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Emerging role of autophagy in kidney function,
diseases and aging
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Autophagy is a highly conserved process that degrades
cellular long-lived proteins and organelles. Accumulating
evidence indicates that autophagy plays a critical role in
kidney maintenance, diseases and aging. Ischemic, toxic,
immunological, and oxidative insults can cause an induction
of autophagy in renal epithelial cells modifying the course of
various kidney diseases. This review summarizes recent
insights on the role of autophagy in kidney physiology and
diseases alluding to possible novel intervention strategies for
treating specific kidney disorders by modifying autophagy.

Introduction

Autophagy is a highly conserved, physiological, catabolic process,
involving the bulk lysosomal degradation of cytosolic compo-
nents, including macromolecules (such as proteins and lipids) and
cytosolic organelles." These are broken down to their basic
components, which are then reutilized. Autophagy is believed to
be essential for the maintenance of cellular homeostasis, for a
number of fundamental biological activities, and as an important
component of the complex response of cells to multiple forms of
stress.' Unlike the ubiquitin-proteasome system (UPS), which
selectively degrades short-lived proteins,” autophagy is thought to
be a “nonselective” degradation system for long-lived cytoplasmic
proteins and dysfunctional organelles."? So far, at least, five steps
have been characterized as part of the autophagic mechanism: (1)
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the initiation of a double-membrane structure, which is called
the phagophore, (2) the expansion of the phagophore, (3) the
maturation of this structure into the autophagosome, (4) the
fusion of autophagosomes with lysosomes, resulting in autolyso-
somes, and, finally, (5) the degradation of the ingested biological
materials.*”

Autophagy is involved in the pathogenesis of a number of
clinically important disorders; however, until recently, little was
known about the connection between autophagy and kidney
diseases. However, there is now growing evidence that autophagy
is specifically linked to the pathogenesis of important renal
diseases such as acute kidney injury (AKI), diabetic nephropathy
(DN) and polycystic kidney disease (PKD). However, an
understanding of the precise role of autophagy in the course of
kidney diseases is still in its infancy. The kidney offers an
opportunity to study autophagy in the context of highly
specialized epithelia, with unique functions in solute transport
and barrier function. Dysregulation of autophagy can result in the
accumulation of autophagosomes, an event that has been noted in
several kidney diseases. Depending upon the disorder involved,
the accumulation of autophagosomes may be due to their
increased formation or the result of their reduced degradation.

This review, after briefly discussing the important role played
by the mechanistic target of rapamycin (MTOR) in the regulation
of autophagy, discusses the current state of knowledge regarding
the role of autophagy in renal physiology, renal aging and
important kidney diseases, including AKI, glomerular diseases
(such as DN) and PKD. Available information indicates that the
role played by autophagy in the kidney is complex, since both the
up- and downregulation of autophagy have been shown to be
protective against different kidney diseases. Therefore, further
research is required to determine the specific contribution of
autophagic dysregulation to individual renal diseases. Also,
increased understanding of many issues, with regard to autophagy
and the kidney, including the factors that regulate autophagy, the
timing of onset of dysregulated autophagy in disease states, and
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whether these changes in autophagy are primary or compensatory
mechanisms, is required in each form of renal disease. This review
points out areas of ongoing controversy and areas of particular
interest for future research, and also discusses the importance of
such information on whether the pharmacological agents that
modulate autophagy are potentially feasible as novel forms of
treatment for various kidney diseases.

Regulation of Autophagy in the Kidney

Autophagy regulation by MTOR. MTOR pathway. MTOR
exists in at least two different functional complexes termed
MTOR complex 1, MTORCI, and MTOR complex 2,
MTORC2 (Fig.1A).®* MTORC1 consists of RPTOR/
RAPTOR, a scaffolding protein that recruits MTORCI
substrates, and several additional components such as MLST8/
GBL, AKT1S1/PRAS40 and DEPTOR.’' MTORCI is a
rapamycin-sensitive complex as the rapamycin-FKBP1A/
FKBP12 complex directly associates with and acutely inhibits
MTORCI. MTORCI is activated by multiple extra- and
intracellular cues such as amino acids, growth factors, glucose,
oxidative stress and cellular redox.”>"” Upon stimulation,
MTORCI directly phosphorylates several substrates including
RPS6KB1/S6K, EIF4EBP1, LPIN1/lipinl, GRB10 and Unc-51-
like kinase 1 (ULK1),"®* and stimulates protein translation
and lipid biogenesis while inhibiting autophagy induction.” It is
now evident that constitutive activation of MTORCI suppresses
phosphatidylinositol 3-kinase (PtdIns3K) activity, forming a
“negative feed-back loop” through GRB10 phosphorylation

and the downregulation of insulin receptor substrate (IRS)
function,?"*426-28

MTORC2 includes RICTOR, MAPKAP1/mSinl, MLSTS,
DEPTOR and PRR5, and is relatively rapamycin insen-
sitive.*®'>**3! Although MTORC2 is primarily activated by growth
factors but not nutrients, a recent study showed an unexpected
regulation mechanism, whereby association of MTORC2 with
ribosomes  triggers its activation to phosphorylate downstream
targets such as AKT1, thereby modulating cell survival.***

It has been well known that MTORCI requires both growth
factors and amino acids to be fully activated, and lack of one
of these inputs largely downregulates its activity. In addition,
two small Ras-related GTPases, RRAG/Rag and RHEB, play
critical roles in proximal regulation of MTORCI activation
(Fig. 1B).”*** The RRAG small GTPases exist as a heterodimer
consisting of RRAGA/B and RRAGC/D and bind to the
LAMTORI1/p18-LAMTOR2/p14-LAMTOR3/MP1
(Ragulator), which is predominantly expressed at the lysosomal
41 Upon amino acid stimulation, the RRAG
heterodimer is activated and recruits MTORCI to the lysosomal
membrane where MTORCI is able to gain access to RHEB.”
A direct interaction with RHEB activates MTORCI
(Fig. 1B).">*>* Thus, RRAG small GTPases function as essential
spatial regulators for mTORCI localization. On the other hand,
RHEB is regulated by the specific GTPase activating protein
(GAP) activity of TSC2, which is part of the TSC1-TSC2
complex (Fig. 1A).%#3>383%44% T¢ hag been postulated that upon
growth factors stimulation, multiple kinases such as AKT1 and

MAPK1/3 (ERK) phosphorylate TSC2 and may inhibit its GAP

complex

membrane.
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Figure 1. MTOR signaling pathway. (A) Two MTOR complexes (MTORC1 and MTORC2) are stimulated by multiple extra- and intracellular factors. MTORC1
activates translation and cell growth, whereas it inhibits autophagy. (B) Amino acids activate RRAG small GTPases thereby recruiting MTORC1 to
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activity, thereby activating MTORCI, although the precise roles
of TSC2 phosphorylation in the regulation of TSC2 GAP activity
remain elusive (Fig. 1A).%

MTORCI inbibits aurophagy. Numerous studies in S. cerevisiae
have shown that TORCI, the yeast counterpart of MTORCI,
negatively regulates autophagy at the initial step called autophagy
induction.>* Genetic and biochemical studies in yeast indicate
that Atgl is an autophagy-initiating kinase and its activity is
downregulated by TORCI. In yeast, the azg/ mutant is defective
in autophagy induction even under rapamycin treatment or stress
conditions, providing key evidence that Atgl acts downstream of
TORCI1 for autophagy induction.’®*" Atgl forms a large complex
with other autophagy-related proteins such as Atgl3 and Atgl7,
and the formation of this complex appears to be important for
Atgl kinase activity. It has been suggested that TORCI1
phosphorylates Atgl3 and disrupts the Atgl complex thereby
inhibiting autophagy induction.’>*>** Importantly, the function
of TORCI in the regulation of autophagy is conserved in
mammals. MTORCI also inhibits autophagy induction in many
types of mammalian cells.” Recent studies reveal that MTORCI
interacts with the ULKI1-ATG13-RB1CC1/FIP200 complex (a
mammalian functional homolog of the Atgl complex) and phos-
phorylates ULK1 and ATG13."%2*** Although the precise roles of
ULK1 and ATG13 phosphorylation by MTORCI are unclear, the
inhibition of the ULK complex is likely to be the mechanism
underlying MTORCI1-dependent autophagy inhibition.*’

MTORCI is a scoundrel in the glomerular podocyte for disease.
Beyond unraveling the biochemical mechanisms by which
MTORCI inhibits autophagy induction, the emerging studies
have started revealing the function of MTOR as well as autophagy
in human diseases, such as cancer, metabolic disorders and renal
diseases.** Diabetic nephropathy is a complication associated
with both type 1 and type 2 diabetes and is the most common
cause of end-stage renal disease (ESRD) in the USA.>® Recent
studies have shown that injuries to podocytes play a critical role
in the development of many glomerular diseases including
DN.”? Interestingly, previous work on mouse models of
both type 1 and type 2 diabetes have shown that systemic
administration of rapamycin, a specific inhibitor of MTORCI,
prevents the development of DN.®** However, the molecular
mechanism and site of action by which rapamycin prevents the
development of DN have not been well understood.

Genetic studies have begun to unveil the roles of the
MTORCI-autophagy system in maintaining glomerular func-
tion.”” MTORCI activity is enhanced in podocytes of diabetic
animals as well as human DN. Specific activation of MTORCI in
podocytes recapitulates many DN phenotypes including glome-
rular membrane thickening, mesangial expansion, podocyte loss
and proteinuria in nondiabetic podocyte-specific 75c knockout
mice (7scI PcKO mice).®” In contrast, a reduction of MTORC1
expression in podocytes (podocyte-specific Rpror heterozygous
mice) prevents the development of DN in both type 1 and type 2
diabetic animal models, providing the evidence that hyperactiva-
tion of MTORC is a critical event for the onset or development
of DN.®%7 As also seen in the podocytes of diabetic animals and
human DN, 7scI PcKO podocytes display overgrowth, foot
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processes effacement, EMT-like phenotypic change and mis-
localization of membrane proteins such as NPHS1/nephrin and
NPHS2/podocin that are essential slit diaphragm (SD) proteins
forming the filtration barrier. Importantly, lack of autophagy in
podocytes (podocyte-specific Azg5 knockout mice: Azg5 PcKO
mice) also causes podocyte loss and glomerulosclerosis in older
mice, suggesting that defective autophagy may be the mechanism
underlying the injury of podocytes induced by MTORCI
activation.®® However, the phenotypes associated with podocyte
injury seen in Azg5 PcKO mice are much weaker than those in
Tsc1 PcKO mice. For instance, lack of autophagy does not cause
mislocalization of SD proteins or severe proteinuria. These
observations suggest that besides a blockade of autophagy,
MTORCI activation induces additional deteriorative processes
in podocyte injury.

