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Abstract

Podocytopathy and associated nephrotic syndrome have been reported in a mouse strain
(Asah1ffl/Podoc®) with a podocyte-specific deletion of a subunit (the main catalytic subunit)
of acid ceramidase (Ac). However, the pathogenesis of podocytopathy in these mice remains
unclear. The present study tested whether Ac deficiency impairs autophagic flux in podocytes
through blockade of transient receptor potential mucolipin 1 (TRPMLZ1) channel as a potential
pathogenic mechanism of podocytopathy in Asahl f/fl/Podoc® mice. We first demonstrated that
impairment of autophagic flux occurred in podocytes lacking Asahl gene, which was evidenced
by autophagosome accumulation and reduced lysosome-autophagosome interaction. TRPML1
channel agonists recovered lysosome-autophagosome interaction and attenuated autophagosome
accumulation in podocytes from Asah1f/fl/Podoc™® mice, while TRPML1 channel inhibitors
impaired autophagic flux in WT/WT podocytes and worsened autophagic deficiency in podocytes
lacking Asahl gene. The effects of TRPML1 channel agonist were blocked by dynein inhibitors,
indicating a critical role of dynein activity in the control of lysosome movement due to
TRPML1 channel-mediated Ca2* release. It was also found that there is an enhanced phenotypic
transition to dedifferentiation status in podocytes lacking Asahl gene in vitro and in vivo.

Such podocyte phenotypic transition was inhibited by TRPML1 channel agonists but enhanced
by TRPML1 channel inhibitors. Moreover, we found that TRPML1 gene silencing induced
autophagosome accumulation and dedifferentiation in podocytes. Based on these results, we
conclude that Ac activity is essential for autophagic flux and maintenance of differentiated
status of podocytes. Dysfunction or deficiency of Ac may impair autophagic flux and induce
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podocyte dedifferentiation, which may be an important pathogenic mechanism of podocytopathy
and associated nephrotic syndrome.
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1. Introduction

Since podocytes are terminally differentiated epithelial cells covering the outer surface of
the glomerular capillaries, podocyte injury and dysfunction are not associated with podocyte
proliferation in most glomerular diseases [1,2]. In these long-lived and non-proliferative
podocytes, autophagy plays a vital role in the maintenance of their structural and functional
integrity by degradation of various unnecessary or dysfunctional cellular components

[3]. The process of autophagy includes initiation, elongation, maturation, fusion, and
degradation [4,5]. The lysosome-autophagosome fusion to form autophagolysosomes and
consequent lysosomal enzyme-dependent degradation of autophagosome cargos are defined
as autophagic flux, which determines the degradation rate of autophagosomes [6]. It has
been recognized that the normal function of lysosome is essential for podocytes through

its effect on regulating autophagic flux [7,8]. Under pathological conditions, lysosome
dysfunction and associated autophagic flux derangement have been shown to contribute

to the development of podocytopathies and chronic glomerular diseases [9-11]. There

is increasing evidence that impairment of autophagic flux can induce dedifferentiation,

also known as epithelial-to-mesenchymal transition of podocytes in response to different
pathological stimuli [12-16], indicating that dedifferentiation due to autophagic deficiency is
a potential molecular mechanism mediating podocyte dysfunction.

Our recent studies have demonstrated an important role of acid ceramidase (Ac), a
lysosomal enzyme which hydrolyzes ceramide into sphingosine and fatty acids, in the
maintenance of structural and functional integrity of podocytes [17,18]. Mice with podocyte-
specific knockout of Ac gene (Asah1f/fl/Podoc™, Asah1 is mouse code of Ac gene)
exhibited severe podocytopathy and associated nephrotic syndrome. Mechanistically, Ac
deficiency leads to the inhibition of transient receptor potential mucolipin 1 (TRPML1)
channel-mediated Ca?* release in murine podocytes [18,19]. The blockade of TRPML1
channel activity decreased the interaction of lysosome and multivesicular body (MVB)
thereby increasing exosome release in podocytes lacking Asah1 gene [18], demonstrating
the importance of lysosomal TRPML1 channel in podocyte lysosome function. Indeed,
enhanced exosome secretion from podocytes may be a biomarker of podocyte injury

under pathological conditions [18,20-24]. These podocyte-derived exosomes might induce
or enhance glomerular injury given that damaged podocyte-derived exosomes have been
reported to induce renal tubular epithelial cell injury [25,26]. However, the pathogenic
mechanism of podocytopathy due to Ac deficiency remains poorly understood. Considering
the essential role of autophagy in the maintenance of structural and functional integrity

of podocytes, testing whether autophagic deficiency in podocytes contributes to the
pathogenesis of podocytopathy in Asah1/fl/Podoc™ mice would be of clinical interest.
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In the present study, we tested the hypothesis that Ac deficiency impairs autophagic flux

in podocytes due to reduced TRPML1 channel activity and thereby lead to podocytopathy
in Asah1f/fl/PodoCtr mice. To test this hypothesis, we first examined whether lysosome-
autophagosome fusion and lysosome-dependent degradation of autophagosome were
interrupted in podocytes from Asah1f/fl/Podocr® mice. Then, we determined the effects

of TRPML1 channel agonists and TRPML1 channel inhibitors on autophagic flux and the
role of a family of cytoskeletal motor protein, dynein in lysosome trafficking and lysosome-
autophagosome interaction in podocytes. We also tested whether podocyte dedifferentiation
occurred in Asah1/fl/Podocre mice. Finally, we tested whether TRPML1 channel was
involved in podocyte dedifferentiation due to Ac deficiency. Our results demonstrate that
normal function of Ac is essential for autophagic flux and maintenance of differentiated
status of podocytes. Dysfunction or deficiency of Ac may impair autophagic flux and
induce podocyte dedifferentiation, which may contribute to the initiation and progression of
podocytopathy and associated nephrotic syndrome.

