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Reduced Lon protease 1 expression in podocytes
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contributes to the pathogenesis of podocytopathy
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Emerging evidence has shown that mitochondrial
dysfunction is closely related to the pathogenesis of
podocytopathy, but the molecular mechanisms mediating
mitochondrial dysfunction in podocytes remain unclear.
Lon protease 1 is an important soluble protease localized in
the mitochondrial matrix, although its exact role in
podocyte injury has yet to be determined. Here we
investigated the specific role of this protease in podocyte in
glomerular injury and the progression of podocytopathy
using podocyte-specific Lon protease 1 knockout mice,
murine podocytes in culture and kidney biopsy samples
from patients with focal segmental glomerular sclerosis
and minimal change disease. Downregulated expression of
Lon protease 1 was observed in glomeruli of kidney biopsy
samples demonstrating a negative correlation with urinary
protein levels and glomerular pathology of patients with
focal segmental glomerular sclerosis and minimal change
disease. Podocyte-specific deletion of Lon protease 1
caused severe proteinuria, impaired kidney function,
severe kidney injury and even mortality in mice.
Mechanistically, we found that continuous podocyte Lon
protease 1 ablation induced mitochondrial homeostasis
imbalance and dysfunction, which then led to podocyte
injury and glomerular sclerosis. In vitro experiments
implicated the kidney protective effect of Lon protease 1,
which inhibited mitochondrial dysfunction and podocyte
apoptosis. Thus, our findings suggest that the regulation of
Lon protease 1 in podocytes may provide a novel
therapeutic approach for the podocytopathy.
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Translational Statement

Mitochondrial dysfunction in podocytes contributes to
glomerular disease progression, while the specific ther-
apeutic targets to improve mitochondrial function in
podocytes are still absent. Our data from the podocyt-
opathy patients’ kidney biopsy tissues demonstrated
that the expression of Lon protease 1 (Lonp1) in
glomeruli was negatively correlated with the severity of
proteinuria and glomerular pathology. Further findings
from in vivo and in vitro experiments suggested an
important role of Lonpl in protecting mitochondria,
podocytes, and glomeruli. Taken together, the findings
from this study not only provide new insights into the
understanding of podocytopathy, but also offer a novel
potential strategy for treating podocytopathy by tar-
geting Lonp1.

kidney disease (CKD) and renal failure."” These

diseases pose a challenge to public health and account
for significant annual costs worldwide. Given the current
lack of effective therapeutic strategies, there is an urgent need
to explore novel targets for the treatment of glomerular
diseases.

Podocytopathy serves as a common pathology of glomerular
diseases characterized by podocyte injury and proteinuria.’
Podocyte injury leads to destruction of the filtration barrier
and the development of glomerular diseases.” Studies investi-
gating methods to ameliorate podocyte injury have provided
practical approaches for treating glomerular diseases.”
Podocytes are cells that consume large amounts of energy, in
which mitochondria are important for maintaining structure
and function.'™"" Recently, mitochondrial dysfunction has
been implicated in glomerular disease and nephropathy pro-
gression.'”'” Our previous studies also indicated that mito-
chondrial dysfunction is an early event in podocyte injury, and
that improving mitochondrial function using certain chemicals
can ameliorate podocyte injury and proteinuria.'“'> However,
the mechanism underlying the regulation of mitochondrial
dysfunction and cell injury in podocytes has yet to be clarified.

Lon protease 1 (Lonpl), also called mitochondrial Lon
protease, is an adenosine triphosphate (ATP)-dependent

G lomerular diseases are the main causes of chronic
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protease that maintains mitochondrial metabolism by
clearing abnormal proteins, repairing mtDNA, and serving as
a chaperone.'® Recent studies indicate that Lonpl is essential
for maintaining mitochondrial proteostasis and function, and
that its deletion or mutation results in the accumulation of
insoluble proteins, mitochondrial dysmorphology, and
reduced mtDNA expression.'” " Improving mitochondrial
function through regulation of Lonpl is presumably quite
important for treating various chronic and developmental
diseases, including neurodegeneration, cardiac ischemia,
heart failure, and cancer.”’ ** Until now, research on Lonpl
in renal tissue has been limited to the assessment of changes
in its expression at the protein level in vitro, which showed
decreased expression in injured human renal tubular epithe-
lial cells and embryonic kidney 293T cells.”>”* Initially, we
analyzed the gene expression of Lonpl in human renal
glomeruli according to an online dataset of human kidney
single-cell sequencing (http://humphreyslab.com/SingleCell/)
and found that Lonpl was expressed almost in all kinds of
kidney cells, with the greatest expression in podocytes. The
exact role of Lonpl in the podocytes and kidneys remains
unknown, however.

