/PodoCre mice with sphingosine was found to recover
lysosome-MVB interaction and reduce exosome release. Correspondingly, the combination
of DMS and Sph remarkably inhibited urinary exosome excretion of Asah1/fl/podoCre
mice. Furthermore, we demonstrated that rescue of Asah1 gene obviously decreased
exosome release from podocytes of Asah1f/fl/PodoCre mice. These results suggest that
dysregulation of TRPML1 channel activity and consequent increase in exosome release are
attributed to the reduction of Sph in podocytes with Asahl gene deletion. To our knowledge,
these results provide the first experimental evidence that normal Asahl gene expression is
essential for the control of TRPML1 channel activity via Sph and that Asahl gene knockout
will lead to dysregulation of this channel and result in increased exosome secretion from
podocytes. In this regard, our previous studies have shown that hyperhomocysteinemia
(hHcy) induces ASM overexpression and thereby results in renal Cer accumulation,
podocyte injury, and glomerular sclerosis [22,42]. Obesity-induced NLRP3 inflammasome
activation in podocytes and glomerular injury are attributed to the overexpression of ASM
[43]. The deficiency of Smpdl gene, however, prevents podocyte injury and glomerular
sclerosis during hHcy and obesity [22,42,43]. Moreover, inhibition of ASM activity has
recently been reported to attenuate p-ribose-induced Cer accumulation and abundant
exosome release in podocytes [19]. In patients with diabetic kidney disease, the mMRNA
expression of acid sphingomyelinase-like phosphodiesterase 3b (SMPDL3b) in glomeruli is
significantly increased compared with controls. Furthermore, knockout of SMPDL3b
protects podocytes from apoptosis induced by soluble urokinase plasminogen activator
receptor (SUPAR) [44]. On the contrary, it has been reported that the expression of
SMPDL3b is decreased in podocytes in patients with recurrent FSGS. The disruption of
actin cytoskeleton and podocyte apoptosis induced by patient sera are blocked by
overexpression of SMPDL3b [45]. These results suggest that both accumulation and
reduction in Cer due to imbalance of associated enzyme activity may result in podocyte
injury and renal diseases through different mechanisms. Our findings together with these
previous studies provide strong evidence that Cer metabolism by Ac may play an important
role in the maintenance of podocyte integrity and function. Disruption of Cer metabolism
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and Sph production by Ac may alter lysosome function and exosome release, which is a
potential pathological mechanism of podocyte injury and nephrotic syndrome.

In summary, the present study demonstrated in in vivo and in vitro experiments that Asahl
gene knockout inhibited TRPML1 channel activity via alteration of sphingolipid metabolism
to reduce Sph, which caused less lysosome-MVB interaction and more exosome secretion in
podocytes. Sph was shown to rescue the lysosome-MVB interaction and attenuate exosome
release. It is concluded that Sph from Cer via Ac importantly controls TRPML1 channel
activity and determine the MVB fate and exosome release. Given that podocyte-specific
Asahl gene knockout has been reported to induce podocytopathy, our findings indicate that
podocyte-derived exosomes may initiate or enhance podocyte injury in Asah1f/fl/podocre
mice duo to the dysregulation of TRPML1 channel activity and the reduced lysosome-MVB
interaction. Targeting TRPML1 channel may be a potential therapeutic strategy to attenuate
podocyte-derived exosome release and consequent podocytopathy under pathological
conditions.
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Ac acid ceramidase
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TRPML1 transient receptor potential mucolipin 1
EV extracellular vesicle

FSGS focal segmental glomerular sclerosis
NTA nanoparticle tracking analysis

Sph sphingosine

SM sphingomyelin

Cer ceramide

S1P sphingosine-1-phosphate

DMS N N-dimethylsphingosine
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Fig. 1.

Elgvated urinary exosome excretion in mice with podocyte-specific Asahl gene knockout.
A. Representative images and summarized data showing that podocyte-specific Asahl gene
knockout remarkably enhanced urinary exosome excretion (7= 6). B. Representative images
and summarized data showing that glomerular Annexin-11 was significantly higher in
Asah1f1/PodoCr® mice compared with WT/WT mice (n = 6). Scale bars = 50 pm. *p< 0.05
vs. WT/WT group.
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synaptopodin in podocytes isolated from WT/WT mice (n7= 4). Scale bars = 100 ym. B.

Representative images showing that Ac was undetectable in podocytes isolated from

Asah1fiflf
Podocre

kDa

-16

Synaptopodin

g 1.2

E 0.9

- 0.6

g

o 0.3 *

Q

< 0 '_LI
WT/WT Asah1f//

Podocre

Total Cer (vs. WT/WT) Cer C16 (vs. WT/WT)

Sph (vs. WT/WT)

2.4 4

1.8 4

1.2 4

0.6 1

2.4

1.8 1

1.2 1

0.6 1

1.2 1

0.9 1

0.6 1

0.3 1

Page 17

WTWT

Asah1f/f/
Podo¢°re

WTWT

Asah 1/
Podocre

WT/WT

Asah1ff/
Podocre

Asah1l/Podoc® mice (n = 4). Scale bars = 20 um. C. Representative gel documents and
summarized data showing that Ac was not expressed in podocytes isolated from Asah1l/fl/