Materials and methods

2.1. Animals

Podocyte-specific Cre recombinase (Podo®) mice were obtained from the Jackson
Laboratory, Bar Harbor, Maine (B6.Cg-Tg(NPHS2-Cre) 295Lbh/J, stock number 008205).
The mice carrying the floxed Ac a subunit construct were obtained from Erich Gulbins,
University of Duisburg-Essen, Essen, Germany. The Asah1f/fl/Podoc™ mice and their
littermates were on a C57/BI6 background. Four-week-old WT/WT mice and Asah1l/fl/
PodoC"® mice received daily intraperitoneal injection of ML-SAS5 (Glixx Laboratories,
Hopkinton, MA, USA) at 2 mg/kg or ML-SI1 (MedChemExpress, Monmouth Junction,
NJ, USA) at 20 mg/kg for 4 weeks [27]. Each mouse used in our studies was genotyped for
the Asah1f/fl gene and Cre recombinase gene to confirm podocyte-specific gene deletion of
acid ceramidase a subunit before use in experiments [17].

2.2. Primary culture of murine podocytes

Primary culture of murine podocytes was performed as described in previous studies
[18,28]. We infused 20 mL of dynabeads from the abdominal aorta below the renal artery at
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 mins 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
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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. ML-SA5 (1 uM) [27], ML-
SI1 (20 pM) [29], ML1-SA1 (20 pM) [30,31], steroid 17p-estradiol methyl ether (EDME)
(10 uM) [32], ML2-SAL (10 uM) [33], SF-31 (10 uM) [34,35], erythro-9-(2-hydroxy-3-
nonyl)adenine (EHNA) (30 uM) [36], ciliobrevin D (50 uM) [37], chloroquine (100 uM)
[38], and bafilomycin Al (100 nM) [38] were used to treat podocytes in the present study.

2.3. GCaMP3 Ca?* imaging

At 18-24 h after nucleofection with GCaMP3-ML1, podocytes were used for experiments
[18,19]. 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 CaZ* solution, which contained 145 mM NaCl, 5 mM KCI, 3 mM MgCI2,
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.

2.4. Super-resolution microscopy

After treatments followed by fixation, the cells were incubated with rabbit anti-LC3
antibody (1:100; Cell Signaling Technology, Danvers, MA, USA) and rat anti-Lamp-1
antibody (1:100; Santa Cruz Biotechnology, Dallas, TX, USA) overnight at 4 °C. After
slides being washed, 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, stained with DAPI, and mounted. A Nikon
fluorescence microscope in the structured illumination microscopy (SIM) mode was used to
obtain images. Image Pro Plus 6.0 software (Media Cybernetics, Bethesda, MD, USA) was
employed to analyze colocalization, expressed as the Pearson correlation coefficient [28,39].

2.5. Dynamic analysis of lysosome movement in podocytes

Podocytes cultured in 35 mm dish were incubated with 100 mg/mL dextran—-Alexa Fluor
555 (Thermo Fisher Scientific, Waltham, MA, USA) for 6 h. The confocal fluorescent
microscopic recording was conducted with a confocal laser scanning microscope (Fluoview
FV1000, Olympus, Japan). The fluorescent images for lysosomes in podocytes were
continuously recorded at an excitation/emission (nm) of 555/565 by using XYT recording
mode with a speed of 1 frame/10 s for 10 min. Lysosome tracking was performed in Image
J using manual tracking plugin as described in previous studies [36,40]. Ten lysosomes were
chosen at random for each cell. These lysosomes were then tracked manually, while the
program calculated velocity of lysosome trafficking for each frame.

2.6. Western blot analysis

Western blot analysis was performed as described previously [12]. In brief, homogenates of
podocytes were prepared using sucrose buffer containing protease inhibitors. After boiling
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for 5 min at 95 °C in a 5x loading buffer, 20 ug of total proteins were subjected to
SDS-PAGE, transferred onto a PVDF membrane, and blocked by solution with dry milk.
Then, the membrane was probed with primary antibodies of anti-ZO-1 (1:1000; Invitrogen,
Waltham, MA, USA), anti-P-cadherin (1:1000; R&D, Minneapolis, MN, USA), anti-a.-
SMA (1:5000; R&D, Minneapolis, MN, USA), anti-FSP-1 (1:1000; Abcam Biotechnology,
Cambridge, United Kingdom), or anti-B-actin (1:5000; Santa Cruz Biotechnology, Dallas,
TX, USA) overnight at 4 °C followed by incubation with horseradish peroxidase-labeled
IgG (1:5000). The immunoreactive bands were detected by chemiluminescence methods and
visualized on Kodak Omat X-ray films. Densitometric analysis of the images obtained from
X-ray films was performed using the Image J software (NIH, Bethesda, MD, USA).

2.7. Real-time reverse transcription polymerase chain reaction

Total RNA was isolated from podocytes of WT/WT and Asah1™/fl/Podocr mice,

reversely transcribed to cDNA, and subjected to PCR amplification according to the
procedures described previously [41]. Primers were synthesized by OriGene (Rockville,
MD, USA) with the following sequences: Cdh3 (gene code of P-cadherin), sense
CCAGACAAGGAGGACCAGAAGA and antisense CAAACTGCTCGTCCTCACGATC;
S100a4 (gene code of FSP-1), sense AGCTCAAGGAG CTACTGACCAG and antisense
GCTGTCCAAGTTGCTCATCACC.

2.8. Immunofluorescence microscopy

Immunofluorescence staining was performed using cultured podocytes grown on collagen-
coated glass cover slips and frozen mouse kidney sections as described previously [42].
Briefly, after fixation the cells were incubated with rat anti-ZO-1 (1:100; Santa Cruz
Biotechnology, Dallas, TX, USA) or rabbit anti-FSP-1 (1:100; Abcam Biotechnology,
Cambridge, United Kingdom) overnight at 4 °C. Then, Alexa 488-labeled donkey anti-goat
secondary antibody (1:200; Life Technologies, CA, USA) or Alexa 555-labeled donkey
anti-rabbit secondary antibody (1:200; Life Technologies, CA, USA) was 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 FVV1000, Olympus, Japan).

