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ABSTRACT

Background Podocyte dysfunction and loss are major determinants in the development of proteinuria.
FSGS is one of the most common causes of proteinuria, but the mechanisms leading to podocyte injury or
conferring protection against FSGS remain poorly understood. The cytosolic protein M-Sec has been
involved in the formation of tunneling nanotubes (TNTs), membrane channels that transiently connect
cells and allow intercellular organelle transfer. Whether podocytes express M-Sec is unknown and the
potential relevance of the M-Sec-TNT system in FSGS has not been explored.

Methods We studied the role of the M-Sec-TNT system in cultured podocytes exposed to Adriamycin and
in BALB/c M-Sec knockout mice. We also assessed M-Sec expression in both kidney biopsies from patients
with FSGS and in experimental FSGS (Adriamycin-induced nephropathy).

Results Podocytes can form TNTs in a M-Sec-dependent manner. Consistent with the notion that the
M-Sec-TNT system is cytoprotective, podocytes overexpressed M-Sec in both human and experimental
FSGS. Moreover, M-Sec deletion resulted in podocyte injury, with mitochondrial abnormalities and develop-
ment of progressive FSGS. In vitro, M-Sec deletion abolished TNT-mediated mitochondria transfer between
podocytes and altered mitochondrial bioenergetics. Re-expression of M-Sec reestablishes TNT formation and
mitochondria exchange, rescued mitochondrial function, and partially reverted podocyte injury.

Conclusions These findings indicate that the M-Sec-TNT system plays an important protective role in the
glomeruli by rescuing podocytes via mitochondrial horizontal transfer. M-Sec may represent a promising
therapeutic target in FSGS, and evidence that podocytes can be rescued via TNT-mediated horizontal
transfer may open new avenues of research.
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Podocytes form the outer layer of the glomerular
ultrafiltration barrier and the slit diaphragm, a
complex junction sealing the gap between adjacent
podocyte foot processes, is the major restriction site
to protein filtration, preventing the development of
proteinuria.!

Among proteinuric conditions, FSGS is one of
the most common causes of nephrotic syndrome
and belongs to the “podocytopathies” that are
glomerular diseases in which podocyte injury is
the primary event in the pathogenic process. In-
deed, mutations of genes encoding podocyte
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proteins can cause genetic forms of FSGS,2~# ex-
perimental models of podocyte damage, includ-
ing Adriamycin (AD)-induced nephropathy,

Received July 25, 2020. Accepted January 21, 2021.

Published online ahead of print. Publication date available at
www.jasn.org.

Correspondence: Dr. Federica Barutta, Department of Medical
Sciences, University of Turin, Corso Dogliotti 14, Turin 10126,
Italy. Email: federica.barutta@unito.it

Copyright © 2021 by the American Society of Nephrology

JASN 32: 1114-1130, 2021



lead to FSGS onset,”>7 and circulating factors causing
podocyte injury have been implicated in the development
of FSGS.8

In FSGS, podocyte loss results in uncovered areas of glo-
merular basement membrane that adhere to the Bowman’s
capsule. Parietal epithelial cells (PECs), lying on the
Bowman’s capsule, undergo activation and migrate to the
glomerular tuft, where they contribute to glomeruloscle-
rosis through overproduction of extracellular matrix.® Glo-
merular scarring, which is focal and segmental in distribu-
tion,!% causes renal dysfunction, eventually leading
to ESKD.

Despite recent advances in our understanding of FSGS
pathogenesis, the mechanism triggering podocyte injury re-
mains unclear. This, together with the lack of an ideal exper-
imental model, developing a slowing, progressive rather than
an acute form of FSGS, represents an important limit of re-
search in this field.

Tunneling nanotubes (TNTs) are important mechanisms
for intercellular communication. These straight membrane
channels, typically 50-200 nm in diameter with lengths up
to several cell diameters, connect cells over long distances
and, as characteristic properties, lack contact to the substra-
tum, and contain F-actin.!’>!2 TNTs form predominantly
from stressed or injured cells, and mediate the intercellular
transfer of cellular components to other cells, thereby increas-
ing their resistance to insults. At variance with other commu-
nication systems, TNTs can also transfer subcellular
organelles.!3-1> The ability to replace dysfunctional organelles
via TNTs is of relevance in terminally differentiated
postmitotic cells.

The cytosolic protein M-Sec is involved in TNT develop-
ment. M-Sec is associated with the component Sec6 of the
exocyst complex required for the docking of exocytic vesicles
on the plasma membrane.'®17 M-Sec is highly expressed by
cancer, endothelial, and inflammatory cells,'820 and is
strongly induced by TNF-«.'® During TNT formation,
M-Sec triggers F-actin polymerization and TNT development
from the initiating cell membrane. Accordingly, M-Sec dele-
tion reduces TNT formation in macrophages and suppresses
TNT-dependent osteoclast differentiation.?!-22 Whether po-
docytes express M-Sec is unknown and the potential patho-
physiological relevance of the TNT-M-Sec system in FSGS is
yet unexplored.

Herein, we studied podocyte M-Sec expression in both
human and experimental FSGS, assessed whether M-Sec
deletion resulted in the development of a renal phenotype,
and explored in vitro in podocytes the underlying
mechanisms.

METHODS

A detailed description can be found in the Supplemental
Material.
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Significance Statement

FSGS is an important cause of end-stage renal failure, but the
mechanisms leading to podocyte injury or conferring protection
against FSGS remain poorly understood. The cytosolic protein
M-Sec has been involved in the formation of tunneling nanotubes
(TNTs), membrane channels that transiently connect cells and allow
intercellular organelle transfer. The authors found that the cytosolic
protein M-Sec, which is involved in the development of TNTs, is
induced in FSGS and allows replacement of dysfunctional podocyte
organelles via TNTs, whereas M-Sec abrogation leads to FSGS
onset. These findings reveal the M-Sec-TNT system plays an im-
portant protective role in podocytes and may represent a novel
therapeutic target in FSGS. Demonstration that dysfunctional po-
docyte mitochondria can be replaced through horizontal TNT-
mediated transfer may set the stage for strategies of regenerative
cell-based therapy.

