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Abstract

Proteinuria is an early sign of kidney disease and has gained increasing attention over the past
decade because of its close association with cardio-vascular and renal morbidity and mortality.
Podocytes have emerged as the cell type that is critical in maintaining proper functioning of the
kidney filter. A few genes have been identified that explain genetic glomerular failure and recent
insights shed light on the pathogenesis of acquired proteinuric diseases. This review highlights the
unique role of the cysteine protease cathepsin L as a regulatory rather than a digestive protease
and its action on podocyte structure and function. We provide arguments why many glomerular
diseases can be regarded as podocyte enzymatic disorders.
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Introduction

Proteinuria is a characteristic sign and a prognostic marker of many kidney diseases. The
daily urinary excretion of more than 150 mg protein in adults or 100 mg/m? in children [1]
is considered abnormal. Several mechanisms can lead to increased urinary protein excretion
including a diminished tubular reabsorption of low molecular weight (LMW) proteins that
are normally filtered to the primary urine (tubular proteinuria) or the presence of an
abnormally high concentration of LMW proteins in the blood whose filtration leads to
oversaturation of the tubular reabsorption machinery (overflow proteinuria). However, by
far the most common cause of proteinuria is glomerular damage leading to an increased loss
of albumin and other intermediate and high molecular weight proteins into the urine.

The glomerulus is a highly specialized structure that normally ensures the selective
ultrafiltration of plasma retaining essential proteins in the blood. Solutes and fluid leaving
the bloodstream must pass three distinct layers of the glomerular capillary wall to reach the
Bowman’s space, the site of primary urine collection [2]:

1. A fenestrated endothelium lining the inner surface of the glomerular capillaries
2. The glomerular basement membrane (GBM), a thin sheet of extracellular matrix
3. The inter-podocyte filtration slits that are covered by the slit diaphragm [3]

While the individual contribution of all layers is recognized, it is generally accepted that
podocytes are most crucial in maintaining the integrity of the glomerular filter [4].
Podocytes are highly differentiated pericyte-like cells that reside on the external surface of
the GBM and give rise to long major processes that extend along the capillaries to which
they affix by numerous secondary processes more commonly termed foot processes (FP).
The podocyte FPs are dynamic [5] and contain an actin-based contractile apparatus
comparable to that of smooth muscle cells or pericytes [6]. The FP of neighboring podocytes
regularly interdigitate, leaving between them narrow filtration slits that are bridged by the
slit diaphragm, a Zipper-like structured, modified adherens junction [3]. Much of the
evidence for a central role of podocytes in maintaining the integrity of the glomerular barrier
comes from human genetic studies, which have identified several podocyte proteins that are
crucial for the structural integrity of the slit diaphragm, including nephrin [7], podocin [8],
TRPC6 [9, 10], PLCE1 [11], and a-actinin-4 [12]. Mutations in any of these genes lead to
similar ultrastructural alterations characterized by blunting of podocyte membrane
extensions as well as transformation of podocyte FPs into a band of cytoplasm (referred to
as FPs effacement) [13]. While the aforementioned genetic studies have contributed
invaluably to our understanding of the molecular structure of podocyte FPs and the slit
diaphragm, familial mutations underlie only a small percentage of proteinuric kidney
diseases. The majority of proteinuric diseases are acquired in the setting of intact gene
function and thus must have other culprits. Since FP effacement is a reversible process and
thus potentially amenable to therapy, the disease process needs to be defined in order to
achieve better therapeutic options. Otherwise, FP effacement might result in progressive
glomerular injury including podocyte depletion, scarring of the glomerulus, and eventually
degeneration of the entire nephron leading to renal failure [14].
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During recent years, it has become evident that podocytes are highly dynamic cells. The
development of as well as recovery from FP effacement requires a high degree of podocyte
motility implicating:

1. Changes in slit diaphragm structure and function
2. Reorganization of the podocyte actin cytoskeleton
3. Alterations in the adhesion of podocytes to the GBM

All these three aspects of podocyte dynamics are regulated through several enyzmatic
pathways including signaling by phosphorylation and dephosphorylation as well as a
recently discovered proteolytic regulatory cascade [5, 15, 16]. In the following, we will
discuss the cathepsin L (CatL) proteolytic pathway in podocytes and its role in kidney health
and disease.

