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Electron micrograph showing a section
through the edge of a mouse glomerulus
with a peripheral Bowman’s capsule. Centre
stage is a podocyte with 8 cytoplasmic
processes holding the cell body and its
darkly stained nucleus onto the basement
membrane of two glomerular capillaries.
The basement membrane shows additional
profiles of podocyte foot processes forming
the glomerular filtration barrier of the
capillary wall. The clear space surrounding
the podocyte and up to the capsular edge

is urinary space which collects filtrate from
the capillaries. Image courtesy of Dr Chris
Neal and Dr Louise Farmer, Bristol Renal,
University of Bristol.

The understanding of the pathogenesis of diabetic
nephropathy (DN) has advanced considerably in
the last few years. Much has been learned about
the natural history, the relative lack of significance
of microalbuminuria in reflecting underlying
pathological change, questionable effects of ACEs
and ARBs on the progression of nephropathy, the
emergence of new biomarkers such as Cystatin and
the role of cytokines, inflammatory molecules and
adhesion molecules.

Podocytes, the cells with limited ability to replenish
and to repair, play a pivotal role in glomerular
filtration. In recent years these cells have become the
focus for research on pathogenesis of DN as well as
other nephropathies. A recent review from the NIH
hasidentified new insights into the pathophysiology,
the genetics and the role of the podocytes and some
of the important new metabolic pathways such as
mTOR or autophagy which may be targeting the
podocyte. Knowledge is emerging about the role of
podocyte as a part of immune system and about the
role of growth factors and cytokines in regulation
of podocyte functions.

Presented in this e-book articles highlight recent
advances in our understanding of the pathogenesis
of kidney pathology and the role of podocytes in
this process.
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Podocytes, glomerular visceral cells of epithelial origin, are the direct target of both immune
and non-immune forms of injury in many diverse glomerular diseases. They do not typically
proliferate in the mature kidney, which means that damaged cells are not replaced by new ones.
It is now generally accepted that dysfunction or loss of these cells underlies progression of almost
all glomerulopathies. Progressing glomerular diseases, of which diabetic nephropathy (DN) is the
most common, are the most frequent cause of end-stage renal disease. Therefore, identification of the
pathways that lead to podocyte injury is essential for developing more effective, targeted therapies.
The articles presented in this research topic give a comprehensive overview of recent discoveries
into the mechanisms of podocyte impairment and discuss the possibilities of podocyte-targeted
therapies.