Human Studies

Archival Serra’s fluid-fixed, paraffin-embedded kidney biop-
sies from patients with FSGS (n=9) were studied. Renal tissue
from subjects (n=8), who underwent surgery for localized
grade I hypernephroma and did not have proteinuria or glo-
merular abnormalities, as detected by both light and immu-
nofluorescence microscopy, was used as control. The 24-hour
urinary protein content was measured using the pyrogallol-red
method in three separate urine collections. Serum creatinine
was assessed using the Jaffe method. All clinical procedures
were conducted in accordance with the Declaration of
Helsinki.

Animal Studies

Animal studies were approved by the Ethical Committee of
Turin University and both housing and care of laboratory an-
imals were in accordance with Italian law. M-Sec—knockout
(KO) mice were generated at the Riken Centre. To obtain
M-Sec—KO mice on a BALB/c background, C57BL/6
M-Sec—KO mice were backcrossed into BALB/c for eight
generations. Groups (n=6-7) of M-Sec—KO and wild type
(WT) BALB/c (Jackson Laboratory, Bar Harbor, ME) mice
were studied in parallel at various time points. To induce
AD nephropathy, 8-week-old male BALB/c mice were intra-
venously injected with AD (10.2 mg/kg) or vehicle (6—7 mice
per group), and studied 20 days thereafter. To generate chime-
ric animals, 8-week-old recipient mice were irradiated (7 Gy)
and transplanted with 2X10° bone marrow (BM) cells. Only
BM-chimeric mice that showed >80% reconstitution effi-
ciency with donor cells were used. Urine collections (18 hours)
were performed in mice individually housed in metabolic ca-
ges, and urinary albumin concentration measured using a
mouse albumin ELISA kit (Bethyl Laboratories). A colorimet-
ric assay was used to assess urinary N-acetyl--D-glucosami-
nidase activity (Roche, Milan, Italy). Creatinine clearance was
calculated from serum and urine creatinine concentrations, as
determined by HPLC according to the Animal Models of Di-
abetic Complications Consortium (AMDCC) guidelines.??
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Figure 1. The M-Sec—TNT system in cultured podocytes. (A) Cultured podocytes express M-Sec: representative agarose gel showing a
single PCR product of the expected mol wt (82 bp M, mol wt marker; NC, negative control, Podo, podocytes) and representative
immunofluorescence podocyte staining for M-Sec. (B) M-Sec both mRNA and protein expression was assessed in podocytes exposed
to either TNF-a (50 ng/ml) or vehicle for 3 and 6 hours, respectively. Results of both real-time PCR and densitometry analysis are shown
(n=4; *P<0.001 TNF-a versus control). (C) Serum-deprived podocytes were stained with WGA Alexa Fluor 488 to reveal TNTs. A
representative image showing a TNT-like channel, interconnecting two podocytes, is shown (magnification X630, bar = 50 um). (D)
Serial Z-stack images, acquired with a step size of 0.25 um, proved the TNT did not adhere to the substrate. In (E) colors represent the Z
depth (depth coding; red: bottom, blue: top). (F) Podocytes were transfected with either M-Sec short hairpin RNA (shRNA, M-Sec™™) or
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In Vitro Studies

Conditionally immortalized human podocytes,?# kindly pro-
vided by Prof. Saleem, and primary podocytes and renal tu-
bular epithelial cells (TECs) isolated from bWT and
M-Sec-KO mice were used. To overexpress/knockdown
M-Sec, cells were transfected with a mouse M-Sec adenovirus
(Vector Biolabs, Mavern, PA) or a plasmid construct encoding
M-Sec—specific small hairpin RNA cloned in a pGFP-V-RS
vector (ExactHuSH; OriGene), respectively. To visualize
plasma membrane and TNTs, podocytes were stained with
Alexa Fluor 488-labeled wheat germ agglutinin (WGA) and
analyzed with a Zeiss Apotome II Microscope controlled
by Axiovision software. To monitor mitochondrial trans-
fer, recipient cells were labeled with CellTracker Blue
5-chloromethylfluorescein diacetate (CMFDA), cocultured
with donor cells either labeled with Mitotracker Red (Themo-
Fisher Scientific, Milan, Italy) or transfected with mitochon-
dria GFP for 24 hours, then analyzed by both fluorescence and
differential interference contrast (DIC) microscopy. Transfer
efficiency was quantified by FACS analysis.

Mitochondrial Parameters

Mitochondrial membrane potential (MMP), superoxide pro-
duction, and mitochondrial mass were assessed using the
JC-1, the MitoSOX Red, and the Mitotracker Green dyes, re-
spectively (ThermoFisher Scientific). Real-time measure-
ments of oxygen consumption rate (OCR) were performed
using the Seahorse Bioscience XF Cell Mito Stress Test assay
kit on the XFe96 Extracellular Flux Analyzer (Agilent Tech-
nologies, Santa Clara, CA).

Mitochondrial DNA and mRNA Analyses

Mitochondrial DNA (mtDNA) copy number was measured using
the Mouse Mitochondrial DNA Copy Number Assay Kit (Detroit
R&D). mRNA expression was studied by real-time PCR using
predeveloped TagMan reagents (ThermoFisher Scientific).

Statistical Analyses

Data were expressed as means*SEM, geometric mean
(25th-75th percentile), and fold change over control. Non-
normally distributed variables were log transformed before
the analyses. Data were analyzed by ¢ test or ANOVA, as ap-
propriate. Least significant difference test was used for post-
hoc comparisons. Values for P<0.05 were considered
significant.

www.jasn.org | BASIC RESEARCH

RESULTS

M-Sec-TNT System in Cultured Podocytes

Podocytes constitutively expressed M-Sec and their exposure
to TNF-a markedly enhanced M-Sec both mRNA and protein
expression (Figure 1, A and B). Serum deprivation, a well-
established TNT trigger, induced the formation of membrane
bridge-like structures interconnecting podocytes and display-
ing morphologic features of TNTs. Specifically, they were
straight, exhibited a width =0.5 um, and a length over several
cell diameters, contained an actin backbone, and did not ad-
here to the substratum (Figure 1, C-E and H), a feature that is
specific of TNTs and differentiates them from filopodia.?> No-
tably, M-Sec silencing markedly reduced the number of po-
docytes connecting by TNTs (Figure 1F). Serum deprivation
also induced TNT formation among TECs; however, this was a
M-Sec—independent phenomenon (Figure 1G).