Previous studies have shown that global deficiency of
Lonpl in mice causes early embryonic lethality.”” In this
study, using podocyte-specific Lonpl knockout (conditional
knockout [cKO]) mice and in vitro mouse podocyte and
human renal biopsy samples, we demonstrated that Lonp1 is
downregulated in the glomeruli of patients with focal
segmental glomerular sclerosis (FSGS) and minimal change
disease (MCD) and shows an inverse association with urine
protein levels and glomerular pathology in patients. Evidence
from in vivo and in vitro studies indicates that continuous
ablation of Lonpl in podocytes plays a pathogenic role in
mediating podocyte and glomerular injury by inducing an
imbalance in and dysfunction of mitochondrial homeostasis.
Our findings reveal a novel target for treating glomerular
diseases and podocytopathy.

RESULTS

Patients with FSGS and MCD exhibited reduced expression of
Lonp1 in podocytes

A costaining of Lonpl with a podocyte-specific nuclear pro-
tein Wilms’ tumor 1 gene (WTI )** in the normal human
kidney tissue showed the predominant cytoplasmic localiza-
tion of Lonpl in podocytes (Figure la). MCD and FSGS are
the common clinical forms of podocytopathy.”” Histopatho-
logical examination of these patients revealed segmental
sclerosis in glomeruli and/or features of significant podocyte
injury, including podocyte vacuolar degeneration and exten-
sive fusion of the podocyte foot process (Supplementary
Figure SIA and C). Furthermore, we detected the expres-
sion of Lonpl using renal biopsy specimens from patients
with FSGS and MCD, and the paracarcinoma tissues from
patients with renal hamartoma without nephropathy were
used as a control. Histological analysis showed significantly
reduced Lonpl expression in the glomeruli of patients with
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MCD and FSGS, by 59% and 70.3%, respectively (P < 0.001
for both MCD and FSGS; Figure 1b and c), and linear
regression analysis indicated a negative correlation between
Lonpl expression and urine protein levels, as well as the
degree of glomerular pathology (Figure 1d and e
Supplementary Figure S1B and D), which piqued our interest
in exploring the specific role of Lonpl in glomerular
podocytes.

Podocyte-specific loss of Lonp1 impairs renal function and
mouse survival

To generate podocyte-specific Lonp1l knockout mice, Lonp1-
floxed (Lonp1™™) mice were crossed with podocin-Cre mice
to generate podocyte-specific Lonpl knockout mice (Npsh2-
Lonpl KO, designated Lonpl-cKO). Lonpl™" littermates
with no Cre expression served as controls (Supplementary
Figure S2A). Podocyte-specific Lonpl deficiency was
confirmed by detecting Lonpl expression in primary
glomerular podocytes derived from cKO and control mice.
Primary podocytes were identified by the positive expression
of the known podocyte marker podocin (Supplementary
Figure S2B). Lonpl expression in podocytes from ¢KO mice
revealed significantly reduced protein and mRNA levels
(Supplementary Figure S2C and D). In contrast, Lonpl
expression in the cortex showed no significant difference
between control and ¢cKO mice (Supplementary Figure S2D).
These data demonstrate that podocyte-specific Lonpl
knockout mice were successfully established.

We found that the Lonpl-cKO mice began to die at 3
weeks after birth, and almost all died after 5 weeks
(Figure 2a). Blood urea nitrogen (BUN) and serum creatinine
levels in cKO mice at age =4 weeks were significantly
increased, indicating severe renal dysfunction in the Lonpl-
cKO mice (Figure 2b and ¢). In addition, the 4-week-old
mice developed significant albuminuria, as shown by the
urinary albumin:creatinine ratio and semiquantitative mea-
surement of urine protein levels using Coomassie blue
staining (Figure 2d and e). Renal hematoxylin and eosin and
Masson trichrome staining consistently revealed remarkable
pathological glomerular damage, interstitial fibrosis, and
features of tubular injury, including tubular atrophy, loss of
brush border, and cast formation, along with increased
expression levels of tubular injury markers of KIM-1 and
NGAL compared with the control mice (Figure 2f and
Supplementary Figure S3). However, some other vital organs,
such as the lung, liver, and heart, showed no significant
pathological changes compared with control mice (Figure 2g).
Taken together, these findings indicate a specific and critical
role of Lonpl in podocytes in maintaining normal kidney
function in vivo.