Each podocyte contacts its neighboring cells via a slit diaphragm (SD) connecting their inter-
digitating foot processes (FPs). Via transmembrane adhesion receptors in the basolateral domain
of the FP, the podocytes interact with the glomerular basement membrane (GBM). Both these
forms of adhesions are crucial for maintaining podocyte structure, which in turn determines
the integrity and permeability of the glomerular filtration barrier. As highlighted by Lennon
et al. (1), the cell-cell and cell-matrix junctions drive the coordinated response of podocytes to
environmental cues in order to regulate glomerular filtration. Recent findings indicate that there
are two distinct FP types, anchoring FPs (AFPs) and ordinary FPs (OFPs), both of which are
involved in the regulation of fluid outflow from the subpodocyte space (2). The components of
SD and adhesion complexes in FPs transduce signals from outside of the podocyte to the actin
cytoskeleton inside the cell. Up to now, almost 100 actin associated proteins have been discovered
in mammalian podocytes, with distribution specific for apical, SD, and basal domains of the FP
membrane (2). Dysregulation of signaling is likely to lead to actin reorganization and podocyte foot
process effacement, which is typically observed in proteinuric diseases. In contrast to traditional
interpretations of this loss of shape as a pathological derangement, Kriz et al. (3) indicate that
adhesions are reinforced in effaced FPs and therefore it seems to be a protective mechanism against
detachment. Alterations in podocyte phenotype and structure are particularly prominent when
proteinuria reaches nephrotic range. It is accepted that loss of the specialized podocyte morphology
is associated with transition from epithelial to a more mesenchymal phenotype irrespective of the
underlying causes that include both genetic defects and mediators from the microenvironment.
However, May et al. (4) note that podocytes display partial features of both mesenchymal and
epithelial cells. Therefore, dependent on the clinical conditions, dedifferentiation in disease could
result in regression to either of these states. Upon treatment, these changes are reversible only if
the insult is not very severe, as for example in minimal change disease (MCD). In focal segmental
glomerulosclerosis (FSGS), phenotypic dedifferentiation of podocytes is not only irreversible but
progressive.
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Using a rat model, Kriz et al. (3) have performed a detailed
structural study demonstrating how podocytes reinforce attach-
ment to the GBM and how they detach. It appears that if the
protective mechanisms fail, viable podocytes, mostly in clusters,
detach from the GBM. Some of them may reach the renal pelvis
as living cells, while other may develop contacts to the parietal
epithelium, forming crescents that connect glomerular capillaries
with the Bowman’s capsule. Podocyte depletion represents one
of the earliest cellular lesions affecting the diabetic kidney, and
decreased number of podocytes in glomeruli is the strongest
predictor of progression of both type 1 and 2 DN. Activation of
protein kinase C (PKC) seems to play a critical role in patho-
genesis of DN. Teng et al. (5) point out that conventional as
well as atypical forms of PKC, which play a pivotal role in the
regulation of podocyte physiology, may be a destructive factor
when hyperactivated in disease conditions. PKC activation results
in downregulation of podocyte and SD structural proteins such as
P-cadherin or B-catenin, which may contribute to the disruption
of podocyte integrity. In DN, the PKC isoforms may also mediate
the high glucose-induced overproduction of VEGF and increased
TGFf signaling in podocytes, with subsequent impairment of the
glomerular filtration barrier. Recent findings reveal that abnormal
intracellular accumulation of sphingolipids modulates podocyte
functions in glomerular disorders of both genetic and non-
genetic origin. Based on their experimental results, Merscher and
Fornoni (6) report that in FSGS, suPAR-dependent otV3 integrin
activation decreased expression of sphingomyelin-like phospho-
diesterase 3b (SMPDL3D) resulting in increased accumulation
of sphingomyelin, which is associated with remodeling of the
podocyte actin cytoskeleton, loss of stress fibers, and a shift from
a migratory to an apoptotic phenotype. In contrast, in the diabetic
kidney SMPDL3b expression was elevated, nonetheless render-
ing podocytes more susceptible to apoptosis. These observations
indicate that podocyte responses to sphingolipids are complex and
require additional research.

Hereditary, but also sporadic, nephrotic syndrome (NS) is fre-
quently associated with mutations in podocyte genes encoding
functional and structural proteins. However, currently known
mutations explain <40% of NS cases (7). Moreover, immuno-
suppression appears to be effective in about 8-10% of genetic
disorders. Recent advances in our knowledge about the podocyte
transcriptosome and proteasome have led to identification and
characterization of novel disease-causing variants and disease-
modifying genes. At present, almost 50 podocyte genes directly
associated with human NS have been identified. It has also become
apparent that monogenic defects correlating with some mor-
phological changes in podocytes do not explain completely the
pathogenesis of congenital podocytopathies.