TASCC formation: A plant for quality control of protein synthesis.
Higher autophagic activity compared with that in other
glomerular cells is observed not only in maturing podocytes but
also in developed and differentiated podocytes.®*” Furthermore,
podocytes  have higher MTORCI activity compared with
other glomerular cells, suggestive of the existence of a special
mechanism involving the collaboration of MTORCI and
autophagy in podocytes.”*” Recently, the formation of a
distinct  cytoplasmic compartment termed TOR-autophagy
spatial coupling compartment (TASCC)”*”* has been identified.
TASCC was originally found in human diploid fibroblasts
undergoing cellular senescence induced by oncogenic protein
HRASV12A.”" During the transition to senescence, cells display
dramatic changes of transcriptional profile, replication program
and cell shape. Furthermore, cells start producing a large amount
of secretory proteins (SASP), which are essential for establishing
the senescence phenotype. The TASCC is detectable as a distinct
cellular compartment at the trans side of the Golgi apparatus,
and is enriched for MTOR and autolysosomes but largely
excludes autophagosomes. Indeed, secretory proteins are actively
synthesized, especially in the rER-Golgi system close to the
TASCC. Since a large amount of cellular MTORCI is
sequestered by enriched autolysosomes within the TASCC in a
manner dependent on RRAG GTPase activity, the environment
out of TASCC is preferable for autophagy induction. Thus,
TASCC formation creates a spatio-temporal arrangement of
MTORCI and autophagy that enables activation of both
pathways within the cell. It was anticipated that TASCC
formation could be observed in other systems when cells
need to produce specific secretory proteins and change their
phenotypes. Interestingly, it was found that a
compartment (TASCC-like structure) characterized by enriched
expression of MTOR, lysosome-associated membrane protein
type 2A (LAMP2A), and LC3 is present close to the Golgi

apparatus in glomerular podocytes (Fig. 2).”' Besides constituting

similar

the essential component in filtration barriers, podocytes play a
crucial role in the constant turnover of glomerular basement
membranes and endothelium by supplying matrix proteins and
secreting growth factors, such as vascular endothelial growth factor
(VEGF).”? It has also been shown that the Golgi apparatus is
enlarged in podocytes during their differentiation.”* Moreover,
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Figure 2. Spatial regulation of MTORC1 and autophagy in podocytes.
The proposed functions of the TASCC-like structure in podocytes is
depicted. The formation of the TASCC-like structure in podocytes may
provide a unique environment producing specific secretory proteins.

In the TASCC-like structure, the enriched autolysosomes and lysosomes
generate cellular amino acids that may further recruit MTORC1 into
the TASCC-like structure via RRAG GTPases. This process creates mutually
reciprocal gradients for MTORC1 and autophagic activity within a
podocyte, and may allow the cells to convert unnecessary proteins
into the special ones that are crucial for keeping or transforming their
phenotypes.

66,67

podocytes display high autophagy and MTORCI activity.
These observations are consistent with the original findings that
the formation of TASCC provides an environment where
MTORCI1 and autophagy are mutually regulated, thereby
working as an important compartmentalized plant for secretory
protein synthesis. Accordingly, a strong VEGF expression is
detected at the TASCC-like structure in matured podocytes.”!
Although it is still unclear as to when the TASCC-like structure is
formed during podocyte maturation, and whether this structure
plays a critical role in the differentiation of podocytes, the
formation may facilitate synthesis of secretory proteins for
stimulating or maintaining their specific phenotype as well as
glomerular homeostasis.

Conclusions and perspectives. A series of biochemical, biological,
genetic and clinical studies have demonstrated the double-edged
role of MTORC1 in glomerular function.®>**” From a clinical
point of view, this suggests that rapamycin can be both an
excellent medicine and poison. It is conceivable that the benefit
from rapamycin would be both context- and timing-dependent.
In podocytes, both genetic activation and inhibition of MTORCI1
deteriorate those functions leading to glomerulosclerosis with
proteinuria. However, the pathomechanism of podocyte dysfunc-
tion caused by MTORCI activation and inhibition is clearly
different. For instance, podocytes with hyperactive MTORCI
display hypertrophy, and their foot processes are entirely effaced
with the redistribution of SD proteins.” Podocytes without
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MTORCI activity show little change in their cell volume and
partially effaced secondary foot processes without redistribution
of SD proteins.® It is likely that hyperactivation of MTORCI1
causes postmitotic dedifferentiation whereas loss of MTORCI
hampers normal differentiation of podocytes. Although physiolo-
gical as well as pathological roles of MTORCI in other glomerular
and renal cells are areas that need to be explored, further
understanding of MTORCI regulation during normal podocyte
maturation/differentiation and the course of disease develop-
ment would provide a better approach for MTORCI inhibitors
in kidney diseases.

Chaperone-mediated autophagy in the kidney. Chaperone-
mediated autophagy (CMA) is one of the three lysosomal
degradation pathways described in mammals to date, others
being macroautophagy (often referred to as just autophagy) and
microautophagy.”” In contrast to the “in-bulk” degradation
of cytosolic components by macroautophagy, CMA is a more
selective pathway that has a certain subset of cytosolic protein
substrates.”®”” There is a functional crosstalk between macro-
autophagy and CMA.”® Upon inhibition of one of the pathways
the other one will be constitutively upregulated, so that a cell can
partially maintain long-lived protein degradation at least in basal
conditions.”®”? Similar to macroautophagy, CMA is stimulated by
starvation or serum removal in culture but it maintains its activity
for much longer than macroautophagy (up to 72 h), providing
some source of energy and amino acids, as well as quality control
against misfolded proteins.* In addition CMA is also increased in
response to oxidative stress.®’ Together with other proteolytic
systems, CMA activity decreases with aging,®* contributing to the
impaired functioning and homeostasis of aging cells and aging-
related pathologies.

The selectivity of CMA is achieved via the first known step
of the process—the recognition of a specific KFERQ-like motif
on a substrate by a molecular chaperone, HSPA8/HSC70.%
Together with other cochaperones, which include HSP90,
HSPAS delivers the substrate to the LAMP2A complex, which,
upon stimulation by other lysosomal membrane resident proteins
and signaling molecules, forms a translocation channel for CMA
substrates.**®> Therefore, similar to the ubiquitin-proteasome
system, CMA substrates need to be unfolded to be transported
into the lysosomal lumen for degradation.*® Up to 30% of
cytosolic proteins can be putative CMA substrates and the list
grows longer if we include the proteins that acquire the motif after
a post-translational modification,*” such as phosphorylation and
acetylation. Some of the known CMA substrates are GAPDH,
RNASE A,*® NFKBIA/IxB, MEF2D,* SNCA/a-synuclein,”® and
PKM2.”!

Whereas the regulation of the CMA pathway has been the
subject of recent investigations, not much is known about the
upstream regulatory signaling pathways. It has been established
that the rate-limiting step in the process is the binding of substrate
to the LAMP2A receptor. Therefore, CMA activity is dependent
on the amount of functional LAMP2A receptor on the lysosomal
membrane.”” LAMP2A levels are regulated in several ways
depending on the cellular stressor that stimulates CMA: de novo
synthesis of the protein, reinsertion of LAMP2A from the lumenal
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“reserve” into the membrane, or decreased degradation by
lysosomal cathepsins.”?

CMA deregulation has been implemented in different
pathologies, such as lysosomal storage disorders and especially
neurodegenerative disorders, since nondividing neurons are
particularly dependent on homeostatic mechanisms to guarantee
their survival during stress.”® In particular, the role of CMA has
been revealed when known pathologically-related proteins such
as SNCA, APP, MAPT/TAU and PARK2/PARKIN turned out
to have the KFERQ motif and undergo degradation through
this pathway, which often is aberrant in Alzheimer or Parkinson
diseases.

There has not been a systematic analysis examining the role of
CMA in the kidney. Using cultured rat renal epithelial cells,
Sooparb et al.”” showed that EGF in cultured renal cells regulates
the breakdown of proteins targeted for destruction by CMA. If
CMA is suppressed they find an increase in PAX2 expression.
PAX2 is an important factor in kidney development, indicating
the possibility that CMA and PAX2 could play roles in epithelial
cell growth.

Sooparb et al. found that proteolysis is decreased early in
diabetic rats followed by an increase and subsequent return to
baseline. The abundance of proteins in diabetic kidneys contain-
ing the CMA KFERQ signal motif increases by 38% and
individual KFERQ-containing proteins (e.g., PKM2, GAPDH
and PAX2) are more abundant in diabetic rats. LAMP2A and
HSPAS8 decrease in cortical lysosomes from diabetic vs. control
rats, indicating the possibility that CMA might be increased in
diabetic kidneys. There are several potential avenues of crosstalk
between the insulin and macroautophagy signaling pathways. It is
not known if insulin signaling or hyperglycemia have a direct
effect on CMA, but it could definitely have a secondary effect via
interfering with downstream signaling. For example inhibition of
macroautophagy has been reported in rat diabetic tubule
samples,” and insulin injections reverse macroautophagy inhibi-
tion in distal tubular cells.

Conclusions and perspectives. In the future it is possible that the
role of CMA in degrading other proteins and regulating kidney
function will be discovered. For example, it has been already
shown that CMA is responsible for the direct uptake of A2M/at-
2-microglobulin—a protein that accumulates in lysosomes of
kidneys during chemical-induced nephropathy.” Manipulation
of post-translational modifications of certain proteins that are
therapeutic targets can make them resistant or susceptible to
CMA degradation, depending on the desired level of the protein
in the context of disease. Since CMA in general is crucial for
homeostasis maintenance, it will be important to look at its
activity levels and deregulation in different kinds of kidney
pathologies, such as nephrotic syndrome, since NPHS2 carries the
CMA degradation sequence.

Role of Autophagy in the Tubulo-Interstitial
Compartment

Autophagy in acute kidney injury. Acute kidney injury. Acute
kidney injury is characterized by a rapid loss of kidney function
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that leads to the decline of glomerular filtration, accumulation of
nitrogenous wastes such as urea nitrogen, and perturbation of
extracellular fluid volume as well as electrolyte and acid-base
balance. AKI is one of the most common and serious clinical
syndromes in hospitalized patients, in particular for the patients in
the intensive care unit. Despite advances in the understanding of
the pathophysiology of AKI and in the technology of clinical care
for AKI patients, the outcomes of this disease, as well as
preventive and therapeutic strategies for it, have not improved
over the past several decades. In-hospital mortality rates of
patients with AKI remain unacceptably high, at 40% to 80% in
the intensive care setting.”*”” Approximately 13% of patients with
AKI develop chronic kidney disease over a 3-y period.'” In
addition, the incidence of AKI has increased in recent years,'*"'**
which further strains an already burdened health care system with
patients in need of renal replacement therapies.

Multiple causative factors contribute to the etiology of AKI.
From the clinical viewpoint, the largest number of cases of AKI
are caused by renal ischemia-reperfusion, sepsis and nephro-
toxins.”*?>'% The pathogenesis of AKI is very complex and
multifactorial, with emerging tubular, microvascular and inflam-
matory mechanisms that interplay with and amplify each
969799105104 Renal tubular cell injury and death are the

key pathological features in AKI, which results in the generation

other.

of inflammatory and vasoactive mediators. These chemical
mediators induce vasoconstriction and tissue inflammation,
further exacerbating tubular damage and renal dysfunction. In
experimental models of AKI, the proximal tubules, especially the
S3 segment located within the outer medulla of the kidney, suffer
the most severe injury.'>'%

Autophagy induction in proximal tubular cells during AKI.
Autophagy was originally defined as a “self-eating” process of the
cell under starvation. However, recently numerous studies have
established autophagy as a cellular response to stress. In the last
few years, a growing body of evidence has demonstrated the
induction of autophagy in proximal tubular cells and kidneys
during AKI induced by renal ischemia-reperfusion and nephrotoxins
such as cisplatin, cyclosporine and environmental toxins.

