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ABSTRACT
While constant basal levels of macroautophagy/autophagy are a prerequisite to preserve long-lived
podocytes at the filtration barrier, MTOR regulates at the same time podocyte size and compensatory
hypertrophy. Since MTOR is known to generally suppress autophagy, the apparently independent
regulation of these two key pathways of glomerular maintenance remained puzzling. We now report
that long-term genetic manipulation of MTOR activity does in fact not influence high basal levels of
autophagy in podocytes either in vitro or in vivo. Instead we present data showing that autophagy in
podocytes is mainly controlled by AMP-activated protein kinase (AMPK) and ULK1 (unc-51 like kinase 1).
Pharmacological inhibition of MTOR further shows that the uncoupling of MTOR activity and autophagy
is time dependent. Together, our data reveal a novel and unexpected cell-specific mechanism, which
permits concurrent MTOR activity as well as high basal autophagy rates in podocytes. Thus, these data
indicate manipulation of the AMPK-ULK1 axis rather than inhibition of MTOR as a promising therapeutic
intervention to enhance autophagy and preserve podocyte homeostasis in glomerular diseases.

Abbreviations: AICAR: 5-aminoimidazole-4-carboxamide ribonucleotide; AMPK: AMP-activated protein
kinase; ATG: autophagy related; BW: body weight; Cq: chloroquine; ER: endoplasmic reticulum; ESRD: end
stage renal disease; FACS: fluorescence activated cell sorting; GFP: green fluorescent protein; i.p.: intra
peritoneal; MAP1LC3/LC3: microtubule-associated protein 1 light chain 3; MTOR: mechanistic target of
rapamycin kinase; NPHS1: nephrosis 1, nephrin; NPHS2: nephrosis 2, podocin; PLA: proximity-ligation assay;
PRKAA: 5�-AMP-activated protein kinase catalytic subunit alpha; RPTOR/RAPTOR: regulatory associated protein
of MTOR, complex 1; RFP: red fluorescent protein; TSC1: tuberous sclerosis 1; ULK1: unc-51 like kinase 1
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Introduction

Worldwide, glomerular diseases are the leading cause for end-stage
renal disease (ESRD) requiring hemodialysis treatment [1]. Due to
the increase of ESRD prevalence, understanding glomerular biology
is critical for future targeted pharmacological treatments to main-
tain the glomerular filtration barrier – a unique structure character-
ized by a complex three-layered composition of podocytes,
glomerular basement membrane and endothelial cells [1,2].
Podocytes are highly specialized epithelial cells with long interdigi-
tating foot processes enclosing the glomerular capillaries and their
progressive loss is associated with proteinuria and renal failure [2,3].

Diminution in podocyte number due to cellular or tissue
insult cannot be reconstituted by existing cells due to their
post-mitotic nature. Their ability to survive depends on their

capacity to endure cellular stress. Macroautophagy (later
referred to as autophagy) has been implicated as the major
cellular maintenance mechanism of podocytes characterized
by removal of dysfunctional organelles and misfolded proteins
by enclosure within double membrane vesicles called autop-
hagosomes and their subsequent lysosomal fusion and degra-
dation [4–8]. In brief, autophagy is initiated at an
endoplasmic reticulum subdomain called the omegasome –
a membrane compartment rich in phosphatidylinositol-
3-phosphate [9]. After nucleation the phagophore, an isola-
tion membrane and autophagosome precursor, is elongated
using a lipid supply from various cellular membrane compart-
ments [10,11]. At the same time, cytosolic MAP1LC3/LC3
(microtubule-associated protein 1 light chain 3)-I is conju-
gated to phosphatidylethanolamine and integrated into the
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phagophore membrane (the lipidated form referred to as LC3-
II, a key biochemical marker for autophagy) [12,13]. Further
phagophore elongation is driven by a complex interplay of
WIPI (WD repeat domain, phosphoinositide interacting) pro-
teins as well as the Atg8-family proteins and ATG12 (autop-
hagy related 12) conjugation systems [14–20].

Phagophore initiation, and thereby the initial step of
autophagosome formation, is promoted by 2 complexes –
the ULK1 (unc-51 like kinase 1) complex and the BECN1-
containing class III phosphatidylinositol 3-kinase (PtdIns3K)
complex. In particular, the ULK1 complex serves as a hub
integrating upstream signals to regulate autophagic activity
[21–25].

In podocytes, autophagy block by cell-specific deletion
of Atg5 (coding for a protein important for phagophore
membrane elongation) leads to proteinuria and features of
accelerated aging as well as massively increased glomerular
disease susceptibility (see ref [5].) e.g. toward diabetic
nephropathy (DN) and focal segmental glomerulosclerosis
(FSGS) [4,26,27]. Furthermore, podocyte maintenance is
safeguarded by MTOR (mechanistic target of rapamycin
kinase) pathway known to inhibit autophagy [23,24,28].
Podocytes utilize MTOR signaling for programs of cellular
hypertrophy in response to cellular stress as observed in
DN [29]. Both, impaired as well as hyperactive MTOR
signaling results in proteinuria and podocyte loss
[28,30,31].

MTOR is a PtdIns3K-like serine/threonine protein kinase
that is evolutionarily highly conserved and functions in two
multiprotein complexes. MTOR complex 1 (MTORC1) med-
iates most of the known functions of the pathway like cellular
growth and proliferation via substrates that include
p-RPS6KB/p70S6k (ribosomal protein S6 kinase) and
EIF4EBP1 (eukaryotic translation initiation factor 4E binding
protein 1). Moreover, MTORC1 is the best characterized
repressor of autophagy (see ref [32].), inhibiting this process
by phosphorylating ULK1 [24].