An understanding of the mechanisms of podocyte impairment
will allow for the design of targeted therapeutic approaches that
may prevent deterioration of glomerular function, e.g., in allograft
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Early, sensitive, and specific diagnosis of ongoing podocyte
injury is still lacking. Microalbuminuria, which results from
podocyte dysfunction, has been accepted as the earliest marker of
DN. However, patients presenting with microalbuminuria already
show advanced damage of the glomerular filtration barrier (10),
while nephrinuria may precede this manifestation (11). It has been
shown recently that urinary podocyte damage biomarkers corre-
late with cystatin C and eGFR even in normoalbuminuric patients
with type 2 diabetes (11). Yet, due to technical problems, such
as low quantities of podocyte proteins or their proteolytic diges-
tion, using free urinary podocyte proteins as diagnostic markers
appears to be questionable. Musante et al. (12) describe a promis-
ing new method in which exosomes carrying specific podocyte
biomarkers are isolated from urine. In one pilot study, the levels of
urinary exosomal mRNA for cystatin C showed a marked upreg-
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was accompanied by the de novo expression of cystatin C not
only in podocytes but also in tubular epithelial cells. On the other
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correlation between cystatin C and podocyte-specific genes in
urinary exosomes could probably allow for early specific diagnosis
of podocyte damage prior to the symptomatic podocytopathy.
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processes and how they change in nephropathy)
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the technical campaign waged against kidney disease but this approach can be mislead-
ing. The signaling cascades and connectivity of the podocyte and foot processes (FPs) are
inferred from in vitro studies that at best blurr the reality of the in vivo state. This review will
outline actin signaling connectivity and the key differences in the structural and functional
domains squeezed into the FPs and the relationship of these domains to other parts of
the podocyte. It covers the changes in podocytes during nephropathy concentrating on FP
and finally proposes an alternative interpretation of FP ultrastructure derived from articles
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INTRODUCTION

The podocyte has an intrinsic part to play in forming and main-
taining the glomerular filtration barrier (GFB), but the relevance
of the various structural components of the GFB in disease is
complex (Figure 1). For instance, the glomerular basement mem-
brane (GBM) not only serves as a barrier to protein in vivo but
also requires the slit diaphragm (SD) to prevent albumin pas-
sage from the capillary lumen into urinary space (1) (Figure 2A).
In addition to SDs, the glycocalyx overlying the endothelial cells
restricts macromolecular passage and ensures that plasma albu-
min is largely excluded from the GFB (2). However, it is mutations
of SD proteins that are strongly linked to the occurrence of pro-
teinuria (3-5), on this basis SDs are assumed to be the weakest
point. The GBM after development is maintained by the podocyte
with dysfunction leading to GBM disruption. However, changes
in the underlying GBM can lead to podocyte dysfunction, which
comes first in disease is unclear.

This review will outline the current view on podocyte structure
focusing on the podocyte foot processes (FPs) with an overview
of associated FP actin signaling and connectivity. Additionally,
regulation and instigation of structural changes associated with
disease states will be outlined. Finally, alternative interpretations
of FP structure and FP changes will be advanced based on the
presence of a subpodocyte space (SPS) (Figure 1).

“NORMAL" PODOCYTE STRUCTURE
Podocyte ultrastructure has been investigated for over half a cen-
tury (6) with the GFB model being developed continuously (7).
The urinary space of the glomerulus has been described as free to
the movement of fluid and small solutes with the GFB being the
single fluid resistance between the blood and urinary spaces (8).
A large number of reviews and articles published in the
scientific literature cover the current description of normal

podocyte structure. Briefly, the cell body has many major processes
(MP) attached to it, primary, then secondary, and some tertiary
MPs branching from the cell body. FPs emerge at right angles
to the MPs and make contact with the underlying GBM (9)
(Figures 1 and 2A).

Foot processes from neighboring podocytes interdigitate with
each other forming a SD with its heavy investment of specific
proteins and structures (10). The importance of podocyte SD
structure is highlighted by exact homologs in insect nephrocyte
SDs employing similar conserved proteins for hemolymph filtra-
tion (11). The highly conserved structure and function between
insects and vertebrates illustrates that nephrocytes and podocytes
are from a very old cell lineage having evolved on filtration barriers
at least since the vertebrate/insect last common ancestor over half
a billion years ago (11).

PODOCYTE CYTOSKELETON
Aside from the longitudinally oriented actin bundles in the central
apical part of FPs, there are three membrane associated domains
(Figure 2A). A sub-plasmalemmal network of cortical branched
actin filaments connects the SD domains (SDD), the basal domain
(BD), and the apical domain (AD) to the actin bundle (12, 13).
At the end of FP adjoining major processes (MPs), actin bundles
connect to MP intermediate filaments and microtubules running
back to the central cell body (14—17) (Figures 2A,B). The complete
FP cytoskeleton is reported as having the components necessary
to oppose the forces of a high pressure distensible glomerular cap-
illary wall (18-20). The FP actin network should not be confused
with MP and cell body actin stress fibers observed in both in vitro
and in vivo podocytes (21).