The role of podocyte cathepsin L as a key enzyme in acquired proteinuria

CatL has long been known as a potent endoprotease primarily responsible for final protein
breakdown within lysosomal compartments [17]. In addition, a secreted form of CatL has
been shown to be involved in the degradation of extracellular matrix (ECM) in vivo [18] and
in vitro [19]. Both the lysosomal and secreted forms of CatL have been implicated in cancer
cell biology and metastasis [20]. The first evidence for a role of CatL in proteinuric kidney
disease came from studies performed more than two decades ago, showing that the cathepsin
inhibitor E-64 can reduce experimental proteinuria in a rat glomerulonephritis model [21].
The effects of E-64 were attributed to the inhibition of secreted CatL during matrix
remodeling [21]. In 2004, the role of glomerular CatL was highlighted in a report on CatL
mRNA and protein induction in proteinuric rats that received puromycin aminonucleoside
(PAN) [5]. This study further demonstrated that the onset of experimental proteinuria is
accompanied by an increased motility of podocytes, which was abrogated in CatL ™/~
podocytes [5]. As part of these studies, we noted that expression of a few intracellular
podocyte proteins such as CD2AP declined, but only in the presence of CatL. In a
subsequent study, we found that PAN and lipopolysaccharide (LPS, another proteinuric
stimulus) specifically induce a short cytoplasmic variant of CatL devoid of the lysosomal
targeting sequence [15] (Fig. 1). A shorter CatL variant has been previously shown to arise
by translation from an alternative downstream AUG site and locates in the nucleus of
fibroblasts where it can cleave the transcription factor CDP/Cux [22] or serve in Histone H3
processing during mouse embryonic stem cell differentiation [23]. This obviously broke
with a dogma that CatL can only be active in the acidic pH of the lysosome. Whereas
conventional CatL cleaves a variety of proteins very efficiently due to the denaturing
conditions and low pH of the lysosome, short CatL exhibits a remarkable substrate
specificity that allows a very specific enzymatic activity at cytosolic or nuclear pH [24]. So
far, two substrates of cytosolic CatL have been described in podocytes: dynamin [15] and
synaptopodin [16]. Both proteins contribute to the functional F-actin structure in normal
podocyte FPs and allow FP effacement after their enzymatic processing by CatL.
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Evidence that supports relevance of cathepsin L to human glomerular

disease

CatL was brought in context with human and murine renal disease as early as the 1980s.
Active CatL was purified from normal human kidneys [25] and isolated rat glomeruli [26].
An extensive glomerular expression analysis performed by the group of Karl Tryggvason
has also identified CatL as a glomerulus-enriched gene in the normal newborn and adult
mouse glomerulus [27]. The first evidence for a pathogenic role of CatL in glomerular
diseases came from a study that reported a marked reduction of proteinuria through
administration of the cathepsin inhibitor E-64 in experimental anti-GBM disease. However,
these studies did not differentiate between lysosomal, secreted and cytosolic CatL.
Glomerular CatL was thought to be involved in extracellular matrix turnover, thereby
affecting glomerular function. The aforementioned study by Sever et al. [15] was the first to
identify cytosolic short CatL in podocytes and recognize its role in degrading intracellular
cytoskeleton-associated proteins. The importance of podocyte CatL for glomerular
pathology is highlighted by both in vitro and animal models of glomerular diseases as well
as expression studies in human biopsies. CatL is significantly induced in at least two rodent
models of proteinuria, i.e. the LPS mouse model (Fig. 2a) and the rat PAN model [5].
Stainings in cultured podocytes treated with LPS or PAN revealed a vast increase in CatL
enzyme in the cytosol [15]. Enzymatic activity assays determined that cytosolic CatL is
enzymatically active and can cleave its targets dynamin [15] and synaptopodin [16]. The
significance of CatL induction is further underscored by the finding that CatL knockout
mice are protected from LPS-induced FP effacement and proteinuria (Fig. 2). Human data
stem from isolated glomeruli of explanted renal allografts with chronic allograft
nephropathy [28] and microdissected glomeruli from kidney biopsies of patients with three
types of glomerular disease, membranous nephropathy (MN), focal segmental
glomerulosclerosis (FSGS), and diabetic nephropathy (DN) (Fig. 3a). All these cases
revealed a two-fold or greater induction of CatL mRNA as measured by real-time RT-PCR
[15]. Increased CatL protein is found in podocytes of patients with DN [15] (Fig. 3b, c).