The M-Sec-TNT System in Podocytes Exposed to AD
We then assessed if M-Sec—induced TNT formation occurred
in response to an insult related to FSGS. Exposure to AD sig-
nificantly increased podocyte M-Sec expression and the num-
ber of podocytes connected by TNTs. Notably, in cocultures of
AD-/vehicle-treated M-Sec™/ T /M-Sec™/~ podocytes, AD-
induced formation was only observed if both cells expressed
M-Sec (Figure 2, A and B).

To assess the in vivo relevance of these findings, we studied
AD-induced nephropathy, a well-established experimental
model of FSGS.” Then 20 days after AD injection, mice de-
veloped both heavy proteinuria and glomerular injury
(Figure 2C). Glomerular M-Sec expression was markedly en-
hanced (Figure 2D), predominantly in podocytes (Figure 2E).
A few M-Sec—positive cells with a podocyte distribution were
also observed in control animals (Supplemental Figure 1).

M-Sec Expression in Human FSGS

To assess if M-Sec upregulation also occurs in human FSGS,
we studied M-Sec in kidney biopsies from patients with FSGS
and renal tissue from control subjects (Table 1). In the normal
renal cortex, only a few glomerular cells stained positively for
M-Sec. They were primarily infiltrating macrophages, al-
though some cells with a podocyte distribution were also
seen. In patients with FSGS, there was a ten-fold increase in
glomerular M-Sec staining, predominantly in podocytes
(Figure 2F). To clarify whether circulating factors may

a mock plasmid (M-Sec™*) and knockdown efficiency assessed by immunoblotting (tubulin was used as internal control). Cells were
serum deprived (0.1%) for 24 hours, stained with WGA Alexa Fluor 488, and analyzed by fluorescence live cell microscopy to reveal
TNTs (magnification X630, bar = 50 um). As shown in the images and in the graph, the percentage of podocytes connected by one or
more TNTs was enhanced by serum deprivation and almost abolished by M-Sec silencing (n=4; *P<0.001 M-Sec™/*starvation versus
M-Sec*’* vehicle; #P<0.01 M-Sec™’~ starvation versus M-Sec™’" vehicle). (G) Primary TECs obtained from both WT and M-Sec-KO
mice were exposed to serum deprivation (0.1%) for 24 hours, stained with WGA Alexa Fluor 488, and analyzed by fluorescence live cell
microscopy. Depth color coding (red: bottom, blue: top) of serial Z-stack images (step size of 0.25 um) showing TNTs interconnecting
both TEC-WT and TEC-M-Sec-KO. (H) Fluorescence staining for F-actin (Alexa Fluor 488-labeled phalloidin) showed TNTs bridging
podocytes contain actin (differential interference contrast [DIC] image in the insert, magnification X630, bar = 50 um).
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Figure 2. Glomerular M-Sec expression in AD-induced nephropathy and human FSGS. (A) M-Sec mRNA levels were measured by real-
time PCR in podocytes exposed to AD (0.8 ug/ml) or vehicle for 24 hours. GAPDH was used as a housekeeping gene (n=4; *P<0.001
AD versus vehicle) (B) CellTracker Blue—labeled M-Sec™™ and M-Sec™~ podocytes were exposed to AD (0.8 ng/ml) or vehicle for 24
hours, stained with WGA Alexa Fluor 488, then analyzed by fluorescence live cell microscopy to count the percentage of podocytes
connected by one or more TNTSs. In a subset of experiments, AD-treated cells were also cocultured with vehicle-treated M-Sec™’*
(Co-M-Sec™*)/M-Sec™"~ (Co-M-Sec™’") podocytes (n=4; *P<0.001 AD versus vehicle; #P<0.01 vehicle versus AD-M-Sec™’~ and
cocultures). (C) Representative images of PAS-stained renal cortex sections (magnification X200, bar = 100 um) and albumin excretion
rate (AER) values of BALB/c mice 20 days after treatment with either vehicle (control) or AD (n=6-7 per group; *P<<0.001 AD versus
control). (D) Representative immunohistochemistry images of glomerular M-Sec staining of BALB/c mice 20 days after treatment with
either vehicle (control) or AD (magnification X400, bar = 50 um); quantification of the percentage of glomerular M-Sec—positive
staining is reported in the graph (n=6-7 per group; *P<0.001 AD versus control). M-Sec mRNA levels were measured in glomeruli
isolated from control and AD-treated mice (20 days after injection) by real-time PCR and corrected for the expression of the house-
keeping gene HPRT (n=6-7 per group; *P<0.001 AD versus control). (E) Representative immunohistochemistry images of both po-
docin and M-Sec on serial renal cortical sections obtained from mice 20 days after treatment with AD showing a predominant podocyte
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contribute to enhanced M-Sec expression, cultured podocytes
were incubated for 24 hours with pooled sera from patients
with FSGS. No changes in M-Sec expression were observed,
making this possibility unlikely (Figure 2G).

Renal Phenotype of M-Sec-KO Mice

To clarify if M-Sec overexpression in both human and exper-
imental FSGS was either a compensatory protective response
to injury or a mechanism of glomerular damage, we generated
M-Sec—KO mice (Supplemental Figure 2). Homozygous
M-Sec—KO mice were viable, born at normal Mendelian
ratios, grew normally, and showed a normal phenotype
(Table 2). However, a two-fold increase in albuminuria was
seen at 6 weeks of age and rose to an 8.5-fold increase at
24 weeks (Figure 3, A and B). M-Sec—KO mice also showed
an early and progressive increase in N-acetyl-B-D-glucosami-
nidase activity (Figure 3C). Furthermore, older M-Sec—KO
mice had a significant 40% reduction in creatinine clearance
(Figure 3D). Similar alterations in both albumin excretion and
renal functional were also observed in female M-Sec—KO mice
(Supplemental Figure 3). Taken together, these data demon-
strate M-Sec is required to prevent the spontaneous develop-
ment of renal functional alterations worsening with age.

Podocyte Injury in M-Sec-KO Mice

Podocyte injury was the earliest abnormality observed in
M-Sec—KO, mice as proven by positive staining for desmin
and podocyte apoptosis in 6—10-week-old M-Sec—KO mice
(Figure 3, E and F). Moreover, ultrastructural analysis revealed
podocyte foot process effacement (Figure 3G). These early
abnormalities were followed by a progressive reduction in po-
docin and synaptopodin expression and eventually in podo-
cyte number (Figure 4).