Lai and colleagues showed an increased expression of
autophagy-related (ATG) proteins (BECN1 and LC3) in renal
tubules during ischemia-reperfusion in rats, suggesting autophagy
activation in this renal pathology.'”'*® Suzuki et al. further
showed increased numbers of LC3- and LAMP2-positive vacuoles
in a human kidney proximal tubular cell line (HK-2) following
hypoxia incubation, and in mouse kidneys during ischemia-
reperfusion.  Under these conditions, LC3-positive vacuoles
colocalize with LAMP2-positive vacuoles, suggesting the fusion
of autophagosomes with lysosomes for degradation.'” Notably,
the formation of autophagic vacuoles was also shown in tubular
cells in transplanted human kidneys by electron microscopy
(EM).'® A recent study systematically analyzed autophagy using
in vitro and in vivo models of renal ischemia-reperfusion.'"® It was
shown that autophagy is induced by hypoxia in a rat proximal
tubular cell line (RPTC), as indicated by the formation of
fluorescent puncta in GFP-LC3-transfected cells and the
accumulation of LC3-II, a lipidated form of LC3 that localizes
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on phagophores and autophagosomes. Importantly, induction of
autophagy was shown to be an early response to hypoxic stress,
prior to tubular cell apoptosis. In anoxia-reoxygenation, an in
vitro model of ischemia-reperfusion, anoxia alone induces LC3-1I
accumulation but not formation of GFP-LC3 puncta.
Nonetheless, autophagy is induced undoubtedly during reoxy-
genation as indicated by both GFP-LC3 punctate cells and LC3-
II accumulation.'® These observations are consistent with an
autophagic response during in vitro ischemia-reperfusion of a
cardiac cell line.!"" In C57BL/6 mice, autophagy is induced
in kidneys by renal ischemia-reperfusion. Although not
obvious during the ischemic period, LC3-II accumulates in a

time-dependent fashion in renal tissues during reperfusion
(Fig. 3A). The appearance of autophagic vacuoles in proximal
tubular cells is further revealed by EM (Fig. 3B).''® Consistently,
later studies using GFP-LC3 transgenic mice showed an increased
formation of GFP-LC3 dots in proximal tubules during renal
ischemia-reperfusion.''>''* It is noteworthy that autophagic flux
was also determined by comparisons of LC3-II level and
autophagosome number in the presence and absence of lysosomal
inhibitors. Lysosomal inhibitors increase LC3-II accumulation in
RPTC cells during hypoxic or anoxic incubation, and in kidney
tissues during renal ischemia-reperfusion.'’® Similarly, Suzuki
et al. showed that the number of LC3-positive vacuoles is

significantly increased by lysosomal inhibitors during

A Ischemia 30 min + reperfusion (h)

sham 0 6 24 48
S e LC3-II

B-actin

hypoxic treatment of HK-2 cells."”” Together, these
studies indicate that autophagy is indeed induced in
tubular cells during renal ischemia-reperfusion.

In nephrotoxic models of AKI, cisplatin was shown
to induce autophagy in different renal proximal
tubular cell lines including RPTC (rat),'"® LLC-PK1
(porcine),''® and NRK-52E (rat).""” In all three cell
lines, cisplatin induces autophagy in a treatment

AQP1

time-dependent manner, as shown by autophagosome
formation and LC3-II accumulation. In addition,
EM of cisplatin-treated RPTC cells identifies various
characteristic structures that may represent the
maturation of autophagic vesicle from phagophore
through the autolysosome.'"” Notably, autophagy is
activated by cisplatin within hours, earlier than
H21511¢ Using GFP-LC3 transgenic mice,
Inoue et al. further monitored autophagy in kidney

apoptosm.

tissues during cisplatin nephrotoxicity, unveiling
autophagy mainly in proximal tubules (Fig.3C).""”
These observations are consistent with a recent
examination by EM, which demonstrated a time-
dependent increase of autophagic vacuoles in proxi-
mal tubular cells following cisplatin treatment of
C57BL/6 mice.'"” Autophagy is also induced in
proximal tubular cells during cyclosporine nephro-
toxicity.""” In addition, some environmental toxins,
such as cadmium and arsenic, were also shown to

induce autophagy in proximal tubular cells and
kidneys."'*'"?

Figure 3. Autophagy in acute kidney injury. (A) Immunoblot analysis of LC3-II
accumulation in kidney tissues after 30 min of bilateral renal ischemia, followed

Signaling regulation of tubular cell autophagy during
AKI. The regulation of autophagy has been exten-

sively studied in the past few years, and tremendous

by 0 to 48 h of reperfusion. The figure is adopted from Jiang et al.,''® with permission
from Elsevier. (B) Formation of autophagosomes and autolysosomes in tubular cells
of kidney tissues during ischemia-reperfusion. Kidney tissues were fixed for EM
examination of autophagosomes (left panel, arrows: double or multiple membrane
structures containing cytoplasm; middle panel, arrows: undigested organelles such as
mitochondria) and autolysosomes (right panel, arrowheads: single membrane
structures with remnants of cytoplasmic components). The figure is adopted from
Jiang et al.,'"® with permission from Elsevier. (C) Cisplatin-induced autophagy in
proximal tubular cells in kidney tissues. GFP-LC3 transgenic mice were treated

with 20 mg/kg cisplatin for 24 h to harvest kidney tissues for immunostaining of
aquaporin-1 (AQP1; marker of proximal tubules). Co-localization of GFP-LC3 dots with
AQP1 suggests autophagy induction in proximal tubular cells. The figure is adopted
from Inoue et al.,'"? with permission from Springer.
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progress has recently been made in understanding the
molecular mechanism and signaling pathways of
autophagy from yeast to mammals.'”*'** The ATG
proteins constitute the core molecular machinery of
autophagy and function at several successive steps of
the autophagy cascade to orchestrate the process.
Upstream of the core machinery, autophagy is
regulated by a complex signaling network of
muldple stimulatory and inhibitory inputs. Diverse
signaling pathways regulate autophagy in response to
various stresses. Moreover, these signaling pathways
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may interact with each other to determine the specificity and
magnitude of autophagy. Despite these significant advances,
signaling pathways that lead to tubular cell autophagy in AKI
remain unclear. Several recent studies have just started the journey
of exploration.

Oxidative stress. Bolisetty et al. examined the regulation of
autophagy by HMOXI/heme oxygenase 1 during cisplatin-
induced AKI.'* They found that cisplatin induces HMOXI1,
oxidative stress and autophagy in cultured renal tubular cells and
mouse kidneys. In HMOXI-null models, oxidative stress is
elevated, resulting in an increased sensitivity to autophagy and
tubular cell death. Restoring HMOX]1 in tubular cells reverses the
autophagic response. Furthermore, overexpression of HMOX1
reduces oxidative stress, delays autophagy induction and protects
against cisplatin-induced cell death. These results suggest that
oxidative stress may lead to autophagy in renal tubular cells.

ER stress. In cyclosporine-treated human renal tubular cells,
endoplasmic reticulum (ER) stress is induced along with
autophagy activation. Salubrinal, an ER stress inhibitor, sup-
presses cyclosporine-induced autophagy, suggesting the involve-
ment of ER stress in tubular cell autophagy during cyclosporine
nephrotoxicity.'"” In mammals, ER stress through the unfolded
protein response (UPR) and intracellular calcium has been
implicated in autophagy regulation.'” The signaling pathways
by which ER stress induces tubular cell autophagy were then
studied in the models of tunicamycin-induced kidney injury.
Gozuacik et al. showed that death-associated protein kinase
(DAPK1) is activated by ER stress through protein phosphatase
2A dephosphorylation. Importantly, ER stress-induced autophagy
is inhibited in DapklI-null cells, suggesting that DAPK1 may be a
positive mediator of autophagy.'”® Using inhibitors of the
mitogen-activated protein kinases (MAPKs), Kawakami et al.
demonstrated that activation of MAPK1/3, but not MAPKS
(c-Jun N-terminal kinase, JNK) or MAPK14/p38, is necessary for
the induction of tubular cell autophagy by ER stress.'*” Further
investigations should test how DAPK1 and MAPK1/3 regulate
autophagy in tubular cells. Given that ER stress is activated by a
variety of insults that cause AKL'** it would also be important to
examine if ER stress is a common modulator of tubular cell
autophagy.

TP53. In cisplatin-treated renal tubular cells, autophagy was
partially suppressed by chemical inhibition of TP53/p53,
suggesting that TP53 may positively regulate autophagy in this
experimental condition.'"” The pro-autophagy role of TP53 has

been demonstrated in several studies. It has been suggested that,
upon cellular stress, TP53 is activated and accumulates in the
nucleus, where it transactivates 5'-AMP activated protein kinase
(AMPK) to inhibit MTOR, resulting in autophagy.'”
Alternatively, TP53 can induce autophagy by transcriptional
activation of damage-regulated autophagy modulator (DRAM1),
a lysosomal membrane protein that stimulates autophagosome-
lysosome fusion.'”® While promoting autophagy in these studies,
TP53 may induce TP53-induced glycolysis and apoptosis
regulator (C120rf5/TIGAR) to suppress oxidative stress and
131

inhibit autophagy via an MTOR-independent pathway.
Tasdemir et al. suggested that the regulation of autophagy by
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TP53 may depend on its subcellular localization.'*> Whether
these mechanisms are responsible for autophagy regulation by
TP53 in tubular cells during AKI remains to be determined.
BCL2 family proteins. Inhibitory effects of BCL2 or BCL2L1/
Bcl-xL on tubular cell autophagy during AKI have been suggested
by several studies. In rats, intrarenal arterial delivery of the

adenoviral Bcl2/1 gene reduces autophagy in tubular cells
following ischemia-reperfusion.'”” Suppression of autophagy by
BCL2 was also shown in BCL2 GFP-LC3 double transgenic mice
under this condition.'*® Moreover, cisplatin-induced autophagy is
almost completely blocked in a BCL2 stable expression tubular
cell line.'” A well-recognized mechanism by which BCL2-
BCL2L1 downregulates autophagy is that BCL2-BCL2L1 binds
BECNI1 through a BCL2 homology 3 (BH3) domain to prevent
BECNI from assembling the class III PtdIns3K complex that is
indispensable for autophagosome formation.'**'*> Notably, only
ER-targeted BCL2 inhibits autophagy.'®® However, in BCL2-
overexpressing renal tubular cells BCL2-BECN1 interaction is
not detected by co-immunoprecipitation assay.''” Recently,
Chang et al. showed that nutrient-deprivation autophagy factor
1 (NAF1) binds BCL2 at the ER and is required for the
interaction of BCL2 with BECNI1, and BCL2 inhibition of
autophagy.'* In addition to the association with BECN1, ER-
localized BCL2 may also suppress autophagy by diminishing
stress-induced Ca®* release and consequent activation of the Ca**/
calmodulin-dependent protein kinase-AMPK  signaling path-
way.'?” These interesting possibilities need to be investigated in
experimental models of AKI.