Podocyte actin filaments organized into stress fibers are in con-
trast to the FP actin network attached to the cell membrane thru
focal adhesions (18). They regulate cell motility and any sustained
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FIGURE 1 | Diagram of a thick section through the cell body of a

podocyte showing foot processes (FPs). FPs arising from the two major
processes (MP) in the diagram are labeled with numbers. Other FPs (cross
hatched) interdigitating with the numbered FPs would have emerged from

the MP of a podocyte neighbor (for further discussion of this figure see the
text). EC, endothelial cell; F, fenestration; GBM, glomerular basement
membrane; MP,. major process; L, capillary lumen; US, urinary space; SPS,
subpodocyte space.

FIGURE 2 | (A) The glomerular filtration barrier (GFB) with the disposition of
membrane associated domains in foot processes (FPs). Diagram shows three
FPs with apical domain (AD), basal domain (BD), and slit diaphragm domains
(SDD) outlined. The apical actin bundles are shown, other actin networks
cortical actin (sub-plasmalemmal actin) surrounding the actin bundle are
attached to the various membrane domains. The cortical actin meshwork in

BD and SDD is thicker than AD. ECC, endothelial cell cytoplasm; F,
fenestration; G, glycocalyx. (B) Interdigitating foot process (FP) pattern in
health (left) and after effacement in disease (right). The dashed line in FP
marks the boundary of the actin bundles. MT — microtubules in the major
processes. Actin bundles and cortical actin either reduce to a diffuse band of
actin after effacement or disperse with effacement.

cell body contractions, the structure is similar to that of sarcom-
eres in myocytes with myosin filaments, a-actinin, and regulators
like tropomyosin (22). Tropomyosin is only found in the cell body
of podocytes the equivalent regulator in FP actin networks being
synaptopodin (23).

Small GTPase Rho associated protein kinase ROCK as well
as intracellular calcium levels are the main upstream regula-
tors of myosin activity. Rho and calcium pathways regulate actin
stress fiber dynamics of the cell body (24) as well as the cortical
actin and actin bundles of FP but with different regulators (see
above).

Microtubules and intermediate filaments are not part of FP
structure. Differentiated podocytes in vivo have a mesenchy-
mal intermediate filament pattern with the cell body and MPs
expressing vimentin and desmin (17, 25, 26) and intermediate
filament associated proteins plectin and p250 protein (27, 28).

ENDOCYTOSIS AND EXOCYTOSIS IN FOOT PROCESSES

While endothelial cells and podocytes produce the GBM in devel-
opment, the fully differentiated podocyte assembles and secretes
matrix components into the GBM via the BD. This maintains
the GBM meshwork of collagen IV, laminin, fibronectin, entactin,
agrin,and perlecan (29). Cargos from production sites closer to the
cell body (Golgi apparatus, rough ER) necessarily require trans-
port to FPs via MP microtubules (see below). Endocytotic trans-
membrane proteins exist along the BD membrane (e.g., megalin)
and motor proteins that bind membranes to actin such as myole
are recruited in clathrin endocytosis (30). Ultimately, these cargoes
will require transport to the cell body.

MAJOR PROCESS MICROTUBULAR TRANSPORT
The tubulin subunits form a stiff 24 nm-thick tubular structure
along the length of MPs and connect the cell body with FP actin
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networks. The minus-ends of microtubules can be located in
the cell body microtubule organizing center with the plus-end
(fast growing) at the cell periphery, resulting in a neuronal “plus-
end-distal” orientation (31). However, podocyte microtubules are
orientated both ways, allowing transport and elongation in either
direction along MPs (16, 32). Central to distal cargo transport was
shown with movements of virus (33) and also vesicular cargos
were moved from a Golgi apparatus under the control of rab8
(34), another small GTPase.