Of interest, podocytes isolated from 6-week-old
M-Sec—KO mice also exhibited nephrin downregulation and
increased apoptosis compared with WT podocytes. This was
not due to a circulating factor because these abnormalities
were not observed in WT podocytes exposed to sera from
M-Sec—KO animals (Supplemental Figure 4, A-E).

PEC Activation in M-Sec-KO Mice

In M-Sec—KO mice, the number of CD44 " PECs lying on the
Bowman’s capsule increased progressively with age, whereas
CD44 staining was almost undetectable in WT mice. In keep-
ing with the hypothesis that in FSGS, activated PECs can

www.jasn.org | BASIC RESEARCH

Table 1. Clinical parameters of patients with FSGS and
control subjects

Parameter Controls (n=8) FSGS (n=10)
Age (yr) 65.4+6.3 57.3+6.6
Sex(M/F) 6/2 6/4

SBP (mm Hg) 120.1+2.2 132.5+4.8
DBP (mm Hg) 65.3+3.1 69.0+4.1
Serum creatinine (mg/dl) 1.1=x0.1 1.51+0.4
24-h urinary protein (g) — 3.35+0.7

Data are expressed as mean=SD. FSGS, focal segmental glomerulosclerosis;
M, male; F, female; SBP, systolic blood pressure; DBP, diastolic blood
pressure.

migrate into the glomeruli and contribute to glomeruloscle-
rosis, cells positive for both the PEC marker annexin A3 and
CD44 were also found in the glomerular tuft (Supplemental
Figure 5, A and B).

Structural Abnormalities in M-Sec-KO Mice

PAS staining revealed focal glomerular sclerosis worsening
over time (Figure 5, A and B). Scarring involving 15% of the
glomeruli was observed in 18-week-old mice, whereas approx-
imately 25% of the glomeruli were affected in 24-week-old
animals. Within individual glomeruli, the severity of scarring
worsened progressively, whereas proliferating Ki-67 cells were
rarely observed (1 cell/10 glomeruli). Histologic abnormali-
ties, such as dilation and cast formation, were also observed in
the tubules (Figure 5C). Of interest, cuboidal CD44" and Ki-
67 cells (Figure 5, D and E) were found in the tubules of older
(18-week-old) mice.

Inflammation in M-Sec-KO Mice

We next assessed whether renal injury in M-Sec—KO mice
was secondary to enhanced inflammation. Within
M-Sec—KO glomeruli, macrophage infiltration and expres-
sion of CCL2 and TNF-a were unaltered, and there was no
detectable staining for IgM, C3, IgG, and IgA (Supplemental
Figure 6, A-D). To provide more conclusive evidence that
inflammatory mechanisms were not involved, we generated
chimeric M-Sec—KO mice (Supplemental Figure 6, E and F).
Transplantation of BM from M-Sec—KO mice in WT animals
did not reproduce the renal phenotype and the structural
lesions of global M-Sec deletion. Similarly, transplantation
of BM from WT mice did not rescue M-Sec—KO mice, con-
firming that BM-derived cells were not involved in the

distribution (magnification X400, black bar = 50 um). (F) Glomerular M-Sec protein expression was assessed by immunohisto-
chemistry in renal cortex sections from control subjects (podocyte [arrows] and monocyte [arrowheads] distribution] and patients
with FSGS. Quantification of the percentage of glomerular M-Sec—positive staining is shown in the graph (*P<<0.001 FSGS versus
control). Double immunofluorescence for M-Sec and either the macrophage marker CD68 or the podocyte marker synaptopodin
was performed on renal sections from control subjects and patients with FSGS, respectively. Merged images showed colocalization
(original magnification X200, bars = 100 um). (G) M-Sec mRNA levels were measured by real-time PCR in podocytes exposed for
24 hours to pooled sera obtained from either healthy subjects (n=4) or patients with FSGS (n=4). GAPDH was used as a

housekeeping gene (n=4; P=ns).

JASN 32: 1114-1130, 2021
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Table 2. Metabolic and physiologic parameters of M-Sec-KO and WT mice

6 wk of age 10 wk of age 18 wk of age 24 wk of age

Parameter

WT M-Sec-KO WT M-Sec-KO WT M-Sec-KO WT M-Sec-KO
Body weight (g) 20.6*0.3 23.5+0.4° 26.5x0.5 27.8+0.6° 27.5x0.5 31.4+0.6° 29.8x0.7 31.1+£1.4°
SBP (mm Hg) 106.1+2.6 108.4+5.5 123.4+2.0 124.5+3.5 119.5+3.9 120.2+4.9 135.2+1.3 140.1+3.7
BG (mg/dl) 111.2+3.8 116.1£1.8 113.6+1.5 109.1+6.0 119.9+1.2 120.4+1.6 117.2+2.8 118.1=1.3
Total-C (mg/dl) 64.1+3.7 68.5+4.0 84.2+4.4 86.9+4.9 88.2+2.4 86.6+2.7 89.3+7.0 97.2+4.9
HDL-C (mg/dl) 55.7+3.1 55.3+3.0 57.4+x2.4 59.6+3.7 57.6x1.4 58.7+3.3 61.0+3.3 62.8+3.5
TG (mg/dl) 89.5+6.8 89.1£9.0 93.4+13.5 90.4+13.5 92.8+20.0 89.7+8.8 90.9+10.4 92.3+8.4
KW/BW 6.8+0.1 6.80*0.1 6.1+0.4 6.4+0.6 7.4+0.1 7.0+0.2 8.0+0.8 8.8+0.2
Data are expressed as mean+SEM. SBP, systolic blood pressure; BG, blood glucose; Total-C, total cholesterol, HDL-C, HDL cholesterol; TG, triglycerides; KW/BW,
kidney weight/body weight.