2.9. Flow cytometric detection of autophagosomes

As described in previous studies [8,43], autophagosomes in podocytes were detected using

a CytolD Autophagy Detection Kit (Enzo, Plymouth Meeting, PA, USA). The CytolD
fluorescent reagents specifically detect the autophagic vacuoles formed during autophagy.
Briefly, cells were trypsinized, spun down, and washed twice in phenol red-free RPMI 1640
with 2 % foetal bovine serum (FBS). The cells were resuspended in 0.5 mL of freshly
diluted CytolD reagents and incubated at 37 °C for 30 min. The CytolD fluorescence

of cells was immediately analysed by flow cytometry using a flow cytometer (GUAVA,
Hayward, CA, USA). The percentage of cells with CytolD staining was used to represent the
relative formation or accumulation of autophagosomes.
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2.10. Statistical analysis

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

3. Results

3.1. Impaired autophagic flux in podocytes lacking Asahl gene

We first tested whether autophagic deficiency occurred in podocytes lacking Asahl gene.
We stained podocytes of WT/WT and Asah1f/fl/Podo®® mice with CYTO-ID probe to
quantify autophagosomes in these cells by flow cytometry. Higher intracellular level of
CYTO-ID green fluorescence indicates more autophagosomes in podocytes. In Fig. 1A,
the x axis means the intracellular intensity of CYTO-ID green fluorescence; the y axis
indicates the ratio of cells with various intensity of green fluorescence. The representative
curves of flow cytometry indicated that autophagosome accumulation occurred in podocytes
of Asah1™/fl/Podoc™® mice compared with WT/WT podocytes. Summarized data showed
that the amount of autophagosomes was significantly increased by Asahl gene deletion in
podocytes, which was similar to the effect of chloroquine (CQ), an autophagy inhibitor
(Fig. 1B). Also, we performed Western blot analysis to determine the ratio of LC3-I1

over LC3-1 in podocytes. It was found that the levels of LC3-I were similar in podocytes
of WT/WT and Asah1f/fl/Podocr® mice. However, Ac deficiency remarkably increased
LC3-11 in podocytes and thereby led to significant elevation of LC3-11/LC3-I, indicating
autophagosome accumulation in podocytes of Asah1f/fl/Podoc™ mice. Bafilomycin Al
(Baf), an autophagy inhibitor, had similar effects on LC3-11/LC3-1 in podocytes (Fig. 1C
and D). Since enhanced autophagosome biogenesis and reduced autophagosome degradation
both can cause autophagosome accumulation, we observed lysosome-autophagosome
interaction by superresolution microscopy to confirm whether autophagic flux was altered
by Asah1 gene deletion. As shown in Fig. 1E, the encounter and fusion of autophagosome
and lysosome and the formation of autophagolysosome were indicated by yellow dots in
the cytosol of podocytes. In WT/WT podocytes, there was considerable number of yellow
dots in the cytosol. In podocytes of Asah1f/fl/Podoc™ mice, however, the number of yellow
dots in the cytosol dropped remarkably. Statistical analysis showed that the reduction of
lysosome-autophagosome interaction by Asahl gene knockout was significant, indicating
deficient autophagic flux in podocytes lacking Asah1 gene (Fig. 1F).

3.2. Regulation of autophagic flux by lysosomal TRPML1 channel in podocytes

Since our recent studies have shown that Ac deficiency leads to inhibition of TRPML1
channel activity [18,19], we wondered whether TRPML1 channel is involved in the deficient
autophagic flux due to Ac deficiency in podocytes. Recently, we have demonstrated

that the expression of TRPML1 is remarkably higher than TRPML2 and TRPML3 in

mouse glomeruli and podocytes [41]. To further confirm the dominant role of TRPML1
channel in lysosomal Ca2* release in podocytes, we performed real-time RT-PCR and
confocal microscopy on podocytes of WT/WT mice. As shown in Supplementary Fig.

1, real-time RT-PCR results showed that the mRNA level of TRPML1 was remarkably
higher than TRPML2 and TRPML3 in WT/WT podocytes. By confocal microscopy, we
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found that colocalization of TRPML1 and Lamp-1 was significantly higher than TRPML2
and TRPML3 in WT/WT podocytes, suggesting the abundant expression of TRPMLL1 in
lysosomes of these cells. To specifically detect CaZ* release 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 [18,19]. A
fluorescent microscopic imaging system was used to dynamically and continuously monitor
the GCaMP3 fluorescence signal (F470) in podocytes. The intensity of Ca?*-induced
GCaMP3 fluorescence indicated the amount of Ca2* released through lysosomal TRPML1
channel. As shown in Fig. 2, both ML-SA5 (TRPML channel agonist) and ML1-SA1
(TRPML.1 channel agonist) induced rapid elevations of GCaMP3 fluorescence in WT/WT
podocytes, which was followed by a large signal increase caused by late addition of
ionomycin, a Ca2* ionophore. Also, ML-SA5 and ML1-SA1 induced smaller elevations

of GCaMP3 fluorescence in podocytes of Asah1f/fl/Podoc™ mice. Although summarized
data showed that Ca2* release through TRPML1 channel induced by ML-SA5 or ML1-SA1
was significantly attenuated by Asahl gene deletion, our findings indicate that ML-SA5
and ML1-SA1 can partially overcome the inhibition of TRPML1 channel activity by Ac
deficiency.