Podocyte-specific loss of Lonp1 impairs renal function with
age

We measured the body weight of the mice over a 4-week
period and found progressive weight loss and significantly
lower weights in Lonpl-cKO mice compared with control
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Figure 1| Glomerular Lon protease 1 (Lonp1) expression is associated with human proteinuria. (a) Localization of Lonp1 predicted by
immunofluorescence staining using human normal paracarcinoma kidney tissue. Lonp1 (red), WT1 (green), DAPI (blue), (continued)
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mice at 4 weeks of age (Figure 3a). BUN was also measured in
plasma samples from mice at 14, 21, 25, and =28 days. There
was no significant difference in BUN levels in ¢KO mice and
controls at 14 and 21 days. However, after 21 days, BUN levels
were significantly increased compared with those in the
control littermates (P < 0.05 for 25 days and P < 0.001
for =28 days; Figure 3b), indicating impaired renal function
in the Lonp1-cKO mice. Histologically, as shown in Figure 3c,
significantly increased segmental or complete glomerular
sclerosis was observed in 3- to 4-week-old mice. These
findings suggest that mice with podocytes lacking Lonpl
might sustain progressive renal damage after birth.

Podocyte-specific loss of Lonp1 induces podocyte injury with
age

The histological results showed progressive damage in the
glomeruli of Lonpl-cKO mice; normal morphological
glomeruli were observed in mice age 1-2 weeks, whereas focal
glomerular sclerosis was seen at age 3 weeks. In week 4,
striking glomerular damage with shrinkage and focal necrosis
were observed. Given that podocytes are highly involved in
glomerular sclerosis, we next focused on podocytes in the
Lonp1-cKO mice. Immunofluorescence analysis showed that
for up to 2 weeks after birth, the glomerular podocytes of the
cKO mice were indistinguishable from those of control mice,
as shown by the expression of glomerular slit diaphragm
proteins podocin and synaptopodin, whereas 3- to 4-week-
old cKO mice exhibited significantly decreased expression
levels of podocin and synaptopodin in the glomeruli
(Figure 4a and b), indicating damaged podocytes. Meanwhile,
the number of WT1-positive podocytes was also decreased in
3- to 4-week-old mice (Figure 4c). Furthermore, Western blot
analysis confirmed reduced expression of another podocyte
marker, nephrin, in c¢KO mice at age 3-4 weeks
(Supplementary Figure S4). Moreover, terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling/podocin
double-labeled cells were observed in the glomeruli of the
Lonp1-cKO mice (Supplementary Figure S5), indicating that
Lonpl depletion induced podocyte apoptosis in vivo. Trans-
mission electron microscopy (TEM) analysis consistently
revealed extensive degeneration of cell bodies and foot process
fusion in podocytes of Lonp1-cKO mice at 3 and 4 weeks after
birth (Figure 5e). Therefore, we hypothesized that podocyte-
specific loss of Lonpl induces podocyte injury at an early age
in mice and later results in renal dysfunction.

Podocyte-specific loss of Lonp1 causes mitochondrial
dysfunction in podocytes with age

Because our previous studies indicated that mitochondrial
dysfunction mediates podocyte injury,’”” we examined

d

mitochondrial function in renal podocytes of Lonpl-cKO
mice. Expression of mitochondrial-encoded genes in
renal tissues of the cKO mice at approximately 4 weeks of
age revealed abnormal changes, and mRNA levels of
multiple genes were reduced (Figure 5a). In addition, a
reduction in mitochondrial genomic DNA content was
confirmed by quantitative polymerase chain reaction,
which was significant in 4-week-old mice (P = 0.16 at 3
weeks, P < 0.01 at 4 weeks; Figure 5b). Mitochondrial
ATP production in primary podocytes at 4 weeks was
76.8% lower in the Lonpl-cKO mice compared with the
control mice (Figure 5¢). The levels of proteins involved in
the mitochondrial respiratory chain complex were signif-
icantly decreased in primary podocytes from the Lonpl-
cKO mice (Figure 5d).

Morphological damage in mitochondria was visualized by
TEM. As shown in Figure 5e, there was striking evidence of
mitochondrial damage, including mitochondrial disarray,
degeneration and fragmentation, in the cKO mice at age 3 and
4 weeks. Notably, at age 2 weeks, just before significant
morphological abnormalities of podocytes were observed in
the cKO mice, impaired mitochondria were found in podo-
cytes (Figure 5e). These results suggest that continuous
depletion of Lonpl in podocytes induced mitochondrial
dysfunction, which resulted in podocyte injury.