ULKI and hypoxic response. ULK1 is a mammalian homolog
of yeast Atgl, which functions as an initiating kinase in the
autophagy core machinery.'”® Preliminary work showed that
ULK1 is partially dephosphorylated during severe hypoxia or
anoxia in renal tubular cells through dissociation from the
MTOR inhibitory complex (Jiang M, Dong Z, unpublished
data). Under nutrient starvation, the physical interactions and/or
mechanistic interplays of ULK1 with AMPK and MTOR have
been suggested by several groups.’**'** A later study has further
shown that ULK1 may be transcriptionally upregulated by TP53

for sustained autophagy and subsequent cell death induced by
DNA damage.'* Furthermore, ULK1 phosphorylates AMBRA1,
a BECNI1 interacting protein that is necessary for activity of the
class III PtdIns3K complex, releasing the complex from dynein
and thereby inducing autophagy.'* These findings will certainly
inspire research into the regulation mechanisms of ULKI and its
role in tubular cell autophagy during AKI.

Pathological role of tubular cell autophagy in AKI: Pro-survival or
pro-death? Clearly, the observations that autophagy occurs prior to
apoptosis in renal tubular cells during AKI suggest that autophagy
is an early response of the cells to stress and not a result of
apoptosis. However, what role autophagy plays under this
condition is still controversial.

In cisplatin-treated RPTC cells, inhibition of autophagy by
pharmacological inhibitors (3-methyladenine or bafilomycin A;)
or genetic knockdown of Becnl or Atg5 with short hairpin RNAs
increases apoptosis, suggesting a protective role for autophagy in
cisplatin-induced tubular cell injury.'" Similarly, Yang et al.
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demonstrated that cisplatin-induced autophagy in LLC-PK1 cells
acts as a prosurvival mechanism against cell apoptosis.''® Later
in vivo work further confirmed and extended the in vitro find-
ings. In a mouse model of cisplatin nephrotoxicity, pharmaco-
logical blockade of autophagic flux by chloroquine significantly
enhanced cisplatin-induced kidney injury (Jiang M, Dong Z,
unpublished data). A cytoprotective role of autophagy was also
shown in primary culture of human proximal tubular cells during
cyclosporine nephrotoxicity.'”” Using both in vitro and in vivo
experimental models, a recent study examined the role of auto-
phagy in renal ischemia-reperfusion. In vitro, pharmacological or
genetic suppression of autophagy sensitizes tubular cells to apo-
ptosis induced by hypoxia incubation or anoxia-reoxygenation.
Inhibition of autophagy in vivo by chloroquine or 3-methyladenine
worsens ischemia-reperfusion renal injury, as indicated by renal
function, histology, and tubular apoptosis. Together, these results
suggested that autophagy is a renoprotective mechanism for cell
survival in acute ischemic kidney injury.'"

In contrast, several studies have also demonstrated that tubular
cell autophagy may contribute to cell death during AKI. In a rat
model of renal ischemia-reperfusion, Lai and colleagues showed
increased BECN1 and LC3 expression as well as apoptosis in
injured renal tubules. Both autophagy and apoptosis are
suppressed by BCL2L1 overexpression or ischemic precondition-
ing, accompanied by the amelioration of kidney injury.'*”'%
Similarly, Suzuki et al. found that autophagy occurs in renal
tubules with disrupted morphology in GFP-LC3 transgenic mice
after renal ischemia-reperfusion. While autophagy is reduced
in BCL2-GFP-LC3 double transgenic mice, tubular damage is
also attenuated. Along with the in vitro observation that
autophagy inhibitors protect HK2 cells from H,O,-induced cell
death, they concluded that autophagy might be detrimental
during renal ischemia-reperfusion.'” In tunicamycin-treated
mice, Gozuacik et al. showed that ER stress induces apoptosis
and autophagy concomitantly in the same damaged tubular cells.
Interestingly, inhibition of autophagy by itself does not change
cell death or survival; however, in combination with caspase
blockade, autophagy inhibition increases cell viability. Further-
more, Dapkl knockout mice are resistant to ER stress-induced
kidney injury as tubular cell autophagy is suppressed in those
mice. Based on these results, it was suggested that autophagy
may serve as a second cell killing mechanism that acts in concert
with apoptosis to trigger kidney injury during ER stress."*® A cell
death-promoting role of autophagy was also suggested by Inoue
et al. showing that pharmacological or genetic inhibition of
autophagy suppresses cisplatin-induced caspase activation and
apoptosis in NRK-52E cells.'"

The cause of the obvious discrepancy among the aforemen-
tioned studies is unclear, although it is generally believed that,
depending on experimental conditions, autophagy can be either
protective or detrimental. Considering that pharmacological
inhibitors may have nonspecific effects on cellular process other
than autophagy, and genetic knockdown of ATG proteins is
sometimes unable to block autophagy completely, in vivo tests
using tissue-specific Azg gene knockout animals should be a
preferable strategy to determine the role of autophagy in renal
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pathology. To this end, Kimura et al. and Liu et al. established
tubule-specific Azg5 knockout mouse models, which show the
accumulation of deformed mitochondria, aberrant concentric
membranous structures, and cytoplasmic inclusions including
SQSTMI1- and ubiquitin-positive protein aggregates in renal
tubules, leading to cellular degeneration. During renal ischemia-
reperfusion, tubular cell autophagy is inhibited in the Azg5
conditional knockout mice and, importantly, more severe kidney
injury is induced by renal ischemia-reperfusion in these mice
compared with wild-type animals.''*** Lately, a mouse model of
Atg7 knockout in proximal tubules (Azg7 PTKO) was established
(Jiang M, Dong Z, unpublished data). Knockout of Azg7 leads
to impairment of the autophagy-conjugation systems, resulting
in inhibition of autophagy and accumulation of autophagy-
selective substrates such as SQSTM1 during cisplatin treatment.
Compared with their wild-type littermates, Azg7 PTKO mice
show accelerated loss of renal function, aggravated kidney tissue
damage and tubular apoptosis. Primary proximal tubular cells
isolated from Azg7 PTKO mice are more sensitive to cisplatin-
induced caspase activation and apoptosis than the cells from
wild-type mice. Azg7 PTKO mice are also more sensitive to renal
ischemia-reperfusion injury than their wild-type littermates
(Jiang M, Dong Z, unpublished data). Further, Takahashi et al.
most recently demonstrated that Azg5 knockout in proximal
tubule cells results in a more severe cisplatin-induced injury in
vivo, accompanied by accelerated DNA damage and TP53
activation."”” Together, these studies have demonstrated defini-
tive evidence for a renoprotective role of tubular cell autophagy
during AKI.

It is not yet understood how autophagy protects tubular cells
from injury or apoptosis. Upon metabolic stress in which the
availability of oxygen and nutrient is poor, this catabolic path-
way can generate amino acids and lipids that can be reused for
protein synthesis and ATP production, which are essential for the
adaptation to bioenergetic catastrophe.'”® As a cellular house-
keeping process, autophagy can clear misfolded proteins and
damaged organelles to maintain cellular homeostasis and thereby
set a higher threshold against apoptosis induction.'*®'* Indeed,
when autophagy is impaired in proximal tubular cells by Azg5
knockout, damaged mitochondria and abnormal protein aggre-
gates accumulate in the cells. As a result, these autophagy-
deficient mice are more sensitive to kidney injury than wild-type
mice that have intact autophagy.!'>!"*'¥” Similar findings are also
shown in a study when autophagy is inhibited by chloroquine
or ATG7 deficiency (Jiang M, Dong Z, unpublished data).
In addition, it is plausible that signaling activated during auto-
phagy can interfere with or compromise cell death pathways. This
possibility has been implicated in the studies showing that, on the
one hand, liberation of BCL2 and CFLAR/FLIP from activated
autophagy protein complexes may block the intrinsic and extrinsic
pathways of apoptosis;'**'*° on the other hand, autophagic
degradation of active CASP8/caspase 8 is responsible for the
inhibition of apoptotic cell death.'””’ Moreover, certain stress
stimuli can activate other cytoprotective responses to cooperate
with autophagy to achieve optimal cellular repair and adapta-
tion.'” Finally, data obtained from studying programmed cell
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death in embryo development indicate that autophagy is required
for the maintenance of high ATP levels that may in turn facilitate
the elimination of apoptotic cells. This function of autophagy
could prevent a detrimental inflammatory response both during
normal development and after exposure to pathological stimuli.*’
Along these lines, recent studies have demonstrated that
autophagy negatively regulates inflammatory response, protecting
cells from ischemic brain injury and endotoxin-induced intestinal
epithelium injury.'*>'>® Further research is needed to gain insights
into underlying mechanisms for the renoprotection of tubular cell
autophagy in AKI.

It is generally acknowledged that autophagy is induced to serve
primarily as an adaptive and defense mechanism for cell survival,
because Azg gene knockdown or knockout accelerates rather than
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delays cell death; however, in certain settings,
massive autophagy may lead to cell death. How this prosurvival
attempt fails and then switches to an alternative cell death
pathway is unclear. It possibly is a result of an irreversible collapse
of cell viability due to nonspecific destruction of large proportions
of cytoplasmic contents or a result of selective degradation of
cytoprotective elements."” Some molecules, for example, Draper,
MAPKS8 and DAPKI, have been shown to direct autophagy from
a survival to a death pathway, although the exact mechanisms are
unknown.'” Notably, many examples of Atz gene-dependent cell
death occur in cells whose apoptotic machinery is compromised;
however, a caveat should be considered since knockout or
overexpression of a single Azg gene could have unknown indirect
effects beyond autophagy.'*
on its own, autophagy may also join apoptosis to coordinately
determine a cell’s fate. The functional relationship between
autophagy and apoptosis is complex and generally presents as
three scenarios.*'>*'>” First, the two pathways share common
regulatory signals and each can regulate and modify the activity of

In addition to triggering cell death

the other. Second, autophagy acts either upstream of apoptosis to
enable apoptotic signaling, or during the final stage of apoptosis to
participate in certain morphological changes by providing ATP.
Third, autophagy and apoptosis develop in a mutually exclusive
manner under certain conditions, probably as a result of distinct
thresholds for each process or mutual inhibition between the two
processes. The intricate interplay and the cross-regulation between
autophagy and apoptosis pathways further complicate the
conundrum of how autophagy contributes to the life and death
decisions of a stressed cell.

Conclusions and  perspectives. Despite some controversies,
pharmacological and genetic knockdown or knockout studies
have suggested a renoprotective role of autophagy in renal tubular
cells in AKI. The mechanism by which autophagy protects
tubular cells is currently unclear. In addition, whether and how
autophagy changes its role from a pro-survival mechanism to a
pro-death factor are currently unknown. The key signaling
pathways that induce and regulate autophagy in AKI are also
poorly understood. Further research should focus on these areas to
elucidate the mechanism of autophagy induction in tubular cells
in AKI, delineate the underlying signaling pathways, and define
the precise roles played by autophagy in tubular regulation in this
disease. A comprehensive understanding of the regulatory network
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of tubular cell autophagy will facilitate the discovery of genetic
and pharmacological modulators for the prevention and treatment
of kidney diseases including AKI.