Then, we tested whether TRPML1 channel is implicated in the regulation of autophagic

flux in podocytes. By super-resolution microscopy, we found that both ML-SA5 and ML1-
SA1 significantly enhanced lysosome-autophagosome interaction in WT/WT podocytes
compared with vehicle-treated cells. On the contrary, it was found that ML-SI1 (TRPML
channel inhibitor) and EDME (TRPMLL1 channel inhibitor) obviously decreased the
encounter and fusion of lysosome and autophagosome, leading to less formation of
autophagolysosome in WT/WT podocytes. In podocytes of Asah1/fl/Podocr® mice, impaired
autophagic flux due to Ac deficiency was recovered by agonists but worsened by inhibitors
(Fig. 3A and B). Also, we quantified autophagosomes in podocytes of different groups

by flow cytometry. In WT/WT podocytes, the density of autophagosome in cytosol was
unchanged by agonists but elevated by inhibitors. As the outcome of autophagic deficiency,
autophagosome accumulation due to Ac deficiency was attenuated by ML-SA5 and ML1-
SA1 but amplified by ML-SI1 and EDME in podocytes of Asah1™/fl/podoce mice (Fig.

3C and D). However, ML2-SA1 (TRPML2 channel agonist) and SF-31 (TRPML3 channel
agonist) were found to have no effects on lysosome-autophagosome interaction in podocytes
of both WT/WT and Asah1f/fl/Podoc™ mice. Autophagosome accumulation in podocytes
lacking Asahl gene was unchanged by ML2-SA1 and SF-31.

3.3. Contribution of dynein activity to lysosome trafficking and autophagic flux in

podocytes

Mechanistically, we tested the possibility that lysosome trafficking in response to TRPML1
channel-mediated Ca2* release depends on the activity of dynein in podocytes. Dextran—
Alexa Fluor 555 was loaded into live podocytes and the lysosome movement was
continuously monitored for 10 min under different conditions. Fig. 4A showed the lysosome
movement in a WT/WT podocyte after the activation of TRPML1 channel by ML-SA5.
Summarized data showed that ML-SA5 significantly enhanced lysosome trafficking in
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WT/WT podocytes compared with control cells. The impaired lysosome trafficking due

to Ac deficiency was recovered by ML-SA5 in podocytes lacking Asahl gene. Although,
pre-treating podocytes of both WT/WT and Asah1/fl/Podocr® mice with dynein inhibitors,
EHNA and ciliobrevin D, blocked the stimulating effect of ML-SAS5 on lysosome movement
in these cells (Fig. 4B).

Furthermore, we examined whether the activity of dynein is required for autophagic

flux in podocytes. By structured illumination microscopy, decreased encounter and

fusion of lysosome and autophagosome were observed in podocytes of Asah1f/fl/podocre
mice compared with WT/WT podocytes. The lysosome-autophagosome interaction was
significantly enhanced by activation of TRPML1 channel by ML-SAS5 in podocytes of

both WT/WT and Asah1f/fl/Podoc™ mice. However, inhibition of dynein activity by EHNA
and ciliobrevin D blocked the enhancive effect of ML-SA5 on lysosome-autophagosome
interaction in these cells (Fig. 4C and D).

3.4. Podocyte dedifferentiation due to Asah1 gene deletion

3.5.

To determine whether Asahl gene knockout induces dedifferentiation in podocytes, Western
blot analysis was performed to detect epithelial markers and mesenchymal markers in
podocytes of WT/WT and Asah1f/fl/Podocr® mice. We found that Asah1 gene knockout
significantly inhibited the expression of epithelial markers, P-cadherin and ZO-1, in
podocytes (Fig. 5A and B). On the contrary, the expression of FSP-1 and a-SMA as
mesenchymal markers was remarkably enhanced by Ac deficiency in podocytes (Fig. 5C
and D). Moreover, real-time RT-PCR was performed to detect mMRNA levels of P-cadherin
and FSP-1 in podocytes of WT/WT and Asah1™/fl/Podoc™ mice. It was found that mMRNA
of P-cadherin was significantly reduced in podocytes lacking Asahl gene compared to
WT/WT podocytes (Fig. 5E). In contrast, Asahl gene deletion remarkably increased mRNA
of FSP-1 in podocytes compared to control cells (Fig. 5F). Immunofluorescent staining was
performed on frozen kidney slides of WT/WT and Asah1/fl/Podocr® mice for detection

of epithelial markers and mesenchymal markers in glomeruli. As shown in Fig. 6, when
Asahl gene was deleted in podocytes, P-cadherin and ZO-1 as epithelial markers decreased
obviously, while the mesenchymal markers FSP-1 and a-SMA increased remarkably.
Statistical analysis showed that Ac deficiency-induced decline of epithelial markers and
elevation of mesenchymal markers in glomeruli were significant.

Inhibition of dedifferentiation by enhancement of TRPML1 channel activity in

podocytes lacking Asahl gene

We also tested whether enhancement of TRPML1 channel activity inhibits podocyte
dedifferentiation due to Ac deficiency. As shown in Fig. 7A and B, Asahl gene deletion
significantly decreased the expression of ZO-1, an epithelial marker, in podocytes of
Asah1ffl/podocr® mice compared with WT/WT podocytes. The activation of TRPML1
channel by ML-SA5 and ML1-SA1 attenuated the decline of ZO-1 in podocytes lacking
Asahl gene. Inhibition of TRPML1 channel activity by ML-SI1 and EDME, however,
suppressed the expression of ZO-1 in WT/WT podocytes and worsened the reduction of
Z0-1 in podocytes of Asah1f/fl/Podoc™ mice. In contrast, FSP-1 as a mesenchymal marker
remarkably increased in podocytes lacking Asah1 gene compared with WT/WT podocytes.
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This elevation was significantly inhibited by ML-SA5 and ML1-SAL. However, ML-SI1 and
EDME enhanced the expression of FSP-1 in WT/WT podocytes and amplified the elevation

of FSP-1 in podocytes of Asah1f/fl/Podoc™ mice via inhibition of TRPML1 channel activity
(Fig. 7C and D). It was found that ML2-SA1 and SF-31 had no effects on the expressions of
Z0-1 and FSP-1 in podocytes of both WT/WT and Asah1™/fl/Podocr mice.