Lonp1 silencing induces podocyte apoptosis and
mitochondrial dysfunction in vitro

To confirm this phenomenon in vivo, a mouse podocyte cell
line and Lonpl RNA interference were used to knock down
Lonpl expression in podocytes. The effects of the RNA
interference vectors (shLonpl-01 and shLonpl-02) were
examined after podocytes were transfected for 48 hours
(Figure 6a). As shown in Figure 6b, the percentage of annexin
V—positive cells was higher in Lonpl-knockdown podocytes
than in negative controls, indicating that Lonpl silencing
induced podocyte apoptosis.

Next, several independent parameters were used to eval-
uate mitochondrial function in vitro, including the produc-
tion of total reactive oxygen species (ROS) and mitochondrial
superoxide (indicating mitochondrial ROS [mtROS]), the
mitochondrial membrane potential, the mtDNA copy num-
ber, and oxygen consumption rate (OCR). As shown in
Figure 6¢ and d, total ROS and mtROS production were
significantly increased in the Lonpl-knockdown podocytes.
In addition, tetramethylrhodamine, methyl ester fluorescence,
which indicates the mitochondrial membrane potential level,
was significantly decreased (>30% reduction; Figure 6e).
Similarly, Lonpl knockdown resulted in reductions in the

.

Figure 1 | (continued) and merged image. Bbar = 20 um. (b) Representative images of Lonp1 expression in glomeruli. Bar = 10 pm.

() Scatterplot showing the average integrated optical density values of Lonp1 in paracarcinoma kidney (n = 7) and kidney tissue biopsy
samples from patients with minimal change disease (MCD) (n = 16) and patients with focal segmental glomerular sclerosis (FSGS) (n = 16).
(d,e) Correlation between 24-hour urine protein level and glomerular Lonp1 expression in kidneys from patients with MCD (d; n = 14) and
patients with FSGS (e; n = 14). Data are presented as mean £ SEM. ***P < 0.001 compared with the normal group. To optimize viewing of this
image, please see the online version of this article at www.kidney-international.org.
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Figure 2| Podocyte-specific Lon protease 1 (Lonp1) knockout causes albuminuria, impaired renal function, and reduced survival in
mice. (a) The survival rates of control and podocyte-specific Lonp1 knockout (cKO) mice. Both control and cKO mice were collected at

approximately age 4 weeks, and the serum, urine, kidney, lung, liver and heart tissues were used for further study. (b) Blood urea nitrogen
(BUN) levels (n = 10-14). (c) Serum creatinine levels (n = 12-13). (d) Albumin:creatinine ratios in random urine samples (n = 5-7). Data are
presented as mean £ SEM. **P < 0.01; ***P < 0.001 compared with control. (e) Coomassie blue staining of representative urine samples (n =
3) by sodium dodecyl sulfate polyacrylamide gel electrophoresis. (f) Representative hematoxylin and eosin (H&E)- and Masson (continued)
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Figure 3 | Podocyte-specific Lon protease 1 (Lonp1) knockout impairs renal function with age. (a) Body weight of mice at the indicated
ages (n = 8-13). (b) Blood urea nitrogen (BUN) levels in mice at the indicated ages (n = 5-8). Data are presented as mean + SEM. *P < 0.05;
*#*P < 0.01; ***P < 0.001 compared with controls. (c) Representative periodic acid Schiff-stained renal sections showing the development of
renal injury (bar = 50 pum) and glomerular enlargement with lesions (bar = 10 um). To optimize viewing of this image, please see the online
version of this article at www.kidney-international.org.
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Figure 2 | (continued) trichrome-stained sections showing renal pathological damage and fibrosis. Bar = 20 pm. (g) Representative H&E-
stained sections of lung, liver, and heart tissue from control and cKO mice. Bar = 100 um. To optimize viewing of this image, please see the
online version of this article at www.kidney-international.org.
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mtDNA copy number and OCR (Figure 6f-h). These data
showed notable mitochondrial dysfunction in Lonpl-
knockdown podocytes.