Evidence of distal to central movements has been seen with
Wilms tumor 1 interacting protein (WT1P) an actin associated
protein (AAP) in FP, which translocates from the SDD to the
nucleus via dynein-microtubule transporters (35) [Stress signaling
initiates loss of WTIP from SDD and suggests a mechanism that
transmits changes in podocyte morphology to the nucleus (35)].
The genes coding for Nephrin (SDD) and podocalyxin (AD) are
dramatically downregulated in mice with decreased levels of WT'1
gene expression (36).

The CHO1/MKLP1 (kinesin superfamily motor protein) is
responsible for elongation of minus-end-distal microtubules
in podocyte processes (16). Microtubular associated protein 4
(MAP4) could be another microtubule forming molecule in
podocytes (37) with phosphorylation slowing microtubule assem-
bly along the process.

FOOT PROCESS ACTIN CONNECTIVITY

An ever increasing number of actin regulators adapters and asso-
ciated proteins are being discovered around the cortical actin of
the FP membrane domains and around the apical actin bundle
(see Box 1). The distribution of FP proteins around the different
domains is crucial with different biochemistries setting different
signaling. Some of the major interactions with actin involved in
EP structural change are described below and in Figure 3 [for a
fuller description of the protein complexes see references (13, 38,
39)]. The type of actin interaction by the final signal molecule in
the pathway is also described in Figure 3.

SLIT DIAPHRAGM DOMAIN ACTIN COUPLING IN FPs

In the SD region cortical (sub-plasmalemmal), actin is connected
to the molecules of the SD complex in the membrane (SDD
Figure 2A). ZO-1 (47), catenins (48), CD2AP (49), and podocin

(50) and the like serve as adapter molecules between the slit
membrane molecules nephrin, Neph, and P-cadherin and actin
microfilaments. a-actinin 4 acts as a particularly busy signaling
node (Figure 3A), it is notably abundant in podocyte FPs and
colocalizes with all actin associated with the FPs (51). Arp2/3 also
represents a prominent signaling node. Other classical actin bind-
ing proteins function in different modes — such as the non-muscle
myosin Myole, which signals between synaptopodin and actin
and Myolc interacts directly with nephrin and Nephl ensuring
insertion in the SDD (38, 39).

APICAL DOMAIN ACTIN COUPLING IN FPs

In the AD (Figure 3C), Syndecans I and IV, podocalyxin GLEPP1,
and podoendin are major contributors to the surface negative
charge on the apical surface (52-54), which is said to repel proteins
and act as a spacer molecule preventing FPs from getting too close
(55). Compared to the SDD, less is known about actin signaling
in the AD. Podocalyxin is joined to the sub-plasmalemmal actin
system via NHERF2 and ezrin (56) podocalyxin complex disrup-
tion results in changes in FP structure (57). Podocalyxin null mice
fail to form FPs (58); even though these changes are in an apical
position away from the SDD and BD.

BASAL DOMAIN ACTIN COUPLING IN FPs

A thicker meshwork of actin is found in the BD facing the GBM and
also the lateral SDD actin network. In the BD of FPs (Figure 3B)
dystroglycan connects actin to agrin in the GBM independently of
a-actinin 4 but a large part of the signaling again centers around
a-actinin 4. Megalin, a transmembrane endocytotic receptor gly-
coprotein links to actin via a-actinin 4 and synaptopodin (59, 60)
and the integrin complex (5) acts through o actinin 4.

Signaling from the GBM to the integrins can regulate actin
dynamics in outside-in signaling (OIS; Figure 3B) but inside-out
signaling (IOS; Figure 3B) also occurs where actin signaling to
the integrin complex alters integrin adhesiveness. Inside-out IOS
signaling can also signal via arp2/3 and vinculin (Figure 3B) (61).

PROMINENT FP SIGNALING NODES

Common signaling components of the three domains are high-
lighted in black throughout Figure 3. These are seen as prominent
nodes and important in the different signaling pathways of the

Box 1| Podocyte actin associated proteins.