2P<0.05 M-Sec—KO versus WT.
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Figure 3. Renal function and early podocyte abnormalities in M-Sec—KO mice. (A) Coomassie blue—stained SDS-PAGE gel, loaded with
2 g standard albumin (BSA) and 2 ul of urines collected from 6-10- to 18-24-week-old WT and M-Sec—KO mice. (B) Urinary albumin
concentration was measured in 18-hour urine collections by ELISA and normalized to urinary creatinine levels. Results for both WT and
M-Sec—KO mice at 4, 6, 8, 10, 18, and 24 weeks of age are shown (n=6 per group; *P<0.001, #p<0.01, ¥P<0.05 M-Sec—KO versus WT).
(C) Urinary N-acetyl-B-D-glucosaminidase activity normalized to urine creatinine in 6-10- to 18-24-week-old WT and M-Sec-KO mice
(n=6-7 mice per group) (*P<0.001; #P<0.01 M-Sec—KO versus WT). (D) Creatinine clearance in 18- and 24-week-old M-Sec-KO and
WT mice (n=6 per group; *P<0.001 M-Sec-KO versus WT). (E) Desmin immunostaining of renal sections obtained from 6-week-old WT
and M-Sec-KO mice (X400, bar = 50 um). (F) Apoptosis in renal sections obtained from 6-week-old WT and M-Sec—KO mice as
assessed by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining (X400, bar = 50 um). (G) Representative
electron microscopy images showing glomeruli from both WT and M-Sec-KO mice at 10 weeks of age. The extent of foot processes
fusion was greater in KO than WT animals (magnification X3200).
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Figure 4. Effect of M-Sec deletion on podocyte both protein expression and number. (A and B) Immunofluorescence staining for
synaptopodin in renal sections from WT and M-Sec—KO mice at 6, 10, 18, and 24 weeks of age (n=6-7 per group) (magnification X400,
bar = 50 um). The graph shows the percentage area of glomerular positive immunostaining (*P<0.001; *P<0.01; *P<0.05 M-Sec-KO
versus WT). (C and D) Immunofluorescence staining for podocin in renal sections from WT and M-Sec-KO mice at 6, 10, 18, and
24 weeks of age (n=6-7 per group) (magnification X400, bar = 50 um). The graph shows the percentage area of glomerular positive
immunostaining (*P<<0.001; #P<0.01; P<0.05 M-Sec-KO versus WT). (E and F) Podocyte number and PAS staining in renal sections
from WT and M-Sec—KO mice at 6, 10, 18, and 24 weeks of age (n=6-7 per group) (magnification X400, bar = 50 um). The graph
shows the number of podocytes (P57-positive cells) per glomerulus (*P<0.001; #p<0.01; ¥P<0.05 M-Sec—KO versus WT).
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Figure 5. Effect of M-Sec deletion on both glomerular and tubulointerstitial damage. (A) Representative light microscopy images of
PAS staining, showing focal glomerulosclerosis in 18-week-old M-Sec-KO mice at low (X100, bar = 500 um) and high magnification
(X400, bar = 50 um). (B) The graph shows the glomerular sclerosis index in renal cortex sections from WT and M-Sec—KO mice at 6, 10,
18 and 24 weeks of age (n=7 per group; *P<0.001; #P<0.01 M-Sec-KO versus WT). (C) PAS staining images showing tubular casts in
18-week-old M-Sec-KO mice (magnification X200, bar = 100 um). (D) Immunohistochemistry images showing the presence of cu-
boidal CD44™ tubular cells in 18-week-old M-Sec-KO mice (magnification X200, bar = 100 um). (E) Immunofluorescence for Ki-67 in
both 18-week-old WT and M-Sec—KO mice (magnification X200, bar = 100 um).

pathogenesis of the podocyte injury seen in M-Sec—KO mice
(Supplemental Figure 6, G and H).

TNT-Mediated Mitochondrial Transfer between
Podocytes

To test the hypothesis that M-Sec—dependent TNT formation,
allowing organelle exchange, can functionally link M-Sec de-
letion to renal injury, we focused on mitochondria. To induce
mitochondrial damage, CellTracker-Blue—labeled podocytes
(recipients) were exposed to either AD or rotenone then co-
cultured with normal podocytes (donors), containing GFP
mitochondria or labeled with Mitotracker. Fluorescence

1122 JASN

mitochondria were found along TNTs and in the cytosol of
recipient blue cells, indicating mitochondrial transfer (Fig-
ure 6, A—C). By contrast, no transfer was observed when
TNT formation was prevented by physical separation of donor
and recipient cells sharing the same medium (Figure 6D). In
flow cytometry analysis, TNT-mediated mitochondrial trans-
fer was significantly increased in AD-treated podocytes and
almost abolished in M-Sec—KO podocytes (Figure 6, E and F).
Therefore, M-Sec—dependent TNT-mediated mitochondrial
trafficking occurs between podocytes, and is enhanced toward
podocytes that are exposed to insults inducing mitochondrial
dysfunction.
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Figure 6. TNTs allow mitochondrial transfer between podocytes. (A) Podocytes stained with CellTracker Blue were exposed to ro-
tenone (50 nM) for 24 hours, then cocultured with donor podocytes labeled with Cell-Light Mito-GFP. GFP mitochondria moving along
the TNT in the direction of a podocyte pre-exposed to rotenone (magnification X630, bar =50 um) are shown. (B and C) Podocytes
stained with CellTracker Blue were exposed to AD (0.8 ug/ml) for 24 hours, then cocultured with WT donor podocytes labeled with
either Cell-Light Mito-GFP or Mitotracker. The images show GFP/RFP mitochondria within the TNT and in the cytosol of a recipient
podocyte pre-exposed to AD (magnification X630, bar = 50 um, DIC images in the insert showing the TNT). (D) AD-treated podocytes
and WT donor podocytes, containing GFP-labeled mitochondria, were separately seeded in a two Well Ibidi Culture Insert. After insert
removal, the two populations, separated by a cell-free gap, were cocultured for 24 hours under gentle shaking. As shown in the
representative image, GFP-labeled mitochondria were not observed in recipient cells. (E and F) The rate of mitochondrial transfer
toward WT podocytes pre-exposed to AD (GFP and Blue dually labeled cells) was quantified by flow cytometry as shown in both the

plot and the graph (n=3; *P<0.001 WT AD versus vehicle and KO AD; #P<0.001 KO AD versus vehicle).