Then, we treated WT/WT and Asah1™/fl/Podoc™ mice with vehicle, ML-SAS, or ML-SI1 to
further confirm our findings in cell studies. It was found that podocyte-specific Asahl gene
deletion simultaneously decreased podocin, a podocyte slit diaphragm protein, and ZO-1

in glomeruli of Asah1f/fl/Podoc™® mice compared with WT/WT mice. These reductions

due to Ac deficiency were both attenuated by the intraperitoneal injection of ML-SA5. On
the contrary, the inhibition of TRPML1 channel activity by ML-SI1 decreased glomerular
podocin and ZO-1 in WT/WT mice and worsened their reductions due to Ac deficiency

in Asah1/fl/Podot™ mice (Fig. 8A-C). In addition, we found that decline of nephrin,

a podocyte slit diaphragm protein, and elevation of a-SMA simultaneously occurred in
glomeruli of Asah1f/fl/Podoc® mice compared with WT/WT mice. These pathological
changes due to podocyte-specific Asahl gene deletion were significantly inhibited by ML-
SAB. In contrast, the intraperitoneal injection of ML-SI1 induced reduction of nephrin and
elevation of a-SMA in glomeruli of WT/WT mice and amplified these pathological changes
in glomeruli of Asah1f/fl/Podoc™® mice (Fig. 8D-F). Moreover, urinary protein excretion
was measured per 24 h in WT/WT and Asah1f/fl/Podoc™ mice in different groups. As
shown in Fig. 9, severe proteinuria was found in Asah1/fl/Podoc™ mice compared with
WT/WT mice. The elevation of urinary protein excretion due to podocyte-specific Asahl
gene deletion was significantly attenuated by the intraperitoneal injection of ML-SAS5. On
the contrary, ML-SI1 elevated urinary protein excretion in WT/WT mice and worsened
proteinuria in Asah1%/fl/Podocre mice.

3.6. Autophagosome accumulation and dedifferentiation in podocytes with TRPML1 gene

silencing

To further confirm whether TRPML1 channel mediates the regulation of autophagy and
differentiation by Ac in podocytes, we tested whether TRPML1 gene silencing affected
autophagy and differentiation in podocytes. As shown in Supplementary Fig. 2, we
performed Western blot analysis to confirm that TRPML1 shRNA remarkably decreased the
expression of TRPML1 in WT/WT podocytes compared to cells transfected with scramble
shRNA. By CytolD flow cytometry, we demonstrated that the amount of autophagosomes
was significantly increased in WT/WT podocytes transfected with TRPML1 shRNA
compared to cells transfected with scramble shRNA (Fig. 10A and B). Moreover, we
detected ZO-1 and FSP-1 levels in podocytes by immunofluorescent staining. It was found
that WT/WT podocytes transfected with TRPML1 shRNA had decreased ZO-1 expression
and increased FSP-1 expression compared to control cells (Fig. 10C and D).

4. Discussion

The major goal of the present study was to determine whether Ac deficiency impairs
autophagic flux in podocytes through blockade of TRPML1 channel and to test
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whether Asahl gene deletion-induced podocyte dedifferentiation can be attenuated by
enhancement of TRPML1 channel activity in mice. It was found that Ac deficiency due

to podocyte-specific Asahl gene deletion interrupted lysosome-autophagosome interaction
and lysosomal enzyme-dependent degradation of autophagosome, which was attenuated
by TRPML1 channel agonists, but worsened by TRPML1 channel inhibitors. We also
demonstrated that lysosome trafficking in response to TRPML1 channel activation
depended on dynein, a microtubule motor protein. Furthermore, we observed podocyte
dedifferentiation in Asah1f/fl/Podoc® mice, which was diminished by TRPML1 channel
agonists, but aggravated by TRPML1 channel inhibitors, indicating the contribution of
blockade of TRPML1 channel and consequent autophagic flux deficiency to podocyte
dedifferentiation. These results suggest that Ac-TRPML1-dynein signaling pathway controls
autophagic flux in podocytes, which is essential for the maintenance of structural and
functional integrity of these cells.

It has been reported that mutations in the AC gene or deficiency of lysosomal AC activity
in human cells is a major genetic or pathogenic mechanism for the development of Farber
disease, which features hoarseness and painful swollen joints accompanied by nephropathy
with elevated urine ceramide levels as characteristic features [44]. A recent study has shown
that the normal function of lysosomal Ac is essential for the protection of podocytes from
oxidative stress and apoptosis under pathologic conditions [45]. More recently, we have
demonstrated that podocyte-specific Asahl gene deletion may induce podocytopathy and
nephrotic syndrome in mice [17]. Although, the underlying pathogenic mechanism remains
poorly understood. Given the important role of autophagy in the maintenance of podocyte
homeostasis [7-11], we tested whether Asahl gene knockout-induced podocytopathy is
attributed to deficient autophagic flux in the present study. In podocytes isolated from
WT/WT and Asah1f/fl/Podoc™ mice, we demonstrated that Asah1 gene knockout induced
autophagosome accumulation, indicating impairment of autophagic flux. Importantly, Ac
deficiency was found to interrupt lysosome-autophagosome interaction in podocytes of
Asah1fl/podocre mice. These findings together confirm that Asahl gene deletion-induced
autophagosome accumulation is attributed to lysosome dysfunction, but not abnormal
autophagosome biogenesis. To our knowledge, these results represent the first experimental
evidence that normal function of Ac is essential for autophagic flux in podocytes. In this
regard, the overexpression of Ac has been reported to enhance autophagy and resistance to
C6 ceramide in prostate cancer cells [46], while the ablation of Ac impairs autophagy and
mitochondria activity in melanoma cells [47]. However, the molecular mechanism mediating
the regulatory role of Ac in autophagy has not been elucidated in these previous studies.