The cytoskeletal research impetus has been on the actin cytoskeleton since the only identified mutants in patients have all been based
around this part of the cytoskeleton and no mutations have been identified so far in microtubule or intermediate filament associated genes
(40). Any disruption of microtubule function with colchicine or vinblastine did not appear to alter FP dynamics in the short term (41) (although
the trafficking of cargoes between the cell body and the GBM should result in GBM disruption in the longer term). Any proteinuric kidney
disease that can not be traced to podocytic actin filament disruption is traceable to slit diaphragm change (42).

Podocyte actin research momentum has revealed a huge number of actin associated proteins. A list compiled by Faul showed that 94 actin
associated proteins (AAPs) have been discovered in cultured mammalian podocytes up to 2013. This can be narrowed down to a list of 26
that have mutations associated with human disease or genetic modification resulting in experimental proteinuria (43). How these AAPs
fully interact with the individual podocyte actin domains and networks especially in the FPs remains to be determined.

The list is ever growing: two further podocyte cytoskeletal proteins have been found upregulated in the FPs of puromycin aminonucleoside
nephropathy (PAN) rats and also human disease (44). Survivin (Bircb gene) colocalizes with synaptopodin and is an actin binder, survivin
knockdown with siRNA rearranges the actin cytoskeleton (45). Another potential is Arc/Arg3.1 (Activity regulated cytoskeleton associated
protein), which acts as a crucial mediator for actin polymerization in other cells. Its possible Arc is associated with podocyte endocytotic
control, weirdly, the gene was upregulated but not the protein in PAN rats (44, 46).
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FIGURE 3 | Foot process membrane and associated domains with
membrane proteins at the top then adapter and effector proteins leading
to actin. Each domain is connected to the underlying cortical actin network
and to the other domains. (N.B. Not all protein interactions are shown) all are
bidirectional biochemical interactions except effector molecule interactions
(arrows). Question marks show uncertainty. White text on black shows
common adapter/effector molecules across the three domains. Most actin
interactions will be with local cortical actin with some potential longer range
actin bundle interactions (AB) Figure adapted from Refs. (13, 38, 39) . (A) Slit
diaphragm domain (SDD). Vertical dashed lines at the top indicate connectivity
across the SD to another FP. Cat, catenin; aAct4-a, actinin4; Cad, cadherin;
Synapto, synaptopodin; BK'¢c, — BKc,, splice variant, which binds Nephrin;
Myo1c, myosin 1c; MyoTe, myosin 1e; NMIIA, non-muscle myosin Il A;

Actin action: Mena, organizes long actin into bundles inhibits capping.
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Cortactin, promotes branching. Arp 2/3, branching and actin nucleation. CapZ,
actin end capping. a Act.4, actin bundler and anchorer. Synaptopodin, actin
bundler. (B) Basal domain (BD). Vertical lines at the top indicate attachment to
GBM components. Dystrog, dystroglycan; Sarcog, sarcoglycan; a3 81 Int, a3
B1 integrin; aAct4, a actinin 4; Podopl, podoplanin (gp38); OIS, outside-in
signaling (integrins regulate actin dynamics); I0S, inside-out signaling (actin
regulates integrin adhesiveness); NMIIA, non-muscle myosin type [IA.

Actin action: Filamin, binds 2 actins at large angles (to make networks).
Utropin, binds along actin length. NMIIA, motor protein binding 2 actins.
MyoTe, motor protein binding membrane to actin. Nck1/2, actin
polymerization. (C) Apical Domain (AD). Dashed lines at the top indicate
proteoglycan part of the membrane proteins in urinary space. Syndec,
syndecan; aAct4, -a actinin 4; ©, negative charge on proteoglycans
(glycocalyx) Actin action: Ezrin, actin binder. Drebin, actin binder.

three domains. a-actinin 4, Arp2/3, integrin-linked kinase (ILK),
and synaptopodin are highlighted below.