We next performed a proteomic study using mitochondria
from Lonpl-knockdown podocytes and a negative control.
Mass spectrometry analysis identified the proteins from
mitochondria and grouped them according to their cellular
location and biological functions. As shown in Figure 7a,
mitochondrial proteins that were classified into various
groups according to biological function, including ATP pro-
duction, the respiratory chain, and mitochondrial transport,
were downregulated. Because podocytes began to undergo
apoptosis when transfected with sh-Lonpl for 48 hours,
another proteomic study was performed using mitochondria
from podocytes transfected with sh-Lonp1 for 24 hours. Gene
Ontology (GO) enrichment analysis revealed that the most
significantly changed cell functions were involved mainly in
the oxidation reduction process, metabolic process, and
regulation of ATP synthesis (Figure 7b). These data suggest an
imbalance of mitochondrial homeostasis in Lonpl-deficient
podocytes.

Overexpression of Lonp1 protects against mitochondrial
dysfunction and podocyte apoptosis

Puromycin aminonucleoside (PAN) is an analog of puromycin
commonly used to induce podocyte injury and nephropathy
models.”””" Here we explored the effect of overexpressing
Lonpl in PAN-treated podocytes. First, a Lonpl-
overexpressing vector with a Flag tag was established, and the
effect of transfection was detected Western blot analysis with a
Flag antibody (Figure 8a). Lonpl overexpression ameliorated
PAN-induced podocyte apoptosis, as the apoptotic cell
numbers and the expression of an apoptotic marker, cleaved
caspase-3, were both reduced in Lonpl-overexpressing podo-
cytes after PAN treatment (Figure 8b and c).

Furthermore, the reductions in the mitochondrial mem-
brane potential, mtDNA copy number, and OCR and the
upregulation of total ROS and mtROS induced by PAN were
significantly alleviated by Lonpl overexpression (Figure 8d—
h). Finally, we also found that the beneficial effect of pred-
nisolone, a potent glucocorticosteroid used in the clinical
treatment of FSGS, MCD, and other types of nephrotic syn-
dromes,’” against PAN-induced podocyte injury was possibly
associated with enhanced Lonpl activity and mitochondrial
protection (Supplementary Figure S6). These results
demonstrate that Lonpl might serve as a target for protecting
against mitochondrial dysfunction and podocyte apoptosis.

A

DISCUSSION

Here we report the downregulation of Lonpl expression in
glomeruli in renal biopsy specimens from patients with FSGS
and MCD and the negative correlation between Lonpl
expression and urine protein levels in patients. We provide
in vivo evidence showing that Lonpl deletion in podocytes
triggered severe podocyte injury, resulting in proteinuria,
glomerular sclerosis, and interstitial fibrosis. Our in vitro data
demonstrate the critical function of Lonpl in mitochondria
and podocytes, as Lonpl knockdown in podocytes caused
mitochondrial dysfunction and podocyte apoptosis, whereas
Lonpl overexpression repaired similar injuries induced by
PAN. Our findings indicate that Lonpl in podocytes is a
potential therapeutic target for the amelioration of podocyte
and glomerular injury.

Globally, glomerular diseases have been considered the
main cause of CKD.? According to clinical data from China,
61.7%—-68.6% of renal biopsy specimens obtained from
hospitalized patients resulted in a diagnosis of primary
glomerulonephritis.”” In the USA and UK, glomerular dis-
eases are the third-leading cause of end-stage renal dis-
ease.”>”” Podocytopathy is the most common type of
glomerular disease. A primary injury to podocytes can cause
MCD and FSGS.”® Podocytes are essential components of
the filtration barrier and have a vital role in maintaining the
integrity of the glomerular filtration barrier. As highly
specialized, terminally differentiated visceral epithelial cells,
podocytes largely do not proliferate and are lost once they
are damaged, resulting in destruction of the filtration bar-
rier and the occurrence of proteinuria.”’” Recent studies
have demonstrated that podocyte injury plays a funda-
mental role in the development of glomerular disease, and
strategies to ameliorate podocyte injury have proven as
effective as therapy for proteinuria in experimental ani-
mals.**40 Clinically, however, no specific drugs for the
treatment of podocyte injury have been identified to date,
and novel treatment targets for protecting podocytes are
still urgently needed.