M-Sec Deletion is Associated with Mitochondrial
Dysfunction
In M-Sec-KO mice, failure to efficiently transfer mitochondria
via the M-Sec—TNT system might affect mitochondrial bioen-
ergetics, possibly explaining the development of podocyte injury.
To test this hypothesis, we investigated if M-Sec deletion was
associated with mitochondrial alterations. In the glomeruli
from M-Sec—KO animals, mitochondria did not show any struc-
tural abnormality; however, there was an early and progressive
reduction in both mtDNA copy number and expression of mi-
tochondrial transcription factor/genes (TFAM, COX1, ND4L)
(Figure 7B). Similar changes were also observed in cultured po-
docytes lacking M-Sec (Figure 7C). Expression of nuclear genes
encoding for mitochondrial proteins (COX5A, NDUFB9,
ATP5G3) was also reduced (Supplemental Figure 7, A and B),
possibly to maintain a mitonuclear homeostatic balance. How-
ever, expression of genes controlling mitochondrial biogenesis,
fusion, fission, and mitophagy was unaltered (Supplemental
Figure 7, C-H), excluding the possibility of global gene expres-
sion downregulation and/or dysfunction of the intracellular
mechanisms of mitochondrial quality control.2
Mitochondrial mass was not altered; however, MMP under-
went progressive reduction, whereas mitochondrial oxidative

JASN 32: 1114-1130, 2021

stress was enhanced (Figure 7, D and E). Of interest, no changes
in MMP and TFAM expression were observed in M-Sec™ '~
TECs that did not require M-Sec for TNT formation
(Supplemental Figure 7, I and J).

The study of mitochondrial bioenergetics showed that both
basal and maximal OCR, ATP-linked respiration, and reserve
capacity were significantly reduced in M-Sec—KO podocytes
(Figure 7F). These changes in bioenergetics were likely due to
alterations in oxidative phosphorylation as nonmitochondrial
respiration and proton leak were not altered. In particular, the
low reserve capacity indicated that mitochondria functioned
at their maximal capacity and were unable to meet any addi-
tional ATP demand. Importantly, abnormalities in mitochon-
drial bioenergetics were also observed in normal podocytes
exposed to latrunculin-B, which prevents TNT formation
and thus mitochondrial transfer (Figure 7, G and H), support-
ing the hypothesis of a link between TNTs and mitochondrial
function.

M-Sec Re-expression Rescued the Phenotype of
M-Sec-KO Podocytes

We then tested if M-Sec re-expression could restore podocyte
function. Podocytes isolated from M-Sec—KO mice were
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Figure 7. Effect of M-Sec deletion on mitochondrial function. (A) Electron microscopy images showing mitochondria in podocytes of
WT and M-Sec—KO mice (magnification, X 10,000). (B) mtDNA relative to nuclear DNA copy number (cytochrome b/B-actin) and mRNA
levels of TFAM, COX1, and NDAL were assessed in isolated glomeruli from both WT and KO mice at 4, 6, and 10 weeks of age by real-
time PCR (n=5-7 per group; *P<0.001; #p<0.01 KO versus WT). (C) TFAM, COX1, ND4L mRNA levels in podocytes transfected with
either M-Sec shRNA (M-Sec) or a mock (M-Sec*) plasmid. GAPDH served as housekeeping gene (n=4; *P<0.001; #p<0.01 KO versus
WT and shRNA versus mock). (D) MMP was assessed using the fluorescence probe JC-1 in podocytes from at 4-, 6-, and 10-week-old
WT and M-Sec-KO mice. Nuclei are stained with DAPI (magnification X200, bar =100 um). The graph shows quantification of red to
green JC-1 fluorescence intensity (n=4; *P<0.01; *P<0.001 WT versus KO). (E) Fluorescence live microscopy images of primary WT
and M-Sec-KO podocytes stained with either the MitoTracker Red or the mitochondrial superoxide indicator MitoSoxRed
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transfected with an adenovirus expressing M-Sec. This nor-
malized both TNT formation and mitochondrial transfer
(Figure 8, A and B) and ameliorated OCR parameters, indi-
cating partial rescue of mitochondrial dysfunction (Figure 8,
C and D). Notably, re-expression of M-Sec also reduced apo-
ptosis and returned to normal nephrin expression (Figure 8,
E and F).

Transfer of Altered Mitochondria Failed to Ameliorate
Podocyte Injury

Finally, to obtain further evidence of the rescue effect elicited
by TNT-mediated mitochondria transfer, we used podocytes
with altered mitochondria. Coincubation of normal donor
podocytes with recipient AD-treated podocytes resulted in
mitochondrial transfer toward recipient cells paralleled by di-
minished apoptosis. However, when rotenone-treated podo-
cytes, carrying altered mitochondria, were used as donor cells,
there was no rescue of recipient podocyte apoptosis, despite
evidence of mitochondrial exchange (Figure 8G).

DISCUSSION

Our study provides evidence that M-Sec is overexpressed by
podocytes in both human FSGS and AD-induced nephropa-
thy. Moreover, M-Sec deletion led to the spontaneous devel-
opment of FSGS. Indeed, glomerulosclerosis affected some,
but not all glomeruli, fulfilling the definition of focal glomer-
ular lesions. Podocyte injury, resulting in podocytopenia and
albuminuria, occurred before the development of visible renal
lesions by light microscopy. Activated CD44 " PECs that have
been proposed as a diagnostic tool to identify patients with
FSGS?7 were found in both the Bowman’s capsule and the
glomerular tuft. Sclerosis was progressive and caused relent-
less renal function decline with aging.

These findings suggest a protective role of M-Sec in the
kidney and it is conceivable that podocyte M-Sec overexpres-
sion in FSGS was a mechanism to counteract podocyte injury.
A deficiency in cytoprotection is usually revealed by progres-
sive damage accumulation over time and this may explain the
slow FSGS progression in M-Sec—KO mice.

Circulating factors have been implicated in the pathogen-
esis of podocyte injury in FSGS'%; however, exposure of po-
docytes to sera from patients with FSGS did not induce M-Sec
expression. Moreover, podocyte incubation with sera from
M-Sec—KO mice did not reproduce the altered phenotype of
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M-Sec—KO podocytes. In contrast, re-expression of M-Sec in
podocytes isolated from M-Sec—KO mice almost abolished
nephrin downregulation and apoptosis. These data suggest
the lack of M-Sec specifically in podocytes, rather than circu-
lating factors played a major role in M-Sec deletion-induced
nephropathy.

M-Sec is expressed by inflammatory and immune cells and
induced by TNF-«.!® Consistently, M-Sec—positive macro-
phages were seen in normal glomeruli and TNF-a exposure
induced podocyte M-Sec expression. Nonetheless, our results
do not support the hypothesis that inflammatory or immune
processes were involved in M-Sec deletion-induced nephrop-
athy, as there was no evidence of enhanced glomerular inflam-
mation and TNF-a overexpression. Moreover, transplantation
of BM cells from M-Sec—KO mice in WT animals and vice versa
did not modify the phenotype of recipient animals.