Autophagy in polycystic kidney disease. There are reasons to
believe that autophagy is present in polycystic kidneys and that it
may even play a role in cyst formation and growth. First, cyst
formation in polycystic kidney disease results in localized areas of
hypoxia as evidenced by increased EPO levels and HIF1A/HIF-
loo in PKD kidneys."”® Autophagy can be induced by
physiological stress stimuli such as hypoxia.'"”” Second, human
and experimental data provide strong evidence that abnormal
proliferation and apoptosis in tubular epithelial cells plays a crucial
role in cyst development and/or growth in PKD. Apoptosis and
autophagy are intricately related. Third, there is evidence for
activation of the PtdIns3K-AKT1-TSC-MTOR pathway in PKD
and a therapeutic effect of the MTOR inhibitor rapamycin in
animal models of PKD. In general, activation of MTOR inhibits
autophagy and the MTORCI inhibitor rapamycin induces
autophagy. As hypoxia, apoptosis and MTOR signaling are
modulators of autophagy and increased hypoxia, apoptosis and
MTOR signaling are also features of PKD kidneys, a connection
between autophagy and PKD has been proposed.'*®

Apoptosis and autophagy in PKD. There is much evidence that
apoptosis worsens cyst formation in PKD:'* (1) Pharmacological
inhibition of apoptosis (treatment of mice with caspase inhibi-
tiors)'®" or genetic inhibition of apoptosis (Casp3 knockout)'®”
results in less PKD. (2) BCL2-deficient mice have increased
apoptosis and develop cysts in the kidney.'*® In this regard, BCL2
has been described as a “new guest at the autophagy table.”'**
BCL2 downregulation causes autophagy in a caspase-independent
manner in human leukemia cells."®® Also induction of autophagy
may also be regulated by other BCL2 family members such as
BCL211/BIM, BAD and BCL2L1.'® The presence of auto-
phagy in polycystic kidneys of Be/2 knockout mice has not been
reported and represents an interesting line of future research. (3)
Apoptosis is essential for MDCK cell cyst cavitation in collagen
type 1 matrix, and cystogenesis in this system is inhibited by
overexpression of the anti-apoptotic gene, BCL2."*” (4) The cell
cycle inhibitor roscovitine results in long-lasting arrest of
cystogenesis with decreased apoptosis.'®®

Could there be a connection between apoptosis and autophagy
in the cells lining the cysts? Many of the signals that regulate
apoptosis in PKD, e.g., the BCL2 family of proteins, also regulate
autophagy.'® It is not well understood how cells respond to
similar stimuli by undergoing autophagy or apoptosis. Caspase
inhibitors prevent apoptosis but may induce autophagy.'”® The
relationship between apoptosis and autophagy is complex depending
on the type of cell, the nature of the injury or the timing of the
injury."”! For example, autophagy may result in a delay of
apoptosis.”*>'”> Normal cells vs. cancer cells respond differently to
apoptosis or autophagy-inducing stimuli. The genetic deletion of
genes encoding key autophagy proteins increases rather than
decreases apoptotic cell death.'”*'> However, autophagy plays an
important cell survival role. The relationship between apoptosis and
autophagy and the effects of autophagy inhibition or autophagy
activation remains to be determined in PKD.
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MTOR signaling and autophagy in PKD. There is increased
MTORCT signaling in PKD in rodents and in humans.'”**”” The
MTORCI inhibitor rapamycin or its analogs are protective
against PKD and renal failure in the Han:SPRD rat and PKD1-
or PKD2-deficient models of PKD.7*'** In general, activation
of MTOR inhibits autophagic flux. Intracellular lysosomal
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Figure 4. Autophagy in PKD. Autophagosomes (arrows)

are demonstrated in kidneys of +/+ rats (A), Cy/+ rats (B),
+/+ mice (C) and in the tubular cells lining the cysts in cpk
mice (D). Lysosomes (L) fusing to autophagosomes are
shown in (B). Mitochondria (M) within a autophagosome
(mitophagy) is shown in (A and B). Reproduced from Belibi
et al.,'*® with permission from the American Physiological
Society. Magnification is X20000 in (A), X40000 in (B), X6000
in (C) and X12000 in (D). (E) To demonstrate that LC3 is
present in the cells lining the cysts, IF was performed. There
is LC3 staining'® in cells lining the cysts in Cy/+ and Cy/Cy
rats. Nuclei are represented by blue (DAPI) staining. LC3
staining is cytosolic. Reproduced from Belibi et al.,'*® with
permission from the American Physiological Society.

(F) The intensity of the LC3-Il bands was increased in cpk
mice compared with wild type (+/+) mice. In +/+ mice
treated with bafilomycin A; (+/+ Baf), there was an increase
in LC3-Il. In cpk mice treated with bafilomycin A; (cpk Baf),
LC3-Il was not increased. (G) LC3-Il was increased in Cy/Cy
rats compared with +/+ and Cy/+ rats. ACTB/B-actin used as a
loading control was not different between the groups.
Reproduced from Belibi et al.,'*® with permission from

the American Physiological Society.

positioning  coordinatess MTOR and autophagy
signaling.'®' However, the mechanism of MTOR
inhibition of autophagy is still not clear. The
MTORCI inhibitor rapamycin induces autophagy in
a wide variety of cell types and species.”” Thus,
rapamycin may increase autophagy in polycystic
kidneys. The increased autophagy induced by
rapamycin may have deleterious effects, especially in
view of the fact that rapamycin does not result in
complete protection against PKD in animal models and
does not work well in human studies.'®*'®* The effect of
rapamycin on autophagy may rest on its effect on
apoptosis in PKD. In this regard, Weimbs et al. have
found that a high dose of rapamycin increases apoptosis
of cysts lining the epithelium in PKD.'"*® However,
others'””'®" have shown that a low dose of rapamycin
results in effective blockade of PKD without an effect
on apoptosis.'® Thus, rapamycin may turn out not to
have an effect on autophagy in PKD.

In addition to increased MTORCI signaling in PKD,
there is also increased MTORC?2 signaling as indicated by
increases in pAKT1 Ser473.'**'® > MTOR kinase inhibi-
tors (TORKSs) that directly inhibit both MTORCI and
MTORC?2 have a potent effect to induce autophagy.'®
The effect of TORKSs on apoptosis, autophagy and PKD
remains to be determined.

Studies of autophagy in PKD. In a recently published
study using EM, immunofluorescence and immunoblot

for LC3-II and BECNI, autophagy was described

in polycystic kidneys in rats and mice."”® With EM, features
of autophagy such as

autophagosomes, mitophagy and

autolysosomes are seen in wild-type rat and mouse kidneys as
well as kidneys from Han:SPRD rats and ¢pk mice with PKD
(Fig. 4A-D). However, specific to PKD, autophagosomes are
found in the tubular cells lining the cysts in PKD, and LC3
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staining is seen on immunofluorescence in cells lining the cysts
(Fig. 4D and E). However, the presence of autophagosomes in
tubular cells does not necessarily mean increased autophagy.
Thus, BECN1 and LC3-II were examined. BECN1, a BH3-only
protein, regulates formation and maturation of autophago-
somes.””” BECN1 plays a causative role in autophagy as
evidenced by studies in which overexpression of BECNI in
cells promotes autophagy and BECNI-deficient mice have
reduced autophagy.'® BECNI is increased at a late stage of
PKD in homozygous Han:SPRD rats and cpk mice suggesting
a possible causative role in the later stages of PKD. On
immunoblot, the increase in LC3-II and BECNI is seen in ¢pk
mice and homozygous Han:SPRD rats at a late stage of the
disease. Autophagic flux in PKD is measured by treating wild-type
and ¢pk mice in vivo with bafilomycin A; at a dose of 2 mg/kg/d
ip for 4 d and measuring the amount of LC3-II with or without
bafilomycin A;. In wild-type mice treated with bafilomycin A,
there was a definite and marked increase in LC3-1II in the kidneys
suggesting increased autophagic flux (Fig.4F). LC3-II was
increased in PKD kidneys of ¢pk mice compared with wild-type
kidneys (Fig.4F). The increase in LC3-II in PKD vs. wild-type
kidneys suggests either increased autophagosome synthesis in
PKD or decreased degradation in the lysosome in PKD. To
investigate these possibilities, ¢pk mice were treated in vivo with
bafilomycin A; at the same dose of 2 mg/kg/d. Bafilomycin A,
had no effect on LC3-II in the polycystic kidneys of cpk mice
(Fig. 4F). The lack of effect of the lysosomal inhibitor bafilomycin
A; on LC3-II in PKD kidneys of ¢pk mice suggests a defect in
autophagy in PKD resulting from a block of autophagosome-
lysosome fusion and degradation. Apoptosis has been described at
an early stage of PKD in heterozygous Han:SPRD rat kidneys."*’
Increased LC3-II is not found in heterozygous Han:SPRD rat
kidneys (Cy/+) at an early stage of the disease, but is found in
homozygous PKD kidneys (Cy/Cy) at a late stage of the disease
(Fig. 4G). These studies suggest that apoptosis precedes
autophagy in PKD kidneys of the Han:SPRD rat.

While there is only one reported study that shows abnorma-
lities of autophagy and autophagy-related proteins specifically in
PKD kidneys,"*® there are proteins that are known to mediate
autophagy, that are present in PKD kidneys or cells.
Demonstration of these proteins in PKD kidneys or cells may
suggest a relationship between autophagy and PKD. For example,
sustained activation of the transcription factor, signal transducer
and activator of transcription 1 (STAT1), that is known to
mediate apoptosis, necrosis and autophagy, has been described in
Pkdl  knockout polycystic kidneys and human ADPKD
kidneys."”® However, Stat! knockout mice do not have a cystic
phenotype,'” suggesting that STAT1 is not a mediator of PKD.

Also, MAPKS8 is a mediator of apoptosis and autophagy.
Increased MAPKS activity-mediated apoptosis has been shown in
PC-1 knockdown MDCK cells.””" This study suggests a possible
connection between MAPKS8 and autophagy in PKD. Also,
AMPK has been described as a universal regulator of auto-
phagy.'”” Metformin, an inducer of AMPK, has mostly but not
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exclusively been described to increase autophagy. Metformin

slows cyst formation in in vitro and in vivo models of cyst
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formation.'” This study suggests that autophagy induction by
metformin may be therapeutic in PKD. Future studies of STAT1,
MAPKS8 or AMPK and their relationship to autophagy in PKD
models will be interesting.

ADPKD is also a feature of tuberous sclerosis'® and Von
Hippel-Lindau disease (VHL). Tumorigenesis in TSC is
autophagy-dependent, as ATG4 or BECNI1 inhibition decreases
tumorigenesis.'”® In VHL-deficient renal cancer cells, the small
molecule STF-62247 induces autophagic cell death, and the
reduction of ATG5 reduces the sensitivity of VHL-deficient cells
to killing by STF-62247."7 Whether the role of autophagy in
tumorigenesis in TSC and VHL also applies to PKD in these
models remains to be determined.