Theoretically, podocytes consume large amounts of energy
because of their numerous complex foot processes. Experi-
mental evidence has shown the presence of numerous mito-
chondria in the podocyte cell body and even in the narrow
peripheral foot processes.”' We and others have suggested that
mitochondria play an essential role in maintaining the normal
structure and function of podocytes and are key targets for
preventing or treating experimental podocyte injury in vivo
and in vitro.">*>*°

|

Figure 5 | (continued) was assessed by quantitative polymerase chain reaction, and the number of mitochondrial genome copies (detected
by the ND1 primer) were normalized to 18S ribosomal RNA (n = 6-8). (c) Measurement of adenosine triphosphate levels in primary podocytes
from control and podocyte-specific Lonp1 knockout (cKO) mice (n = 4). Data are presented as mean £ SEM. *P < 0.05; **P < 0.01; ***P < 0.001
compared with controls. (d) Mitochondrial OXPHOS proteins (CV-ATP5A, ClII-UQCRC2, CIV-MTCO1, ClI-SDHB, and CI-NDUFB8) in primary
podocytes from control and cKO mice. Equal loading of total proteins on the gel for each sample. (e) Transmission electron microscopy
analysis of kidney tissues from control and cKO mice at the indicated ages. The representative images show foot process (bar = 1 um)
and podocyte mitochondria (red arrows) (bar = 500 nm). To optimize viewing of this image, please see the online version of this article at

www.kidney-international.org.
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Figure 6| Lon protease 1 (Lonp1) knockdown induces podocyte injury in vitro. Mouse podocytes were transfected with negative control
vector (NC) and 2 kinds of shRNA vectors for Lonp1 (shLonp1-01 and -02) for 48 hours. (a) Representative Western blots (n = 2 for each group
shown) of Lonp1 and B-actin and a scatterplot showing the densitometry results for Lonp1 (n = 5). (b) Apoptotic cells were (continued)
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Lonpl is reported to be abundantly expressed in meta-
bolically active organs, such as the adrenal glands, kidneys,
fat, and thyroid.”” It is an essential enzyme that maintains
mitochondrial metabolism and serves as a protein chaperone
and a major regulator involved in mtDNA replication. Several
studies have suggested that Lonpl mutation and/or dysregu-
lation could result in abnormal mitochondrial morphology,
decreased respiratory capacity, and disruption of the mito-
chondrial redox balance, all of which are involved in the
pathological mechanisms underlying CODAS syndrome and
heart disease.”””* In this study, using biopsied kidney tissues
from patients with FSGS and MCD and paracarcinoma kid-
ney tissue from patients with renal carcinoma, we first re-
ported the localization of Lonpl in podocytes and the
prominent downregulation of Lonpl in the glomeruli of
patients with podocytopathy. Furthermore, a negative corre-
lation between Lonpl expression and urine protein levels and
glomerular pathology was observed in patients with podo-
cytopathy, suggesting the key role of Lonpl in podocyte
injury. Based on our results from a clinical study, we hy-
pothesized that decreased Lonpl expression in renal
glomeruli might mediate podocytopathy and glomerular
diseases.

We generated podocyte-specific Lonpl-cKO mice to
explore the role of Lonpl in podocyte injury. We found that
these cKO mice were born with a normal phenotype, indi-
cating that deletion of Lonpl in podocytes did not affect
normal development. However, abnormal mitochondria were
observed in podocytes of cKO mice at 2 weeks after birth, and
significant podocyte injury occurred in mice age =3 weeks.
Consistently, visible focal glomerular sclerosis and increased
BUN levels were found in 3-week-old mice. Severe renal
dysfunction developed at 4 weeks after birth, as evidenced by
worsening podocyte injury, complete sclerosis in glomeruli,
significantly elevated levels of BUN and serum creatinine,
proteinuria, and interstitial fibrosis. These data suggest the
important role of Lonp1 in podocyte function.

Furthermore, tubular injury was also observed in the cKO
mice at age 4 weeks, as evidenced by the impaired histopa-
thology and increased expression levels of tubular injury
markers KIM-1 and NGAL. Given that these 4-week-old cKO
mice also developed severe podocyte injury and massive
proteinuria, the tubular injury might be caused by damaged
podocyte and the overloaded urinary protein. In fact, the
interaction between intrinsic renal cells such as podocytes and
tubular cells has been identified as a common pathway in the

A

kidney disease.”*”" For example, podocyte injury and

apoptosis could lead to damage of the glomerular filtration
barrier, resulting in proteinuria and subsequent tubular
injury.”” In addition, other mediators, such as inflammatory
factors and exosomes produced from damaged podocytes,
could also induce tubulointerstitial inflaimmation and
fibrosis.’® Our findings demonstrate the specific contribution
of Lonpl to podocyte function and show that continuous
Lonpl ablation in podocytes could progressively cause
glomerular damage and tubular injury.