Our experiments aimed to clarify the mechanism whereby
M-Sec deficiency resulted in podocyte damage indicate that
M-Sec deletion hampered the ability of podocytes to form
TNTs. TNTs are membrane channels bridging distant cells
and allowing intercellular exchange of various cargos, includ-
ing organelles.!>121> Qur study provides the first evidence
that podocytes can form connections that meet the current
criteria for TNTs.!112.25 In particular, TNTs are thin membra-
nous open-ended channels that connect cells over long
distances, contain an actin backbone, and, at variance with
filopodia, lack contact to the substratum, and allow cargo
transfer. TNTs have been described in a growing number of
cultured cells!'©2>28-35> and TNT-like structures shown in vivo
in retinal pericytes, and in models of Dent disease and ob-
structive nephropathy.36-38

The mechanism leading to TNT formation is not entirely
understood. However, TNT formation was markedly reduced
in M-Sec—KO podocytes. Previous studies in macrophages and
U20S osteosarcoma cells have demonstrated that M-Sec co-
operates with the RalA small GTPase and the exocyst complex
to trigger F-actin polymerization and TNT develop-
ment.'®3%40 Dependency on M-Sec for TNT development
is, however, cell-type specific and TECs formed TNTs in a
M-Sec—independent manner.

TNTs form de novo predominantly from stressed cells that
likely benefit from the acquisition of cellular materials and
organelles from healthy cells. Consistently, podocytes exposed
to either serum deprivation or AD increased the number of
interconnecting TNTs and active trafficking along TNTs was
observed. However, TNTs can also form in the absence of an

(magnification 200X, bar =100 um). (F) Mitochondrial bioenergetics was assessed in podocytes from WT and M-Sec—KO mice using
the Seahorse XF-24. OCR was measured under basal conditions and following addition (dashed lines) of oligomycin, carbonyl cyanide
p-trifluoromethoxyphenyl-hydrazon (FCCP), and rotenone/antimycin A (Rot/A) and results normalized to total protein OD values. In the
graph are shown basal respiration, ATP-linked respiration, maximal respiration, and reserve capacity (n=3; *P<0.001, #P<0.01 WT
versus KO). (G) Percentage of cells connected by TNTs (n=4; *P<<0.001 vehicle versus latrunculin-B) and efficiency of mitochondrial
transfer (n=4; *P<<0.001 latrunculin-B versus vehicle) in podocytes treated with either vehicle or latrunculin-B (100 nM 1 hour). (H) OCR,
basal respiration, ATP-linked respiration, maximal respiration, and reserve capacity, assessed as described above, in normal podocytes
exposed to either vehicle or latrunculin-B (*P<0.01 latrunculin versus vehicle).

JASN 32: 1114-1130, 2021

Tunneling Nanotubes and FSGS 1125



| BASIC RESEARCH | www.jasn.org

25 12 4 * 450 -
" Oligomycin FCCP AR
. 104 ° 400 A ! ! ® WT Ad-Mock
}i 204 e . 1 1
;L’ 0 _I_. # @ o 350 1 E i ® KO Ad-Mock
° 9 g4 Te ° a ® KO Ad-M-Sec
= o 2 8 L O 300 - |
2 1549 @ ° o ° < !
: i, Emof |
g ° s ¢ g 200 l
2 104 = ° e |
4 ° i
3 ° 8 % 5 150 h ¥
3 51 & © 100 - I i
8 oTe 2 4 L ' i
¢ 50 1 | |
1 1 1
0 0 o+ttt
WT KO KO wWT KO KO 1 2 3 4 5 6 7 8 9 10 11 12
Ad-Mock Ad-Mock Ad-M-Sec Ad-Mock Ad-Mock Ad-M-Sec
Measurement
D E TUNEL + DAPI
400 = ® WT Ad-Mock WT Ad-Mock KO Ad-Mock 14 - * 5
® KO Ad-Mock _i_ — °
® KO Ad-M-Sec ole < 12 4 °
1]
—~ 300 - § 2
a o & 10 4 ‘}'
o _}o n ° P [
£ =
E - 2 8 4
3 200 o s s s o °
g. ° B 64
= _}, ® # KO Ad-M-Sec £
& o *to S 000
O 100 %*' # ° § 4 4 T,
| ‘:|§ . _19_. ° z °
23 2 ¢
® S 2 °
= 00.-:.—.
0
Basal ATP-linked Maximal Reserve WT KO KO
Resp. Resp. Resp. Capacity Ad-Mock Ad-Mock Ad-M-Sec
G TUNEL + DAPI
Vehicle Adria
*
E 127 * 25 - *
b - °
& °
5A1'0_.?. 5 2 20 ‘} °
B O © [
25 08 A
u% © {-. Coculture: Podo (Mito Red) % 15 4
<3 0.6 ° e
> .
[ ° 3
Eg ° £ 101
[
§5 041 _}. 7
53 g .
== 02 o 5 51
0 0 i =0, -
WT KO KO Vehicle AD Vehicl AD Vehicle AD
Ad-Mock Ad-Mock Ad-M-Sec Coculture: Rotenone-treated Podo (Mito Red) enice enice enice
\,@"‘Qg-é & Q\e&
oo"\\ N &\\" S
(OB & @
P P

Figure 8. M-Sec re-expression rescued the phenotype of M-Sec-KO podocytes. (A) M-Sec-KO podocytes were transfected with an
adenovirus expressing M-Sec to induce M-Sec re-expression (KO*4™-5¢¢) WT and M-Sec-KO podocytes transfected with mock vector
(WTAdMock KAd-Mocky \yare used as controls. The graph shows the percentage of cells connected by TNTs (n=4; *P<0.001 WTAd-Mock
versus KOAIMock, #p 01 KOAIMosk yersys KOAYMSee by ANOVA). (B) The graph shows efficiency of mitochondrial transfer from
donor podocytes, containing GFP-labeled mitochondria, to recipient podocytes labeled with CellTracker Blue as assessed by flow
cytometry (n=4; *P<0.001 KOAdMock yarsus others). (C) The graph shows the profile of OCR normalized to total protein OD values
under basal conditions and after ATP synthase inhibition with oligomycin, uncoupling the electron transporter chain with FCCP, and
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acute insult as they are involved in physiologic processes, such
as calcium signaling,3® osteoclastogenesis,?!»>2 and neurovas-
cular coupling.3® Moreover, accumulating subacute damage
during aging may favor TNT formation in terminally differ-
entiated cells as podocytes.