As a cation channel, TRPML1 channel is mainly expressed on lysosomes and late
endosomes [48]. There is increasing evidence that various cellular activities are controlled
by TRPML1 channel [49]. As a key process of autophagy, the fusion of lysosome

and autophagosome is mediated by TRPML1 channel [50-52]. In addition, it has been
found that TRPML1 channel activity contributes to autophagosome biogenesis, which

may be due to the induction of the Beclin1/VVPS34 autophagic complex, the activation

of calcium/calmodulin-dependent protein kinase kinase B, the boost of AMP-activated
protein kinase, and the generation of phosphatidylinositol 3-phosphate [53]. Recent studies
have demonstrated that the normal function of TRPML1 channels is essential for the
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maintenance of renal glomerular homeostasis and thereby involved in the development of
some glomerular diseases. In podocytes, lysosomal Ca?* release through TRPML1 channel
has been reported to contribute to lysosome trafficking and lysosome-MVB interaction

and thereby control MVB fate and exosome release [18,19,39]. Moreover, it has been
reported that Ac-dependent sphingolipid metabolism regulates TRPML1 channel activity in
podocytes [18,19]. Given the important role of TRPML1 channel activity in autophagic flux,
we hypothesized that Asahl gene deletion-induced deficiency of autophagic flux may be
associated with the inhibition of TRPMLL1 channel activity. The present study demonstrated
that activation of TRPML1 channel by TRPML1 channel agonists recovered lysosome-
autophagosome interaction and attenuated autophagosome accumulation in podocytes. On
the contrary, the blockade of TRPML1 channel by TRPML1 channel inhibitors mimicked
the effect of Asahl gene knockout on autophagic flux. Moreover, TRPML1 channel
inhibitors enhanced the impairment of autophagic flux due to Ac deficiency. Consistently,
autophagosome accumulation has been found in fibroblasts patients with mucolipidosis

type 1V, a lysosomal storage disease due to mutations in Mucolipin 1 [51]. Moreover,

it has been reported that up-regulation of lysosomal TRPML1 channel is essential for
lysosomal adaptation to nutrient starvation, indicating the contribution of TRPML1 channel
to autophagic flux [54]. Although these previous studies showed the implication of TRPML1
channel in the regulation of autophagic flux, the results from the present study for the first
time demonstrate that Ac-dependent activation of TRPML1 channels can increase lysosome-
autophagosome fusion leading to enhancement of autophagic flux.

The present study further examined the molecular mechanism by which TRPML1 channel
regulates lysosome-autophagosome interaction in autophagic flux. There is increasing
evidence that lysosomes respond to the environmental changes by actively trafficking
towards their targets, such as phagosome, autophagosome, and MVB [55,56]. Previous
studies have shown that lysosome trafficking depends on motor proteins, such as dynein,
dynactin, and kinesin-1 [57]. It has been reported that lysosomal Ca?* release through
TRPML1 channel activates the cytosolic calcium sensor ALG2 to recruit the dynein/
dynactin complex, leading to lysosome trafficking towards the perinuclear region [58].
Therefore, we tested whether dynein activity is required for lysosome trafficking in
response to TRPML1 channel activation in podocytes. In the present study, we confirmed
that dynein inhibitors EHNA and ciliobrevin D prevented the enhancement of lysosome
trafficking by ML-SA5 by observing lysosome movement in live podocytes. Furthermore,
we demonstrated that the elevation of lysosome-autophagosome fusion by ML-SA5 was
blocked by EHNA and ciliobrevin D. These data imply that dynein importantly controls
lysosome trafficking in response to TRPML1 channel activation and thereby determine
autophagic flux in podocytes. In previous studies, dynein has been reported to participate in
autophagosome movement for lysosome-autophagosome fusion in HeLa cells [59], glioma
cells [60], and mouse coronary arterial myocytes [36]. However, it remained unknown
whether dynein can affect lysosome trafficking to regulate autophagic flux. Our findings
together with previous studies have revealed that dynein may regulate the movement of both
autophagosome and lysosome to fine control the autophagic flux for the maintenance of
cellular homeostasis.
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In addition to degradation of various unnecessary or dysfunctional cellular components,
autophagy has been reported to participate in cell differentiation by controlling the fate of
transcription factor complexes and their regulators [61]. Meanwhile, autophagic deficiency
is implicated in cell dedifferentiation under different pathological conditions [62]. In
podocytes, impaired autophagic flux due to inhibition of lysosome function has been
reported to induce dedifferentiation [12]. In diabetic nephropathy, autophagic deficiency
contributes to the development of podocyte dedifferentiation [13] and enhancement of
autophagy attenuates podocyte dedifferentiation [14,15]. The disrupted apolipoprotein L1-
miR193a axis-induced podocyte dedifferentiation is also attributed to autophagic deficiency
[16]. The present study tested whether Asahl gene deletion-induced autophagic deficiency
leads to dedifferentiation in podocytes. It was demonstrated that dedifferentiation occurred
in podocytes lacking Asah1 gene, which was evidenced by decreased epithelial markers and
increased mesenchymal markers in podocytes of Asah1f/fl/Podocr mice, as shown in both
cell and animal studies. Our findings support the view that podocyte dedifferentiation serve
as a pathogenic mechanism of podocytopathy and nephrotic syndrome in Asah1f/fl/podocre
mice.