Conclusions and perspectives. A function of autophagy is to keep
cells alive under “stressful” conditions. Autophagy in the
apoptotic tubular epithelial cells lining the cysts may be a
response to the cell death in these cells. Bafilomycin A; resulted in
an increase in LC3-II in wild-type but not in PKD kidneys
(Fig. 4F)."® Thus, autophagy suppression may be a feature of
disease progression in PKD. Further study of autophagy in
PKD is merited especially as increased MTOR signaling and
increased apoptosis are features of PKD, and there is important
crosstalk between MTOR signaling, apoptosis and autophagy.'*’
In summary, before using drugs in human PKD studies that
have a profound effect on autophagy, it may be important to
determine the effect of these drugs on autophagy in animal
models of PKD.

Autophagy in renal transplantation. The transplanted kidney is
permanently stressed. Transplanted kidney tissue permanently
faces both acute and chronic stress signals that may contribute
to cell death, inflammation, alloimmunity, cell senescence and
fibrogenesis. In a pathological setting, such insults contribute to
acute and chronic rejection, tissue remodeling, interstitial fibrosis,
tubular atrophy, function deterioration and allograft loss.'?%>%

The number of stresses that a transplanted kidney encounters is
considerable, and these stresses include ischemia (cold preser-
vation and warm ischemia), reperfusion injury, toxicity (calci-
neurin  inhibitors nephrotoxicity), immunological assaults
(inflammation and cellular and humoral alloimmunity), hemo-
dynamics (hypo- and hypertension), infections (BK virus and
bacterial nephritis) and metabolic stresses (hyperglycemia and
dyslipidemia). In response to these stresses, cells develop adaptive
responses, most of which are evolutionarily conserved and include
stabilization of HIF1A, the unfolded protein response, the
integrated stress responses and MTOR signaling,'*'****' among
many others. The decision between cell survival and death
depends on integrating adaptive signals and cell death programs
that are engaged in parallel and regulated by the duration and
intensity of the stress. In addition to these cell life and death
decisions, such adaptive responses often activate biological
pathways that are involved in the regulation of innate and
adaptive immunity,”*>?” cellular phenotypic changes,** fibro-
genesis,”” and senescence,”*>** that will fuel tissue remodeling.

Autophagy emerges as an important adaptive process in trans-
plantation. Mounting experimental evidence has identified
autophagy as a master adaptive program that responds to a
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considerable number of insults whose consequences far exceed life
and death decisions. The main biological activators of autophagy
include starvation and inflammatory mediators."*>*%* Strikingly,
kidney allografts are almost always ischemic because of ischemia-
reperfusion, arteriolar vasoconstriction, capillary destruction,
rarefaction and interstitial fibrosis.””” Moreover, the transplanted
kidney is a pro-inflammatory milieu that promotes the release of
danger-associated molecular patterns during ischemic insults,
which are followed by the activation of humoral and cellular
alloimmunity.?****” Thus, there is little doubt that autophagy
regulates kidney allograft tissue homeostasis more than is actually
known. However, experimental and clinical evidence that
implicates autophagy as an important stress response in the
transplanted kidney has emerged.

Evidence for autophagy in kidney transplantation. Among insults
that challenge a kidney allograft, immunosuppressive drugs and
ischemic stresses (either cold ischemia or ischemia-reperfusion
injury) promote autophagy, which can be either cytoprotective or
cytotoxic depending on the nature of the stress.

Cold preservation. Cold ischemia is the period of time between
kidney retrieval and transplantation and may vary from a few
hours up to 36 h. During this period, the kidney is placed on ice
in a preservation solution that contains nutrients and solutes that
are designed to limit the cellular consequences of nutrient
derivation associated with ischemia (but not hypoxia). Despite
these procedures, cold ischemia is a deleterious process that
promotes cell death and activates innate immunity.””® In rat
kidneys, cold preservation using University of Wisconsin (UW)
solution (a solution that is widely used for kidney preservation)
increases autophagic flux and apoptotic cell death.*”” Inhibiting
autophagic flux by adding bafilomycin A; to the UW solution
reduces autophagic flux and apoptosis (and unexpectedly
decreases LC3-1I formation). Although the consequences of
adding bafilomycin A; on kidney pathology and function remain
to be determined, these findings highlight the potential benefits of
modulating autophagy during cold preservation.

Ischemia-reperfusion injury. After cold preservation, reperfusion
injury occurs once kidney blood flow is established. Reperfusion

stress promotes the release of reactive oxygen species that increase
the ischemic stress and lead to so-called ischemia-reperfusion (IR)
injury. IR injury potentiates the activation of autophagy induced
by cold preservation. Indeed, oxidative stress upregulates the
expression of autophagic regulators, including LC3 and
BECN1,"**'® and promotes autophagy.'®”'*>!** Therapeutically
modulating autophagy during kidney IR injury gives promising
results. The arterial delivery of a recombinant human adenovirus
containing BCL2L1 cDNA before kidney IR can protect the
kidney by inhibiting both apoptosis and autophagy during IR, as
BCL2L1 inhibits mitochondrial outer membrane permeabiliza-

133 Moreover,

tion and reactive oxygen species production.
BCL2L1 augmentation reduces acute tubular necrosis and
ameliorates renal dysfunction. Similar results were found in a
BCL2 transgenic mouse model, which overexpresses BCL2.'*
These mice are protected against IR damage, as their tubular cells
exhibit fewer apoptotic and autophagic features. A limitation of

these two studies is that the respective roles of apoptosis and
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autophagy inhibition in mediating cytoprotection against IR were
not delineated.

The occurrence and deleterious consequences of autophagy
during IR in the kidney have also been found in the transplanted
liver. Indeed, the transplanted liver is also subjected to IR
injury,”'"*'* and autophagy seems to be deleterious in this setting.
Cold preservation and reperfusion injury promote autophagic
features in rat hepatocytes, and inhibiting autophagic flux (either
by phosphatidylinositol 3-kinase inhibitors or aspartic and
cysteine protease inhibitors) decreases liver injury and rat
mortality.”""

Immunosuppressive drugs. Calcineurin inhibitors (cyclosporine

A, CsA and tacrolimus) are powerful immunosuppressive drugs
that constitute the cornerstone of immunosuppressive regimens in
solid organ transplantation for 30 y, but their use is associated
with many side effects, including acute and chronic nephrotoxi-
city, whose mechanisms are not fully understood. Recent data
suggest that tubular cells play a central role in the pathogenesis of
chronic nephropathies. CsA activates autophagy and protects
against cell death via endoplasmic reticulum stress induction.
Interestingly, an immunohistochemical analysis of rat kidneys has
revealed positive LC3 staining in injured tubular cells, suggesting
that CsA can activate autophagy in vivo.''” Rapamycin (sirolimus,
SRL) is another immunosuppressive drug that is used to prevent
acute rejection. SRL strongly induces autophagy by inhibiting
MTOR signaling. SRL does not inhibit calcineurin; thus, it was
anticipated that SRL would lack the nephrotoxic profile of the
calcineurin inhibitors. In clinical practice, SRL was initally
introduced as an adjunct to calcineurin inhibitors, and it is now
frequently used in regimens that minimize or avoid these
nephrotoxic drugs. However, SRL is associated with adverse renal
events, including proteinuria and glomerulonephritis.*"* High
doses of SRL are also associated with systemic inflammatory
syndrome, whose biological mechanisms are poorly understood.***
There is actually no evidence that autophagy promotes these side
effects, but given the importance of MTOR and autophagy in
podocyte responses to stress on the one hand®**° and in regulating
immune responses on the other hand,*'*?'® one can speculate that
autophagy mediated by pharmacological MTOR inhibition is
involved in such side effects.

Recent reports have shown that other immunosuppressive
drugs, including mycophenolate mofetil and sphingosine kinase
inhibitors, may be involved in regulating autophagy-related
processes,”'”*'® but their mechanisms and functional conse-
quences in kidney transplantation remain to be examined.

Conclusions and perspectives. Autophagy in the transplanted
kidney has been implicated in the response to toxic and ischemic
stresses, with opposing effects on cell fate. Autophagy is cyto-
protective during cyclosporine nephrotoxicity, but its inhibition
promotes cell death and aggravates tissue injury after IR. Auto-
phagy is an exciting therapeutic target, but the complexity of its
regulation and its unclear effects on cell viability indicate that its
modulation will require fine-tuning that depends on factors such
as the type of stress and its duration.

Our understanding of the implications of autophagy as a stress
response during injured kidney transplantation is just beginning.
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The pathology of the transplanted kidney is promoted by
inflammatory and ischemic stresses as well as infectious and toxic
conditions that are also autophagic inducers. The effects of
autophagy on regulating innate and adaptive immunity and cell
viability might be of importance in transplantation biology.

Autophagy in Glomerular Health, Aging and Disease

Ultrafiltration of plasma is the major and life-sustaining function
of kidneys. The filtration is performed by a unique sieving
structure being composed of the fenestrated endothelium of the
glomerular capillaries, the glomerular basement membrane, and
the slit diaphragm, a specialized cell-cell contact bridging the
processes of neighboring visceral epithelial cells—the podo-
cytes.””” To maintain the complex architecture of the filtration
barrier each glomerulus consists of four resident cell types:
glomerular endothelial cells, podocytes, mesangial cells, and
parietal epithelial cells lining the Bowman’s capsule. Recent
experimental and clinical advances have identified the podocyte
as the most vulnerable component of the glomerulus, being
responsible for the progression of glomerular diseases charac-
terized by proteinuria and loss of glomerular filtration rate.
Accordingly, a decrease in the number of glomerular podocytes
predicts the progression of renal diseases and renal aging.’®>**°
More recently, an elegant podocyte-specific toxin model has
proven that podocyte loss is sufficient to cause glomerulosclero-
sis.”?' Although the molecular programs of podocyte damage are
incompletely understood, oxidative stress, ER stress, mitochon-
drial damage and cytoskeletal derangement are critical injury
mechanisms in most forms of glomerulosclerosis.* Since podo-
cytes are postmitotic cells and the capacity for replacement
appears to be limited,”** programs that help to counteract cellular
stress events and thereby prevent podocyte detachment are the
basis for the maintenance of the glomerular podocyte compart-
ment. Interestingly, recent data suggest that glomerular autophagy
might be a central theme in preventing podocyte degeneration.
Autophagosomes in podocytes. The first evidence for
autophagy in podocytes came from Asanuma et al., who detected
an upregulation of LC3-positive autophagosomes during the
recovery from puromycin aminonucleoside-induced nephrosis in
rats in vivo and in immortalized mouse podocytes in vitro.®®
Transgenic mouse models using GFP-LC3 confirmed that
glomerular podocytes display significant levels of autophagosomes
even under basal conditions.*** Although, it has been postulated
for some tissues that removal of organelles through autophagy
contributes to differentiation and development, autophagosomes
in podocytes are predominantly detected at late developmental
stages or in mature podocytes,®® suggesting that autophagy might
rather be important for differentiated podocytes. In agreement,
constitutive embryonic deletion of Azg5 does not impair
glomerular development.®® Similar observations could be made
in vitro, where immortalized mouse podocytes upregulate
autophagy during cell differentiation.®® Recently, autophagic flux
experiments implied that the levels of basal autophagic activity in
podocytes are higher compared with other renal epithelial cell
lines.*® Taken together these data suggested that basal autophagy
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is a prominent feature of differentiated postmitotic podocytes in
vivo and in vitro.