We further explored the regulation of mitochondrial
function in podocytes by Lonpl. Our in vivo studies
emphasize the importance of Lonpl in the maintenance of
mitochondrial function, as significant mitochondrial damage,
including mtDNA copy number depletion, abnormal changes
in mitochondrial-encoded genes, reductions in ATP produc-
tion and respiratory chain complex expression, and abnormal
morphology, were observed in the podocytes of Lonp1-cKO
mice. The in vitro data also demonstrate that down-
regulation of Lonpl alone in cultured mouse podocytes
directly induced mitochondrial dysfunction by increasing
total ROS and mtROS and decreasing the mitochondrial
membrane potential, OCR, and mtDNA copy number.
Furthermore, knockdown of Lonpl wultimately induced
podocyte apoptosis. Accordingly, similar damage in podocytes
induced by PAN was significantly alleviated by Lonpl over-
expression, indicating the renoprotective effects of Lonpl.
Recently, several specific compounds directly or indirectly
targeting Lonp1 have shown improvements in mitochondrial
function. For example, SRT1720, a small-molecule activator
of sirtl, has been reported to attenuate high-glucose—induced
neurotoxicity by Lonpl induction in vitro.”” Inhibition of
Lonp1 proteolytic activity by CDDO-Me or Obtusilactone A
could greatly induce cytotoxicity and suppress cell prolifera-
tion in cancer cells.””**>° Moreover, we found that the
beneficial effect of a glucocorticoid steroid prednisolone
against PAN-induced podocyte injury was possibly associated
with the enhanced Lonpl activity and mitochondrial pro-
tection. The successful development of medications targeting
Lonpl and our data indicate that decreased Lonp1 expression
in podocytes might be a mediator of mitochondrial
dysfunction and cell apoptosis and thus may serve as a novel
target for treatment of podocytopathy.

To clarify the mechanism of Lonpl in podocytes involved
in regulating mitochondrial function, we determined prote-
omic expression in mitochondria in Lonpl-knockdown

|

Figure 6 | (continued) detected using double staining with fluorescein isothiocyanate (FITC)-annexin V and propidium iodide (Pl), and a
quantitative analysis of apoptotic cells (FITC-annexin V-stained; n = 4) was performed. (c) Quantification of the mean fluorescence of

DCF (dichlorodihydrofluorescein diacetate; indicating total reactive oxygen species [ROS]; n = 4). (d) Quantification of the mean fluorescence
of mitoSOX (indicating mitochondrial ROS [mtROS]; n = 6) using flow cytometry. (e) Quantification of the mean tetramethylrhodamine, methyl
ester (TMRM) fluorescence using flow cytometry showing the mitochondrial membrane potential (n = 4). (f) Quantitative polymerase chain
reaction analysis of the mitochondrial DNA copy number (n = 6-8). (g,h) Cellular respiration assays (n = 5-6). (g) Mitochondrial respiration
shown as oxygen consumption rate (OCR). (h) Quantification of other respiratory parameters (basal OCR, ATP-linked OCR, and maximum OCR).
FCCP, p-trifluoromethoxyphenylhydrazone; Rot, rotenone; AA, antimycin A. Data are presented as mean + SEM. *P < 0.05, **P < 0.01;

***¥P < 0.001 compared with the NC group.
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Figure 7| Proteomic analysis of the mitochondria-enriched fraction from Lon protease 1 (Lonp1)-knockdown podocytes. Mouse
podocytes were transfected with the negative control vector (NC) or shRNA vector for Lonp1 (shLonp1-01) for 48 hours (a) or 24 hours (b), after
which mitochondria were extracted for proteomic analysis with mass spectrometry. (a) Functional categories of the changed Lonp1-associated

mitochondrial proteins. (b) Functional analyses were generated via Gene Ontology.
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Figure 8| Overexpression of Lon protease 1 (Lonp1) protects against podocyte apoptosis and mitochondrial dysfunction. Mouse
podocytes were transfected with vehicle control (Vehi) or Lonp1-Flag plasmid (Lonp1) for 36 hours, and then cells were treated (continued)
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podocytes using mass spectrometry and performed functional
analysis. The proteins involved in ATP production, the res-
piratory chain, and mitochondrial transport were down-
regulated, indicating the impaired biological functions of
mitochondria in Lonpl-deficient podocytes. GO enrichment
analysis performed using mitochondria from podocytes with
early Lonp1 deficiency indicated that this caused an imbal-
ance in mitochondrial homeostasis, as proteins involved in
the oxidation-reduction process, metabolic processes, and
regulation of ATP synthesis were significantly changed. As a
proteolytic enzyme, Lonpl maintains mitochondrial ho-
meostasis by degrading specific substrates.”” For example,
aconitase, an essential enzyme involved in mitochondrial
citrate metabolism, has been identified as a substrate of
Lonpl, and its abundance in renal cortical tissue likely con-
tributes to hypocitraturia and hypercitraturia.”* " It is
plausible that some substrates that accumulate owing to the
deficiency of Lonpl may mediate processes involved in the
subsequent injury to podocytes and the kidneys. In addition,
Lonpl may have other roles independent of its proteolytic
activity, and further research is needed to clarify the under-
lying mechanism.