To confirm the role of impaired autophagic flux in podocyte dedifferentiation in Asah1fl/fl/
PodoC® mice, we tested whether TRPML1 channel agonists and inhibitors can alter
differentiation status of podocytes in vitro and in vivo. In the cell studies, we demonstrated
that reduction of epithelial marker and elevation of mesenchymal marker due to Asahl gene
knockout were blocked by TRPML1 channel agonists but amplified by TRPML1 channel
inhibitors. In animal studies, treatment with ML-SA5 not only inhibited the changes in
epithelial marker and mesenchymal marker, but also attenuated the decline of slit diaphragm
proteins and proteinuria in Asah1f/fl/Podoc"® mice. Inhibition of TRPML1 channel by
ML-SI1, however, had the opposite effects on epithelial marker, mesenchymal marker, slit
diaphragm proteins, and urinary protein excretion. These results suggest that inhibition of
TRPML1 channel due to Asahl gene deletion contributes to the enhancement of podocyte
dedifferentiation in Asah1f/fl/Podoc™ mice. Although previous studies have revealed that
TRPMLL1 channel may regulate lysosome trafficking and thereby control exosome release
in podocytes [18,19,39], it remained unknown whether TRPML1 channel is involved in the
regulation of structure and function of podocytes. The present study answered this question,
indicating that the normal function of TRPMLL1 channel is essential for the maintenance of
differentiation status of podocytes.

Mucolipidosis type IV (MLIV) is an autosomal recessive neurodegenerative lysosomal
storage disorder caused by mutations in the gene (MCOLN1 for human and Mcoln1 for
mouse) encoding mucolipin-1 (TRPML1) [63]. It has been reported that the fusion of
lysosome and autophagosome is inhibited in fibroblasts of MLIV patients [51]. Moreover,
TRPML1 channel was found to contribute to lysosome-autophagosome interaction [50-
52]. Based on these previous studies, we also tested whether TRPML1 gene silencing
can affect autophagic flux in podocytes. It was found that TRPML shRNA induced
autophagosome accumulation and dedifferentiation in podocytes, suggesting that normal
expression of TRPML1 gene is indispensable for autophagic flux and maintenance of
differentiation status of podocytes. These findings further confirmed the vital role of
TRPML1 channel in the regulation of autophagic flux in podocytes. In this regard, Ca2*
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released through TRPML1 channel was found to activate calcineurin which is responsible
for the dephosphorylation of TFEB. Then, dephosphorylated TFEB translocated to nucleus
to initiate the transcription of lysosomal and autophagic genes [64,65]. Recently, it has

been found that TRPML1 contributes to autophagosome biogenesis, which is attributed

to the induction of the Beclin1/VPS34 autophagic complex, the activation of calcium/
calmodulin-dependent protein kinase kinase p (CaMKKf), the boost of AMP-activated
protein kinase (AMPK), and the generation of phosphatidylinositol 3-phosphate (PI3P) [53].
Moreover, there is increasing evidence showing that boost of autophagy may be attributed to
production of reactive oxygen species (ROS), which is a vital defensive mechanism against
cellular stress [66,67]. Under conditions such as ischemia, hypoxia, and nutrient starvation,
autophagy may be induced by mitochondrial ROS [68—70]. Nevertheless, autophagosome
accumulation was observed after induction of autophagy by ROS [71-73], indicating that
lysosome-dependent autophagosome degradation may be interfered. Recently, we have
demonstrated that endogenously produced ROS may impair TRPML1 channel activity and
thereby inhibit lysosome-dependent MVB degradation, leading to enhanced inflammatory
exosome release from podocytes [39]. Together, these findings suggest that TRPML1
channel plays a significant role in the regulation of autophagy in podocytes under various
physiological and pathological conditions.

5. Conclusions

The present study demonstrated that lysosomal Ac participated in the maintenance of
differentiated status of podocytes. Asahl gene knockout impaired autophagic flux and
induced dedifferentiation in podocytes, which was associated with inhibition of TRPML1
channel activity. These results indicate that impaired autophagic flux and consequent
enhancement of podocyte dedifferentiation during Ac deficiency may serve as an important
pathogenic mechanism of podocytopathy and associated nephrotic syndrome and that Ac
and TRPML1 channel could be a new therapeutic target for prevention or treatment of
nephrotic syndrome due to podocytopathy.
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in podocytes (n7=15). E. Representative images showing that Asahl gene deletion reduced
lysosome-autophagosome interaction in podocytes. Scale bars = 5 um. F. Summarized data
showing that lysosome-autophagosome interaction was significantly inhibited in podocytes
lacking Asahl gene (n = 6). * < 0.05 vs. WT/WT group.
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Partial activation of TRPML1 channel by ML-SA5 and ML1-SAL in podocytes lacking
Asahl gene. A. Representative images showing that Ac deficiency inhibited TRPML1
channel-mediated Ca2* release induced by ML-SA5 in podocytes. Scale bars = 40 pm.
B. A representative curve showing that ML-SA5 induced elevation of GCaMP3 signal

in podocytes of WT/WT mice. C. A representative curve showing that ML-SA5 induced
smaller elevation of GCaMP3 signal in podocytes lacking Asah1 gene compared with
WT/WT podocytes. D. A representative curve showing that ML1-SA1 induced elevation
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of GCaMP3 signal in podocytes of WT/WT mice. E. A representative curve showing that
ML1-SAL induced smaller elevation of GCaMP3 signal in podocytes lacking Asah1 gene
compared with WT/WT podocytes. F. Summarized data showing that Asahl gene knockout
significantly attenuated TRPML1-mediated Ca?* release induced by ML-SA5 or ML1-SA1
in podocytes (7= 5-13). * p< 0.05 vs. WT/WT group, # p < 0.05 vs. Vehl group. Ctrl,
control; lonom, ionomycin; Vehl, vehicle.
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Reggulation of autophagic flux by lysosomal TRPML1 channel in podocytes. A.
Representative images showing lysosome-autophagosome interaction in podocytes of
WT/WT and Asah1f/fl/Podoc™ mice under different conditions. Scale bars = 5 um. B.
Summarized data showing lysosome-autophagosome interaction in podocytes of WT/WT
and Asah1f/fl/Podoc™ mice under different conditions (/7= 4-8). C. Representative