Subsequently, human biopsy studies detected autophagosome
formation in the course of glomerular diseases.””> Ultrastructural
and immunofluorescence analysis revealed increased numbers of
autophagosomes in podocytes in IgA nephropathy”* and
membranous glomerulopathy.*®

Role of autophagy in podocyte maintenance and aging. While
human biopsy studies suggested a role of autophagy in glomerular
diseases, they could not define whether autophagy is protective or
rather disease mediating for podocytes. However, in a recent study
podocyte-specific deletion of the Azg5 gene resulted in protei-
nuria, loss of podocytes and aging-related glomerulosclerosis
indicating the critical importance of autophagy for glomerular
maintenance.®® Atg5-deficient podocytes phenocopy typical age-
related alterations including accumulation of lipofuscin, the
occurrence of damaged mitochondria, an increase in the total
load of oxidized proteins and the formation of ubiquitin and
SQSTMI-positive protein aggregates.®® Notably, ubiquitin and
SQSTMI1-positive inclusion bodies have also been identified in
various neurodegenerative diseases (i.e., Alzheimer disease).””
Autophagy deficiency in podocytes therefore appears to delay the
global turnover of cytoplasmic components, resulting in accu-
mulation of misfolded proteins followed by the formation of
inclusion bodies and deformed organelles. Furthermore, an
increase of ER stress markers could be detected; similar observations
were made in other autophagy-deficient tissues such as cardiomyo-
cytes.””® Unlike other glomerular cells that are permanently
renewed, podocytes seem to depend on autophagy to prevent the
process of cellular degeneration. This might also relate podocyte
autophagy to renal aging. In fact, it is well known that the age-
related decline of kidney function®***”??® is at least partially caused
by the loss of podocytes.”**** Like other tissues,*>**° podocytes
display diminished autophagosome formation with age (Hartleben
B, Huber TB, personal observation), which likely contributes to
an age-related glomerulosclerosis.

Role of autophagy in podocyte disease. Basal autophagy seems
to act as quality control machinery, being essential for the
homeostasis of postmitotic podocytes. Accordingly, autophagy in
podocytes is a predominantly cytoprotective process that likely
mediates protective effects in both glomerular maintenance and
glomerular injury. Consistently, under pathophysiological condi-
tions, loss of autophagy in podocytes results in a dramatically
increased susceptibility to various models of glomerular disease®
highlighting the particular importance of autophagy as a key
homeostatic mechanism not only under physiological but also
under stress conditions.

Another recent observation underlines the importance of
continuous protein degradation by the autophagosomal-lysosomal
system in podocytes: Reduced lysosomal acidification by the
knockout of the gene encoding the prorenin receptor (ApGap2)
in podocytes results in a functional block of autolysosome
formation.”" This leads to a rapid accumulation of ubiquitinated
proteins and SQSTM1, followed by severe podocyte damage and
early lethality of mice.”®' Strikingly, several human lysosomal
storage diseases are associated with an accumulation of storage
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products in podocytes, specifically leading to podocyte damage,
proteinuria and kidney failure.”*?*® One such example is Morbus
Fabry, which is caused by deficiency of the lysosomal
a-galactosidase resulting in renal dysfunction, systemic vasculo-
pathy and cardiomyopathy.?”” Characteristic histological features
of Morbus Fabry are cellular vacuolizations that are predomi-
nantly found in podocytes.”>**® These vacuolizations appear to
be associated with reduced autophagic flux rates.””® Defective
proteins are not only degraded by the autophagy-lysosome
pathway but also by the ubiquitin proteasome system.” In the
podocyte the UPS and the autophagy-lysosome system might be
functionally coupled, as autophagy deficiency causes increased
proteasome activity, and an inhibition of the UPS results in an
increased autophagic activity. In later stages, autophagy deficiency
is accompanied by accumulation of SQSTM1 and ubiquitinated
proteins and a decrease of UPS activity.®® In general it has been
shown that in autophagy-deficient tissue accumulating SQSTM1
binds to ubiquitinated proteins, forming protein aggregates and
preventing them from degradation by the UPS, which leads to
of certain UPS TP53.7
Interestingly, it has recently been shown, that next to the protein
degradation by autophagy and UPS, cytosolic proteases such as
CTSL1/cathepsin L1 are also critical for podocyte homeostasis.

toxic levels substrates such as

Podocyte injury can induce cytosolic CTSL1 expression, which
results in proteolytic degradation of podocyte cytoskeletal
components.”**?*? However, it is not clear yet if there is a
functional coupling between autophagy and CTSL1. Molecular
details and function of presumptive interactions of protein
degradative pathways in podocytes will have to be addressed in
future studies.

Since autophagy seems to be a general cellular stress
surveillance factor for podocytes, it will be interesting, if
genome-wide association studies identify disease susceptibility
loci in autophagosomal regulatory genes. Recently, a seminal
study identified polymorphisms in the APOLI gene to be
associated with significantly increased rates of focal segmental
glomerulosclerosis and hypertension-attributed end stage renal
disease in African Americans.”*® While the molecular mechanism
leading to an increased glomerular disease predisposition remains
unclear, there is evidence that APOL1 might directly regulate
autophagy.***

Regulation of autophagy in podocytes. Very little is known
about the regulation of autophagy in podocytes. In general, the
MTOR pathway is the best-described pathway regulating
mammalian autophagy. However, podocytes seem to exhibit a
quite unique feature, where high basal autophagy rates can be seen
despite activation of MTOR (unpublished observation), suggest-
ing that cytosolic autophagy might be regulated independently
from MTORCI. A possible explanation for this could be the
recently identified TOR-autophagy spatial coupling compartment
in podocytes.”! TASCC represents a distinct cellular compart-
ment. By sequestering MTORCI complexes with autolysosomes
at the Golgi apparatus, the cytosolic concentrations of MTORCI1
are lowered, supporting cytosolic autophagosome induction (for
details see the chapter “Regulation of autophagy in the kidney”).
This points to the question of whether MTOR-independent
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pathways contribute to the regulation of autophagy in podocytes.
The first evidence for the existence of MTOR-independent
regulation of mammalian autophagy came from studies showing
that autophagy is negatively regulated by G protein-coupled
receptor-mediated activation of phospholipase C.?** In addition,
increased autophagic activity in response to ROS generation has
been described as an MTOR-independent pathway.””> Both
pathways would be very well conceivable as regulators of podocyte
autophagy. However, future studies will have to elucidate the
molecular details of the regulation of autophagy in the podocyte.

Conclusions and perspectives. Recent studies have shed light
on the role of constitutive autophagy for the cellular homeostasis
of podocytes in health and disease. Autophagy appears to be an
important cytoprotective process that mediates protective effects
in both glomerular maintenance and glomerular injury.
Therefore, influencing autophagy could be a promising strategy
for the treatment of glomerulopathies.

Future studies will have to elucidate the upstream regulation of
autophagy, the interplay of autophagy with other degradative
pathways in podocytes and the role of autophagy in other
glomerular cell types.

Autophagy in Kidney Aging

Increasing age causes a progressive post-maturational deterioration
of an organ’s functions. Accumulation of intracellular damaged
proteins and organelles, such as mitochondria, is considered to be
a pathogenesis underlying age-associated malfunctioning of
tissues.*> Consequently, inadequate removal of these damaged
molecules leads to the development of age-associated diseases.®
Over recent decades, the roles of autophagy in the aging
processes of various species from yeasts to mammals have been
extensively studied. The findings have revealed that both
macroautophagy and chaperone-mediated autophagy decline with
age,”*>?%® and that autophagy deficiency causes age-related waste
accumulation in cells, leading to a progressive aging process.®
Among the organs, the kidney is a typical target organ of aging.
An analysis in the National Health and Nutrition Examination
Survey (NHANES) showed that people older than 70 y of age
have a higher prevalence of chronic kidney disease (CKD),*’
while an analysis in the US Renal Data System (USRDS) revealed
that the incidence rates of end-stage kidney disease rise after 45 y
of age and reach the maximum peak over 75 y of age*®
Furthermore, the incidence of hospital-acquired acute kidney
injury (AKI) is higher in elderly subjects.”” Therefore, the
increased incidences of CKD and stress susceptibility to drug- or
ischemia-mediated AKI in elderly individuals are health problems
worldwide.””***  Consequently, better understanding of the
mechanism underlying the aging process in the kidney is required.
Glomerulosclerosis and tubulointerstitial fibrosis together with
podocyte damage and tubular damage, respectively, are typical
histological changes in the aging kidney.”***' Glomerular
podocytes are terminally differentiated and long-lived postmitotic
cells.?>* Therefore, the fate of podocytes is largely dependent on
their capacity to cope with stress. In addition, proximal tubular
cells contain large quantities of organelles, such as mitochondria
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and endoplasmic reticulum, and reabsorb large amounts of
proteins filtered from the glomeruli.”®® These findings easily lead
us to hypothesize that autophagy plays essential roles in
maintaining the homeostasis and functions of both podocytes
and proximal tubular cells, and that its insufficiency with aging
might contribute to the progression of kidney aging. In fact,
recent reports have shown renoprotective roles of autophagy
against aging in both podocytes and proximal tubular
cells.*¢11325% I this section, based on recently published studies,
we review and discuss the role of autophagy in kidney aging.

The kidneys of aging rats and mice show altered mitochondrial
morphology and accumulation of age-associated proteins, such as
SQSTMI1, together with a decrease in autophagy activity,
suggesting that the aging kidney has an impaired ability to
induce autophagy.”®**> ATGS5 plays a role in the conversion of
LC3-I to LC3-11, which is essential for autophagosome formation,
and conditional Azg5 knockout mice represent an excellent tool
for studying the role of autophagy in a tissue-specific manner.’
Two recent studies using conditional Azg5 knockout mice have
shown the relevance of autophagy to the aging process of both
podocytes and proximal tubular cells.®*'"? Podocyte-specific
deletion of the Azg5 gene results in the accumulation of damaged
mitochondria and ubiquitinated proteins in podocytes, thereby
leading to exacerbation of age-dependent albuminuria and
glomerulosclerosis.® Proximal tubule-specific deletion of the
Atg5 gene also leads to significant increases in age-dependent
accumulation of abnormal mitochondria, ubiquitinated proteins
and SQSTM1, which significantly increases apoptosis in proximal
tubular cells.'”> These findings clearly show that deficiency of
basal autophagy in both podocytes and proximal tubular cells is
associated with the development of kidney aging.