Podo®® mice (7= 6). D. Summarized data showing the levels of C16 ceramide, total

ceramide, and sphingosine in podocytes isolated from WT/WT and Asah1/fl/Podoc™ mice
(n =5-6). *p<0.05 vs. WT/WT group.
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Fig. 3.
Enhanced exosome release due to decreased lysosome-MVB interaction. A. Representative

images and summarized data showing that exosome release were remarkably elevated in
podocytes isolated from Asah1/fl/Podo® mice (n = 6). B. Representative images and
summarized data showing that lysosome-MVB interaction was significantly attenuated in
podocytes lacking Asahl gene (7= 9). Scale bars = 20 ym. *p < 0.05 vs. WT/WT group.
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Fig. 4.
Failure of ML-SAL to induce Ca2* release through TRPML1 channel in podocytes lacking

Asahl gene. A. Representative images showing that ML-SA1 (20 uM) induced TRPML1
channel-mediated Ca?* release in podocytes of WT/WT mice but not Asah1f/fl/podocre
mice. Scale bars = 40 um. B. A representative curve showing that ML-SAL1 induced
elevation of GCaMP3 signal in podocytes of WT/WT mice. C. A representative curve
showing that ML-SA1 did not induce elevation of GCaMP3 signal in podocytes of
Asah1ffl/podocre mice. D. Summarized data showing that Asahl gene knockout blocked
TRPML1-mediated Ca2* release induced by ML-SA1 in podocytes (7= 4-5). *p < 0.05 vs.
Vehl group, #p < 0.05 vs. WT/WT group. Ctrl, control; lonom, ionomycin; \Vehl, vehicle.
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Rescue of TRPML1 channel function by Sph in podocytes with Asahl gene deletion. A.
Representative images showing that Sph (20 uM) induced TRPML1 channel-mediated Ca2*
release in podocytes of both WT/WT and Asah1f/fl/Podocr mice. Scale bars = 40 um. B. A
representative curve showing that Sph induced elevation of GCaMP3 signal in podocytes of
WT/WT mice. C. A representative curve showing that Sph induced elevation of GCaMP3
signal in podocytes of Asah1/fl/Podoc mice. D. Summarized data showing that Sph
rescued TRPML1 channel function in podocytes lacking Asahl gene (n = 4-5). *p < 0.05
vs. Vehl group. Ctrl, control; Sph, sphingosine; lonom, ionomycin; Vehl, vehicle.
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Fig. 6.

Rgle of different sphingolipids in regulation of TRPML1 channel activity. A. Representative
whole lysosome currents enhanced by ML-SA1 in different doses. B. ML-SA1 enhanced
TRPML1 channel activity of lysosomes isolated from podocytes of WT/WT mice in a
concentration-dependent manner (1= 5). C. ML-SAL1 failed to enhance TRPML1 channel
activity of lysosomes isolated from podocytes of Asah1f/fl/PodoCr mice (n = 6). D.
Summarized data of the effects of various sphingolipids on whole lysosome currents of
lysosomes isolated from podocytes of WT/WT mice (7= 3-5). E. Summarized data of the
effects of various sphingolipids on whole lysosome currents of lysosomes isolated from
podocytes of Asah1f/fl/Podoc™ mice (n = 4-6). *p < 0.05 vs. Ctrl group, #p < 0.05 vs. \Vehl
group. Ctrl, control; Vehl, vehicle; SM, sphingomyelin; Cer, C16 ceramide; Sph,
sphingosine.
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Fig. 7.

Ingibition of exosome release by enhancement of TRPML1 channel activity. A.
Representative images and summarized data showing that Sph (10 uM) but not Cer (10 uM)
remarkably inhibited exosome secretion from podocytes of Asah1™/fl/Podoc mice (n = 6-
8). B. Representative images and summarized data showing that Sph but not Cer
significantly enhanced lysosome-MVB interaction in podocytes lacking Asahl gene (n = 5-
9). Scale bars = 20 um. *p < 0.05 vs. WT/WT group, #p < 0.05 vs. Vehl group. Vehl, vehicle;
Cer, C2 ceramide; Sph, sphingosine.
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Fig. 8.

Regduction of urinary exosome excretion by Sph. Representative images and summarized
data showing that combination of DMS and Sph remarkably inhibited urinary exosome
excretion of Asah1f/fl/Podoc™ mice. No significant changes of urinary exosome excretion
were found between vehicle-treated mice and DMS-treated mice. (n = 3-8). *p < 0.05 vs.
WT/WT group, #p < 0.05 vs. Vehl group. Vehl, vehicle; DMS, N, A-dimethylsphingosine;
Sph, sphingosine.
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Fig. 9.
At%enuation of exosome release from podocytes of Asah1/fl/Podoc™ mice after rescue of
Asahl gene. A. Representative images and summarized data showing that rescue of Asahl
gene recovered ceramide metabolism in podocytes of Asah1f/fl/Podoc™ mice (n = 4-5).
Scale bars = 20 um. B. Representative images and summarized data showing that rescue of
Asahl gene remarkably inhibited exosome secretion from podocytes of Asah1f/fl/podocre
mice (n = 5-6). *p < 0.05 vs. WT/WT group, #p < 0.05 vs. Mock group. Mock, mock vector;
Asahl, podocyte-specific full-length Ac gene expression vector.
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