curves showing the ratio of podocytes of WT/WT and Asah1/fl/Podocr® mice under
different conditions with different density of autophagosome. D. Summarized data showing
autophagosome density in podocytes of WT/WT and Asah1f/fl/Podoc® mice under different
conditions (7= 5-16). * P< 0.05 vs. WT/WT group. # P< 0.05 vs. Vehl group.
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Contribution of dynein activity to lysosome trafficking and autophagic flux in podocytes.
A. Representative images showing the lysosome movement in a WT/WT podocyte after

the activation of TRPML1 channel by ML-SAS5. Scale bars = 20 um. B. Summarized

data showing velocity of lysosome trafficking in podocytes of WT/WT and Asah1fl/fl/
PodoC"® mice under different conditions. Asahl gene deletion, EHNA, and ciliobrevin D
significantly decreased velocity of lysosome trafficking in podocytes. ML-SAS significantly
increased velocity of lysosome trafficking in podocytes (n = 5-6). C. Representative images
showing lysosome-autophagosome interaction in podocytes of WT/WT and Asah1f/fl/
Podo®® mice under different conditions. Scale bars = 5 um. D. Summarized data

showing lysosome-autophagosome interaction in podocytes of WT/WT and Asah1fl/fl/
PodoC® mice under different conditions. Asahl gene deletion, EHNA, and ciliobrevin

D significantly inhibited lysosome-autophagosome interaction in podocytes. ML-SA5
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significantly enhanced lysosome-autophagosome interaction in podocytes (7= 4). * P<
0.05 vs. WT/WT group. # P < 0.05 vs. Ctrl group.
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and summarized data showing that Asahl gene deletion significantly increased FSP-1 in
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podocytes (n = 6). E. Summarized data showing that Asahl gene deletion significantly
decreased mMRNA of P-cadherin in podocytes (n = 6). F. Summarized data showing that
Asahl gene deletion significantly increased mRNA of FSP-1 in podocytes (7= 5-6). * P<
0.05 vs. WT/WT group.
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Podocyte dedifferentiation in Asah1f/fl/Podo™® mice. A. Representative images and
summarized data showing that podocyte-specific Asahl gene deletion significantly
decreased ZO-1 in glomeruli (n = 6). Scale bars = 50 um. B. Representative images

and summarized data showing that podocyte-specific Asahl gene deletion significantly
decreased P-cadherin in glomeruli (n = 6). Scale bars = 50 pm. C. Representative images and
summarized data showing that podocyte-specific Asahl gene deletion significantly increased
a-SMA in glomeruli (n = 6). D. Representative images and summarized data showing that
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podocyte-specific Asahl gene deletion significantly increased FSP-1 in glomeruli (n = 6).
Scale bars = 50 um. In the experiments shown in this figure, both male and female mice
were randomly assigned into different treatment groups. * £< 0.05 vs. WT/WT group.
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Fig. 7.

Inhibition of dedifferentiation by enhancement of TRPML1 channel activity in podocytes
lacking Asahl gene. A. Representative images showing ZO-1 in podocytes of WT/WT and
Asah1fl/podocre mice under different conditions. Scale bars = 20 pm. B. Summarized
data showing ZO-1 in podocytes of WT/WT and Asah1f/fl/Podoc™ mice under different
conditions (7= 4-6). C. Representative images showing FSP-1 in podocytes of WT/WT
and Asah1f/fl/Podoc™ mice under different conditions. Scale bars = 20 pm. D. Summarized
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data showing FSP-1 in podocytes of WT/WT and Asah1f/fl/Podocr mice under different
conditions (7= 4-6). * P< 0.05 vs. WT/WT group. # P < 0.05 vs. Vehl group.
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a-SMA in glomeruli of WT/WT and Asah1™/fl/Podoc™ mice with different treatments. Scale
bars = 50 ym. E. Summarized data showing the expression of nephrin in glomeruli of
WT/WT and Asah1f/fl/Podoc™ mice with different treatments (n = 4-5). F. Summarized data
showing the expression of a-SMA in glomeruli of WT/WT and Asah1f/fl/podoc™ mice with
different treatments (n = 4-5). In the experiments shown in this figure, both male and female
mice were randomly assigned into different treatment groups. * £< 0.05 vs. WT/WT group.
# P < 0.05 vs. Vehl group.
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Fig. 9.

Atg'][enuation of proteinuria by activation of TRPML1 channel in Asah1f/fl/Podoc™ mice.
Urinary protein excretion of WT/WT and Asah1f/fl/Podo®® mice with different treatments.
Podocyte-specific Asah1 gene deletion and ML-SI1 significantly enhanced urinary protein
excretion. ML-SAS5 significantly inhibited urinary protein excretion (7= 6-8). In the
experiments shown in this figure, both male and female mice were randomly assigned into
different treatment groups. * < 0.05 vs. WT/WT group. # P < 0.05 vs. Vehl group.
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Fig. 10.

Autophagosome accumulation and dedifferentiation in podocytes with TRPML1 gene
silencing. A. Representative curves showing the ratio of WT/WT podocytes transfected
with scramble shRNA or TRPML1 shRNA with different density of autophagosome.

B. Summarized data showing that TRPML1 gene silencing significantly increased
autophagosomes in podocytes (n = 6). C. Representative images and summarized data
showing that TRPML1 gene silencing significantly decreased ZO-1 expression in podocytes
(n = 6). Scale bars = 20 um. D. Representative images and summarized data showing that
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TRPML1 gene silencing significantly increased FSP-1 expression in podocytes (n = 6).
Scale bars = 20 um. * P < 0.05 vs. scramble shRNA group.
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