The temporary cytoplasmic continuity between distant
cells created by TNTs can also be deleterious as it may favor
the spreading of deleterious materials?$4142 and promote che-
moresistance in cancer.*3-4¢ Moreover, TNTs can be hijacked
by bacteria, viruses, and prions.4’=#° In chimeric mice, in
which only a subpopulation of podocytes expressed the recep-
tor for an immunotoxin, receptor-negative podocytes develop
damage, indicating podocyte-to-podocyte injury propaga-
tion.”0 It is tempting to speculate that TNTs may account for
this unexplained previous finding.

Although TNTs can transfer a wide variety of cellular ma-
terials, we focused on mitochondria because growing evidence
points to an important role of mitochondria in FSGS. mtDNA
mutations were found in both familial and sporadic FSGS.
APOL1 polymorphisms cause podocyte dysfunction by dis-
rupting the mitochondrial transmembrane potential.>!>52
Both mitochondrial Cox10 deletion and altered mitophagy
can induce FSGS in mice.>3->> We found that TNTs intercon-
necting podocytes could transfer mitochondria. Furthermore,
mitochondrial transport from healthy to injured podocytes
was enhanced, suggesting transfer was aimed to rescue podo-
cytes with dysfunctional mitochondria. Although mitochon-
dria are quite large, mitochondrial transfer through TNTs is
possible as mitochondria can enlarge TNTs, creating a bulge,
as recently proven by correlative cryoelectron microscopy.3?
TNTs are considered the predominant mechanism of horizon-
tal mitochondrial transport and intercellular mitochondrial
quality control.205¢ Mechanisms allowing mitochondrial ex-
change may be particularly important in podocytes that are
terminally differentiated cells and thus unable to replicate.

In M-Sec—KO mice, deficiency in TNT-mediated mito-
chondrial transfer may cause accumulation of damaged mito-
chondria, leading to progressive podocyte damage and possibly
explaining FSGS development. In keeping with this,
M-Sec—KO mice showed lower mtDNA copy numbers,
TFAM deficiency, downregulation of mtDNA-coded genes, al-
tered mitochondrial respiration, reduced MMP, and enhanced
mitochondrial oxidative stress. In podocytes, energy supply
relies predominantly on glycolysis,>” providing a possible
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explanation for the relatively mild course of the disease in
M-Sec—KO mice despite mitochondrial dysfunction. At vari-
ance with our results, mitochondrial damage induced by Pgc-
la, Drpl, or TFAM deletion did not result in a renal phenotype
in C57BL6 mice®’; however, this strain is relatively resistant to
FSGS development compared with the BALB/c strain used in
our study.

Importantly, M-Sec re-expression in M-Sec—KO podocytes
re-established TNT formation and mitochondrial transfer,
ameliorated mitochondrial dysfunction, and even partially
reverted nephrin downregulation and podocyte apoptosis, con-
firming the importance of the M-Sec—TNT system in the path-
ogenesis of the podocyte damage. Similarly, studies in other cell
types showed that transferred mitochondria ameliorate mito-
chondrial performance of recipient cells, and even restore aero-
bic respiration in cells lacking mitochondria.>¢->8:5% In
M-Sec—KO mice glomerular lesions were focal; therefore, isola-
ted podocytes were likely a mix population in terms of mito-
chondrial damage. This may explain why recovery was observed
after M-Sec re-expression even without addition of normal do-
nor podocytes as a source of healthy mitochondria.

Other TNT-independent mechanisms may also explain the
protective effect of M-Sec in podocytes. M-Sec interacts with
small GTPases, !¢ regulating actin dynamics; therefore, M-Sec
deficiency may cause FSGS by altering the podocyte actin cy-
toskeleton.®® In addition, loss of M-Sec, which is a retinoic
acid target,°’18 may interfere with podocyte differentiation
and/or PEC transdifferentiation into podocytes.®>%3 However,
TNT inhibition by latrunculin-B reduced mitochondrial
transfer and function in normal podocytes. Moreover, donor
podocytes carrying altered mitochondria were unable to res-
cue the apoptosis of recipient podocytes, despite evidence of
mitochondrial exchange, suggesting M-Sec protects podo-
cytes predominantly through TNT-mediated mitochondrial
transfer.

In conclusion, we established a novel experimental model
of slowly progressive FSGS filling a relevant gap in this area of
research, and M-Sec may represent a promising therapeutic
target in FSGS. As podocyte injury plays a central role in all
proteinuric glomerulopathies, our findings may have rele-
vance beyond FSGS. Evidence that podocytes can be rescued
via TNT-mediated horizontal transfer may open new avenues
of research in the field and set the stage for strategies of re-
generative cell-based therapy.

blocking complex | and Ill with rotenone and antimycin A (Rot/A). Dashed lines indicate injections of compounds. (D) Basal respiration,
ATP-linked respiration, maximal respiration, and reserve capacity were quantified and shown in the graph (n=3; *P<0.001; *P<0.01
WTAdMock argys KOAIMOck. P 05 KO AD-M-Sec versus KO AD-GFP and WTA9Mock (E) Apoptosis was assessed by TUNEL assay
(green) and nuclei counterstained with DAPI (magnification X200, bar = 100 um). The percentage of apoptotic cells is shown in the
graph (n=5; *P<0.001 KOA4Mo versus WTAHMoek; fp<0,01 KOAHMoH versus KOAMSe9), (F) Nephrin mRNA expression was measured by
real-time PCR and corrected for the expression of the housekeeping gene GAPDH (n=4; *P<0.001 KOAIMock yargys WTASMock: §p( 01
KOAHMock yargys KOAMSeq (G) Apoptosis was assessed by TUNEL assay (green) in podocytes (CellTracker Blue) exposed to vehicle or
AD (0.8 ug/ml) for 24 hours either with and without coculture with vehicle (Podo)/Rotenone-treated (Rot-Podo) donor podocytes stained
with Mito Red (magnification X400, bar = 50 um). The percentage of apoptotic cells is shown in the graph (n=3; *P<0.001 AD and AD +
Rot-Podo versus others).
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