Cathepsin L proteolyzes dynamin and synaptopodin

The computer algorithm PEPS (prediction of endopeptidase proteolytic sites) has served to
identify possible CatL substrates [24]. Since PEPS does not take into account the conditions
of the environment, i.e. the pH of the compartment (lysosome vs cytosol), it is necessary to
experimentally confirm the cleavage prediction using purified proteins [15, 16]. Using this
algorithm, the first identified cleavage target in podocytes was the large GTPase dynamin.
Dynamin is essential for the formation of clathrin-coated vesicles at the plasma membrane
during endocytosis [29] and has also been implicated in the regulation of actin dynamics in
certain cell types [30]. Dynamin is specifically cleaved in podocytes by CatL during LPS- or
PAN-induced proteinuria in animal models and gene delivery of mutant dynamin forms
resistant to cleavage by CatL protected mice from LPS-induced proteinuria [15]. Intact
dynamin is required for proper podocyte structure and function [15]. Expression of
dominant-negative dynamin mutants in podocytes caused proteinuria in vivo and led to a
loss of actin stress fibers in vitro [15]. The role of dynamin in maintaining podocyte
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integrity does not depend on its function in endocytosis, but rather on its ability to stabilize
F-actin organization in the FPs.

Synaptopodin is another major cleavage target of cytoplasmic CatL. Synaptopodin is the
founding member of a unique class of proline-rich, actin-associated proteins that are
expressed in highly dynamic cell compartments, such as the dendritic spine apparatus of
neurons and podocyte FPs [31]. Synaptopodin binds to a-actinin and regulates the actin-
bundling activity of a-actinin. Synaptopodin-deficient (synpo~") mice display impaired
recovery from protamine sulfate-induced podocyte FP effacement and LPS-induced
proteinuria. Similarly, synpo™~ podocytes show impaired actin filament reformation in vitro
[32]. Synaptopodin is specifically proteolyzed at two cleavage sites by cytosolic CatL [16].
In vivo gene delivery or the podocyte-specific transgenic expression of a synaptopodin
mutant that lacks these cleavage sites protected mice from LPS-induced proteinuria,
suggesting that CatL-mediated cleavage of synaptopodin is required for the induction of FP
effacement by LPS. Stabilized synaptopodin protein levels also help to maintain dynamin
levels [16].

The good news about enzymes and substrates: treatment options seem

logical

Why bother and try to clarify the disease process that underlies podocyte dysfunction,
proteinuria and progression of renal disease? Since proteinuria is regarded as a silent but
clearly contributable risk factor for kidney organ survival and for generalized health, novel
efforts in the development of treatment options for proteinuric diseases need to be
encouraged. The discovery of an enzymatic disease process within the podocytes harbors
potential to either inhibit CatL or protect cleavage targets from being proteolyzed. The
inhibition of CatL in general has been attempted in rats with glomerulonephritis and was
partially successful [21]. We now know that the main deleterious action of CatL in
podocytes stems from a novel CatL form that is active in the cytoplasm of podocytes (Fig. 4)
and that is highly target-selective. It should be possible to develop CatL inhibitors that
localize to the cytosol of podocytes and specifically inhibit the disease-causing CatL variant.

This emerging concept of podocyte-directed therapy is further supported by our recent
observation that the antiproteinuric activity of cyclosporine A (CsA) results from direct
protection of the podocyte cytoskeleton from CatL-mediated injury [16]. CsA can induce
remission of proteinuria in a number of diseases including MCD and FSGS [33, 34]. The
well-characterized immunosuppressive action of CsA stems from the inhibition of the
nuclear factor of activated T cells (NFAT) signaling by inhibiting the serine/threonine
phosphatase calcineurin. Because T cell dysfunction is associated with some forms of
proteinuria, including a subset of MCD in children, the antiproteinuric effect of CsA has
been assumed to result from the inhibition of NFAT signaling in T cells. However,
experimental support of this hypothesis is weak at best. Moreover, CsA can reduce
proteinuria in human [35] and experimental [36] Alport syndrome, raising doubts about the
above hypothesis. In the previously mentioned study by Faul et al. [16], a direct effect of
CsA on podocytes has been demonstrated. Synaptopodin is phosphorylated at two amino
acid residues by protein kinase A (PKA) and calcium/calmodulin-dependent protein kinase
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I1 (CaMKII) and dephosphorylated by calcineurin. Only in its phosphorylated form can
synaptopodin bind to the chaperone-like protein 14-3-3 and is thereby protected from CatL-
mediated cleavage [16]. Thus, inhibition of calcineurin during podocyte injury shifts the
equilibrium between phosphorylated and dephosphorylated synaptopodin toward the
phosphorylated form and thereby protects synaptopodin from CatL-mediated degradation.
Since calcineurin is a calcium-sensitive phosphatase, one could easily envision a link to
dysfunctional podocyte calcium channels, e.g. mutated TRPC6 [9, 10], or pathological
TRPC6 overexpression [37], both known to cause glomerular disease [38].