That podocytes use both pathways – high basal autophagy
levels as well as fluctuating MTOR activity – at the same time,
appears to be paradox in the light of the known inhibitory
function of MTOR on autophagy. To investigate podocyte-
specific regulation of autophagy we applied in our present
study genetic and pharmacological in vitro and in vivo models
to comprehensively determine the impact of MTOR on podo-
cyte autophagy and to elucidate time-dependent effects of
MTOR kinase inhibition on autophagy regulation.

Results

Podocytes exhibit high levels of basal autophagy and
autophagic flux

To assess basal autophagy, we analyzed autophagosome formation
in vivo in adult (4-month-old) Gfp-Lc3 transgenic mice using LC3
as a marker of autophagy. High numbers of autophagosomes were
found in the glomeruli but were rarely found in the tubular
compartment (Figure 1A). Intravital two-photon microscopy con-
firmed high numbers of autophagosomes in podocytes under
in vivo conditions (Figure 1B). Tandem fluorescent protein tagged

LC3 (RFP-GFP-LC3) allows monitoring autophagic flux based on
differential pH stability of RFP and GFP [33]. To determine the
amount of de novo formed autophagosomes and the flux toward
lysosomal degradation, we analyzed autophagosomes in vivo in
4-month-old transgenic Rfp-Gfp-Lc3 mice [34]. Higher numbers
of GFP+ RFP+ and RFP+ puncta could be detected in podocytes
compared to tubular cells (Figure 1C, D and S1A). The number of
RFP+ puncta was comparable with that found in liver tissue
(Figure S1B,C), also known for high basal activity in autophagy
(for reviews, see refs [35]. and [36]). Autophagic flux in Gfp-Lc3
mice was additionally determined by quantifying autophagosome
numbers in the presence of inhibitors of lysosomal degradation
[37,38]. In vivo assessment of autophagosomes revealed autopha-
gosome accumulation in response to chloroquine indicating high
autophagic flux toward lysosomal degradation and high levels of
de novo autophagosome formation in podocytes compared to
tubular cells (Figure 1E). Furthermore, autophagic flux in podo-
cytes was found to be even higher than in liver tissue (Figure S1D,
E). In vitro podocytes showed higher levels of autophagy as com-
pared to tubular cells indicated by higher levels of LC3-II and
lower levels of the autophagy substrate SQSTM1 (Figure 1F,G).
Also, autophagic flux was higher in podocytes than in tubular cells
(Figures S1F,G). Interestingly, the activity of MTORC1 was sig-
nificantly elevated in podocytes as determined by phosphorylation
of the p-RPS6KB/p70S6k substrate RPS6/S6 (ribosomal protein
S6) and phosphorylated EIF4EBP1 (Figure 1F,G). Together, these
results indicate that podocyte exhibit an unusual concomitant
autophagic flux and elevated MTORC1 activity.

Basal autophagy is independent of MTOR activity in
podocytes

We next determined levels of autophagy in podocyte-
specific genetic models of MTORC1 hypo- and hyperacti-
vation. We generated mice bearing a podocyte-specific
knockout for the gene coding for the regulatory-
associated protein of MTOR, Rptor/Raptor, an essential
component of MTORC1, by mating Rptor-floxed mice
(Rptorfl/fl) with mice expressing Cre recombinase under
the control of the Nphs2/Podocin promoter (Figure 2A)
[28,39]. To hyperactivate MTORC1 in podocytes, we gen-
erated mice lacking Tsc1 (tuberous sclerosis 1; coding for
an upstream repressor of MTORC1) by using the same
podocyte-specific deletion line (Figure 2A). To monitor
autophagosome formation, we crossed these mice to
a Gfp-Lc3 reporter strain (Figure S2A) [40]. Surprisingly,
the two genetic models of MTORC1 hypo- and hyperacti-
vation showed no difference in the number of autophago-
somes compared to WT (Figure 2B-E). Next we assessed
LC3-II and SQSTM1 levels in glomeruli harvested from
these models using magnetic bead perfusion for high pur-
ity (Figure 2F,G). There was no significant difference in
LC3-II or SQSTM1 levels indicating similar levels of basal
autophagy in Rptor- or Tsc1-deficient podocytes. The
podocyte-specific knockout for Rptor was confirmed in
these glomerular lysates (Figure 2F). Since podocytes
count for approximately 40% of all glomerular cells the
low remaining levels of RPTOR are caused neighboring
mesangial cells not affected by Nphs2-Cre-mediated Rptor
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Figure 1. Podocytes exhibit high levels of basal autophagy and autophagic flux. (A) Representative images obtained from cryosections of 4-month old Gfp-Lc3 mice
stained for the basement membrane marker NID1/nidogen-1/entactin (red) and GFP-LC3 (green). (B) Two-photon images of glomeruli from Gfp-Lc3 mice perfused
with dextran as a marker for glomerular capillaries (in red) displaying autophagosomes in vivo (in green, marked with arrow). (C) Representative images obtained
from cryosections of 4-month-old Rfp-Gfp-Lc3 mice stained for NID1 (purple). RFP-LC3 and GFP-LC3 fluorescence is endogenous. (D) Quantification of (C) out of 30
glomeruli from 3 mice each with surrounding tubular cells (** � 0.01, * � 0.05). (E) Cryosections displaying glomeruli (upper panel) and tubular system (lower panel)
stained for NID1 (red) and GFP-LC3 (anti-GFP antibody, green) in 4-month-old WT mice with and without chloroquine (4 h after chloroquine [Cq] administration i.p.
100 mg Cq/kg BW). (F) Western blot from immortalized human podocyte cell line and proximal tubular cell line (HK2) for MTORC1 downstream targets and LC3
abundance. (G) Densitometry obtained from (F) (** � 0.01).
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