How can we activate autophagy in the aging kidney and protect
the kidney against aging? Calorie restriction (CR) may provide an
answer to this issue. CR, which can physiologically induce
autophagy, exhibits anti-aging effects across eukaryotic spe-
cies.”**” Interestingly, CR can ameliorate age-associated kidney
damage, including albuminuria, glomerulosclerosis and tubulo-
interstitial lesions, in animal experimental models. 24258257 A
more recent report showed that autophagy is essential for CR-
mediated renoprotection in aged mice.”* Renal hypoxia has
recently been recognized as a pathogenesis and a therapeutic target
for CKD, including kidney aging,”® and is also an inducer of
autophagy.”®' Interestingly, the aging kidney fails to induce
autophagy in proximal tubular cells even under hypoxic stress
conditions, which is associated with age-dependent kidney
injury.”* In contrast, CR restores autophagy activity against
hypoxia, even in the aging kidney, and protects the kidney against
aging.”* As a molecular mechanism underlying the CR-mediated
restoration of autophagy in the aging kidney, the antiaging
molecule SIRT1 has a critical role. SIRT1, a mammalian homolog
of the yeast silent information regulator 2 (Sir2), was originally
identified as an NAD"-dependent deacetylase that is required for
CR-mediated life-span elongation in the lower species.”* SIRT1-
mediated deacetylation of FOXO3/FOXO3A, a stress-responsible
transcription factor, was shown to be essential for CR-mediated

restoration of autophagy against hypoxia in the aging kidney.***
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In addition to age-associated CKD, susceptibility to drug- or
ischemia-induced AKI in elderly individuals is also focused upon
as an important health problem.*® As described in another
section, several AKI models, such as ischemic-reperfusion injury
and cisplatin nephropathy, in mice induce autophagy to protect
proximal tubular cells.""*'">'7> As mentioned in this section,
autophagy activity in proximal tubular cells declines with
age,”*?> which may be a reason why the kidney in elderly
subjects shows stress susceptibility to AKI, such as that caused by
ischemia and nephrotoxic agents.

Recent genetic evidence supports a critical role of autophagy as
an anti-aging mechanism, since blockage of autophagy genes in
long-lived  Caenorbabditis  elegans mutants or diet-restricted
C. elegans prevents life-span extension.”**** Furthermore, recent
mouse studies have shown a role of autophagy in the organ aging
of mammals. The roles of autophagy in age-associated neuro-
degenerative disorders have been extensively examined.”® Since
neural cells are terminally differentiated and long-lived post-
mitotic cells, similar to podocytes, an age-dependent decline in
autophagy activity causes neuronal cell impairments, leading to
the development of neurodegenerative disorders, such as
Alzheimer and Huntington diseases. Heart failure is a progressive
disease that is common in elderly patients. The basal autophagy in
the heart antagonizes ventricular hypertrophy by increasing
protein degradation, which decreases the tissue mass.**® The rate
of protective autophagy in the heart declines with age, which is
associated with an age-dependent decline in cardiac function.*®
Muscle weakness is also a harmful symptom in elderly individuals.
Mice lacking macroautophagy activity by deletion of the Azg7
gene in  skeletal muscle show accumulation of abnormal
mitochondria, which causes age-dependent muscle atrophy and
a decrease in force.”*® Consequently, autophagy deficiency is likely
to be associated with the pathogenesis of age-dependent
dysfunctions in various organs. Interestingly, restoration of
chaperone-mediated autophagy attenuates the age-dependent
decline in hepatic function,*”’ suggesting that restoration of
degradation systems, including autophagy, should represent a
therapeutic target against aging in various tissues.

Conclusions and perspectives. Figure 5 shows the relevance of
autophagy in kidney aging. Two studies using Azg5 knockout
mice have clearly shown that autophagy has a renoprotective role
against aging.°®'" In addition, CR mimetics, including SIRT1
activation, may be new therapeutic strategies for protecting the
kidney against aging.”®® Although further studies are needed,
restoration of the autophagic activity during aging should
contribute to renoprotection and subsequent successful aging in

elderly people.
Future Directions

This review discusses the relatively recent developments regarding
the role of autophagy in a number of renal diseases. There is now
substantial evidence that autophagy is induced during AKI caused
by ischemic or toxic forms of injury to the kidney (Fig.3).
Autophagy appears to be an early stress response in renal cells and
other cell types, and appears to precede apoptosis in most settings.
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caused by pharmacological agents used for immuno-
suppression, immunological injury due to sometimes-
recurrent episodes of transplant rejection, and renal
injury due to some opportunistic infections. Available
evidence suggests that the autophagic response is
likely to play an important role in life and death
decisions of individual renal cells exposed to these
threats. As this review makes clear, information
regarding the role of autophagy following renal
transplantation has only recently begun to emerge.
The role played by autophagy in each kind of stress to
which the transplanted kidney is exposed, still remains
to be elucidated. Cleatly, though, this knowledge
could prove extremely useful in the many therapeutic
decisions that have to be made throughout the
functional life of a renal transplant.

This review also discusses in some detail a major

paradox in the field of autophagy. This regards the

relationship between the activity of the MTOR

autophagy.

Figure 5. Autophagy in kidney aging. In both podocytes and proximal tubular cells,
autophagy maintains cellular and organelles homeostasis under both basal and stress
conditions. Normal aging process or a deletion of Atg5 gene alters autophagy

in podocytes and proximal tubular cells, leading to kidney aging. Calorie restriction
prevents the progression of kidney aging in a part through SIRT1-dependent

pathway and autophagy (Figs.1 and 2). This topic
is discussed in this review in greatest detail with regard
to podocytes, but may be true of other glomerular
cells. It is now well established that MTORCI is
activated in glomerular cells, including podocytes in
DN, and that inhibition of MTORCI with rapamy-

One important controversy in this field is whether autophagy
promotes or prevents apoptosis after acute injury or stress. It
seems likely that some of this controversy was incurred by the use,
in many experiments, of nonspecific pharmacological inhibitors of
autophagy. The “off-target” effects of such pharmacological agents
may be responsible, at least in part, for the contradictory results
regarding the role of autophagy in determining cell fate.

A major advance in the field of autophagy in general has been
the availability of mice deficient in some of the genes essential for
the autophagic response. For example, this review discusses the
evidence in mice deficient in genes encoding either ATG5 or
ATGY7, showing that both types of knockouts are more
susceptible to AKI than their wild-type controls. These studies
suggest that, in most situations at least, autophagy protects
tubular cells from apoptosis. However, this review discusses
evidence suggesting that, in certain circumstances, and for reasons
that remain unresolved, autophagy may occasionally either fail to
prevent apoptosis, or may even cooperate with the apoptotic
machinery to promote cell death. One of the important areas for
future research in AKI and many other forms of renal disease is to
determine when and how the autophagic response in kidney
tubular cells acts as a protective as opposed to a pro-death
response.

The influence of autophagy on cell survival in the kidney is
likely to be an important component of any forms of stress to
which the kidney is subjected. It is therefore not surprising that
there is evidence suggesting that autophagy plays a role in the
transplanted kidney, which is subjected to a host of different
stresses. These include, in addition to AKI due to ischemia-
reperfusion injury during the peri-transplant period, toxicity
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cin ameliorates DN in a number of different animal
models of this disease. Since it is now well established that, in all
cells studied thus far, MTORCI negatively regulates autophagy,
the reported increased activity of MTORCI in podocytes would
predict that autophagy should be suppressed in these and other
glomerular cells in DN. In contrast, as this review points out,
available evidence suggests that autophagy is activated in response
to stress, particularly in mature, differentiated podocytes. These
cells appear to be able to exhibit high autophagic flux despite
activation of MTOR. Some authors of this review speculate that
MTORCI could have different effects on autophagy in podocytes
in different situations, while others suggest that autophagy could
even be regulated independently from MTORCI in these cells.
However, there is not, as yet, published information to support
either of these possibilities. Along these lines, this review discusses
the paucity of knowledge regarding the regulation of autophagy in
podocytes. Resolving the relationship between the MTOR
pathway and autophagy has been identified in this review as
another crucial area for future research.

Elucidating this area of uncertainty may also help us
understand a dilemma regarding the potential role of MTOR
inhibition as a novel therapeutic strategy in DN and other renal
diseases in humans. While an abundance of published data
convincingly shows that rapamycin-type MTOR inhibitors
substantially ameliorate the glomerular pathology and proteinuria
in a variety of different animal models of DN, there is also now
clear evidence that rapamycin may cause or exacerbate proteinuria
in some situations in humans. The fact that rapamycin can cause
proteinuria in humans has, understandably, markedly dampened
any enthusiasm for the initiation of clinical trials of rapamycin-
type inhibitors for the treatment of DN. This review points out
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how research to further elucidate the role of the MTOR pathway
in the control of autophagy in podocytes and other glomerular
cells, may help guide us in deciding if and when it is safe to
initiate trials of MTOR inhibitors in patients with DN and other
glomerular diseases.

The review also deals with the role played by autophagy in
PKD (Fig.4). The fact that MTOR inhibits autophagy, that
MTOR is hyperactive in cystic epithelial cells, and that inhibition
of MTOR with rapamycin, (an intervention that increases auto-
phagy) ameliorates cyst progression in animal models of PKD,
taken together, suggests that autophagy is likely suppressed in this
disease. However, our current understanding of role of autophagy
in PKD in animal models of the disease remains largely descrip-
tive. In addition, results of trials in humans with PKD using
rapamycin have been disappointing. Therefore, more research in
humans and in animal models elucidating the relationship
between autophagy, apoptosis and MTOR in PKD is recom-
mended, before deciding whether additional studies regarding the
use of MTOR inhibitors in humans is appropriate in this disease.

Available evidence regarding a role for autophagy in renal aging
is also considered in this review (Fig. 5). Glomerulosclerosis and
tubulo-interstitial damage are typical histological changes in the
aging kidney. It is therefore of interest that podocyte-specific
deletion of the A#g5 gene results in renal changes very similar to
those of the aging kidney, including loss of podocytes and
glomerulosclerosis.® Furthermore, proximal tubule-specific dele-
tion of Atg5 leads to significant increases in age-dependent
accumulation of abnormal mitochondria and ubiquitinated
proteins, events that eventually lead to to apoptosis of these
cells.'""” These findings clearly show that deficiency of basal
autophagy in both podocytes and proximal tubular cells are likely
partly responsible for the changes and decline in renal function
associated with kidney aging.

It is also important to point out the complexity regarding the
interpretation of the array of techniques developed to evaluate
autophagy. One area of potential confusion, that deserves

particular mention in this review, regards the interpretation of
techniques that determine the conversion of LC3-I to LC3-IL. It is
important to appreciate that increased formation of LC3-II is not
a measure of autophagic flux, a term which refers to the complete
process of autophagy, including the delivery of cargo by
autophagosomes to lysosomes, and its subsequent breakdown
and recycling. Instead, the accumulation of LC3-II generally
indicates either an increase in the induction of autophagy (i.c., an
increase in the formation of autophagosomes) and/or a blockade
of autophagosome clearance. Additional methods (discussed in
detail in other reviews'®”?°®) are needed to assess the extent to
which conversion of LC3-I to LC3-II indicates the induction vs. a
blockade of autophagy.

In conclusion, there has been a rapid acceleration during the
past few years in the development of a variety of knockout mice
that have had a substantial impact on our understanding of the
role of autophagy in the kidney. This trend is bound to continue.
We anticipate that exciting new developments regarding the role
of autophagy in the kidney in many different physiological and
pathological situations will occur at a rapid pace over the next few
years. These developments are likely to change and improve our
therapeutic approaches to many renal problems.
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