Conclusions

Podocyte FP effacement can be caused by the translation of a novel CatL variant in the
cytosol of podocyte FPs. CatL is induced in many proteinuric diseases. So far, two major
cleavage targets have been described: dynamin and synaptopodin. Both proteins are critical
regulators of podocyte cytoskeletal function. Additional targets are being investigated. The
unraveling of these pathways not only greatly enhances our understanding of the
pathophysiology of glomerular diseases, but also enables the development of specific
therapies for proteinuric syndromes by directly targeting components of these enzymatic
cascades in podocytes.
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Fig. 1.

Schematic of CatL mRNA containing several AUG codons and resulting proteins. After
translation from the first AUG, CatL is processed to yield a 30-kDa lysosomal form, called
single-chain CatL (black arrows). However, alternative translation initiation from a
downstream AUG produces a CatL isoform devoid of the lysosomal targeting sequence
(short CatL), which localizes to the cytoplasm (red arrow). Adapted with permission from
Sever et al. [15]
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Fig. 2.

Cathepsin L (CatL) is essential for the development of proteinuria in the lipopolysaccharide
(LPS) model. In wild-type (WT) mice, intraperitoneal injection of LPS leads to a T- and B-
cell-independent transient form of proteinuria through the activation of podocyte TLR-4 and
induction of B7-1 [39]. a Immunocytochemistry of mouse glomeruli using monoclonal anti-
CatL antibody. WT mice receiving LPS (WT LPS) upregulate the expression of cytosolic
CatL compared with control mice receiving PBS (WT CON). LPS was also injected into
CatL ™~ mice (CatL™'~ LPS). Original magnification, x400. b Electron micrographs of foot
processes (FPs) showing effacement in LPS-treated WT, but not in CatL ™~ mice. Adapted
with permission from Sever et al. [15]
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Fig. 3.
Cathepsin L (CatL) mRNA and protein expression are elevated in human proteinuric kidney

diseases. a Quantitative rt-PCR of microdissected glomeruli from human biopsies of patients
with acquired proteinuric diseases: minimal change disease (MCD; n=7), membranous
glomerulonephritis (MGN; n=9), focal segmental glomerulosclerosis (FSGS; n=7), and
diabetic nephropathy (DN; n=10). **P<0.01 for comparison with healthy controls (CON;
n=8). b CatL labeling of normal human kidney. ¢ CatL labeling of a kidney biopsy from a
patient with diabetic nephropathy, mildly reduced renal function, and nephrotic range
proteinuria. Adapted with permission from Sever et al. [15]
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Fig. 4.

Cathepsin L (CatL) is induced in podocytes during FP effacement. a Schematic illustration
of FP effacement and proteinuria as a podocyte enzymatic disease. Under normal conditions,
synaptopodin and dynamin are involved in regulating podocyte F-actin. A small portion of
CatL is in the cytosol and participates in a physiological turnover of synaptopodin and
dynamin. The electron micrograph of control mice (insert), shows CatL expression located
mainly in lysosomes of primary podocyte processes (dashed arrow). Only few gold labeling
is found in FP (solid arrows). b The induction of cytosolic CatL causes proteolysis of
synaptopodin and dynamin, thereby disrupting actin organization, causing podocyte FP
effacement and proteinuria. The electron micrograph of LPS treated mice (insert) shows FP
effacement and induction of CatL in lysosomes of primary processes (dashed arrow) and in
effaced podocyte FPs (solid arrows); CaN calcineurin; PKA protein kinase A; CaMKI|I
calcium-dependent protein kinase Il; P podocyte; GBM glomerular basement membrane;
END endothelial cells; ERY erythrocyte
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