Some limitations of our study should be noted. First, we
did not perform Lonp1l-overexpression studies in vivo, which
would provide more evidence of the function of Lonpl in
renal pathological conditions. In addition, because basal
Lonpl expression is essential for normal mitochondrial
function, especially in podocytes, why Lonpl1 is reduced in the
renal glomeruli of CKD patients remains to be determined.
Researchers have indicated several factors that could regulate
Lonpl expression or activity, such as ERK1/2, SIRT1, and
Grp75,””°>°" and it is theoretically possible that some of these
factors could influence Lonpl in podocyte injury and
podocytopathy.

In conclusion, this study provides new insights into the
action of Lonpl in the glomerular podocytes. Lonpl plays
important roles in mitochondrial function and maintenance
of mitochondrial homeostasis in podocytes, which are critical
for glomerular and renal function. Our findings identify
Lonpl as a promising therapeutic target for the treatment of
podocyte injury and podocytopathy.

METHODS
See Supplementary Methods for more detailed information.

d

Patients and study approval

Renal biopsy specimens were obtained from patients with MCD and
FSGS who were undergoing diagnostic evaluation at Nanjing Chil-
dren’s Hospital. Patient information is provided in Supplementary
Table S2. The agreement describing the use of human specimens
was approved by the Human Subjects Committee of Nanjing Medical
University. Informed consent was obtained from all participants.

Animals

Podocyte-specific Lonpl knockout mice (Nehs2“Lonp1?, desig-
nated Lonp-cKO) were generated from Nehs2-cre and Lonp1 1o/
mice and maintained in the animal core facility. All animal experi-
ments were performed in accordance with the ARRIVE guidelines
approved by the Institutional Animal Care and Use Committee of
Nanjing Medical University. Serum, random urine, and tissue sam-
ples were collected at the indicated times for further study.

Cell culture and treatment

Conditionally immortalized mouse podocytes (obtained from Ding
Jie, Peking University) were cultured as described previously.®> The
primary podocytes were isolated from the mice at approximately 14
days after birth, because the observed podocytes in the cKO mice at
this age had normal morphology.

Mass spectrometry analysis

We used 2-dimensional electrophoresis and matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF)/TOF technology
to identify the differentially expressed proteins in mitochondria after
preparation and purification of the mitochondrial protein samples.
Data were analyzed using the UniProt database as described
previously.*>**

Statistical Analysis

Statistical analyses were carried out using GraphPad Prism (Graph-
Pad Software, San Diego, CA). In the figures, the error bars show
+SEM. A 2-tailed ¢ test and one-way ANOVA followed by Bonfer-
roni’s comparison test were used for intergroup comparisons. Sta-
tistical comparisons between the survival curves were performed
using the log-rank (Mantel-Cox) test. A P value <0.05 was
considered significant.
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Figure 8 | (continued) with puromycin aminonucleoside (PAN; 100 pg/ml) for another 24 hours. (a,b) Representative Western blots (n = 2 for
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cells (fluorescein isothiocyanate [FITCl-annexin V-stained; n = 4). (d) Quantification of the mean fluorescence of DCF (dichlorodihydrofluorescein
diacetate; indicating total reactive oxygen species [ROS]; n = 5-6) and mitoSOX (indicating mitochondrial ROS [mtROS]; n = 4-5) by flow
cytometry (n = 4-6). (e) Quantification of mean tetramethylrhodamine, methyl ester (TMRM) fluorescence using flow cytometry shows the
mitochondrial membrane potential (n = 5). (f) Quantitative polymerase chain reaction analysis of the mitochondrial DNA copy number (n = 6).
(g,h) Cellular respiration assays (n = 6). (g) Mitochondrial respiration shown as oxygen consumption rate (OCR). (h) Quantification of other
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