Irrespective of membrane domain o-actinin 4 represents a
prominent signaling node in the three domains but with notice-
ably different connectivity to the cortical actin and actin bundles
of the FP. The network associations in Figure 3 show a-actinin 4
to be closely associated with the cortical actin network and also
active in the actin bundles of FP. Immuno-staining of a-actinin
4 shows location in only the actin bundles in rats (12), whereas

in human podocytes its confined to SDD or BD and not in an
apical actin bundle position (62). The close association with other
proteins in complexes could cloak the a-actinin 4 antigenic site as
it interacts directly with integrins in BD (Figure 3B) and forms
a complex with nephrin and ILK in SDD (63) (Figure 3A). This
highlights caution in interpretation of immuno-staining results.
Arp2/3 is in a separate signaling pathway to a-actinin 4 in
SDD but both interact with vinculin in BD (Figure 3B). Since
Arp2/3 interaction with actin is as an effector then only outside-in
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signaling (OIS) is possible. Its associations in the AD are still being
defined (Figure 3C).

Integrin-linked kinase (Figures 3A,B) seems to function as
an adaptor that biochemically and functionally connects the BD
and SDD complexes (13, 61). In the SDD, ILK physically inter-
acts with nephrin to form a ternary complex, and a-actinin-4 in
ILK/nephrin complex formation (63) in BD one of its functions is
in relaying signals from integrins to actin (61) (Figure 3B).

Synaptopodin can be described as a scaffolding protein con-
necting the signaling complexes of the SDD and the BD by virtue
of binding to a-actinin and the actin cytoskeleton (13). Small
GTPases like RhoA act as regulators of actin networks and synap-
topodin is involved in the promotion of RhoA-mediated actin
fibril formation at the SDD or BD next to the GBM. However, in
AD podocalyxin can activate RhoA (64).

PODOCYTE CHANGES IN DISEASE

Disruptions in podocyte biochemistry will alter podocyte struc-
ture in disease. The structural changes will be outlined in this next
section and examples given of the underlying signaling.

REDUCTION IN PODOCYTE NUMBER

A reduction in podocyte number per glomerulus is a feature of
FSGS (65, 66). Wharram showed a direct relationship between
reduction in the podocyte population and extent of glomeru-
losclerosis in rats (67), podocyte depletion marks an inability of
the glomerulus to replace podocytes. Detachment of podocytes
due to disruption of cell adhesion proteins in the BD (68) allows
recovery of them as viable cells from urine (69). Apoptosis regu-
lated through cell cycle regulatory proteins (cyclin) and/or caspase
routes can be an early feature in some disease as in type 2 diabetic
kidney disease (70).

Podocyte loss is prevalent in type 2 diabetes (with microal-
buminuria) the lower density of podocytes per glomerulus was
the strongest predictor of renal disease progression (71). Again,
podocyte loss in type 2 diabetic nephropathy scaled with the pro-
gression of the disease (72). However, in type 1 diabetic kidney
disease the frequency of all glomerular cells varied with age in one
study but was not reduced in the diabetic compared to control.
The glomerulus appeared to regulate its architecture to maintain a
constant podocyte density (73, 74). Although the second study did
show a correlation between podocyte loss and proteinuria it was
uncertain whether it was cause or effect of the nephropathy (74).

PODOCYTE DIVISION

How do neighboring podocytes fill in the gaps where podocytes
are lost? Podocytes show no evidence of division in vive (75), so
how mature podocytes regenerate is unclear. Replacements from
bone marrow have been demonstrated in mice (76, 77) other pos-
sibilities include the parietal cells of the Bowman’s capsule, which
can migrate from the urinary pole to the vascular stalk and there
differentiate into new podocytes (78-80). Using serial multipho-
ton imaging of podocin-confetti mice in a renal fibrosis model the
appearance of a new podocyte was noted within 24 h (81). Thus,
some proportion of the podocyte population or its precursors has
a highly dynamic, motile, and migratory phenotype, which must
involve actin stress fibers.

PODOCYTE HYPERTROPHY

Cell expansion is one possibility for filling the podocyte gaps in
disease, aging rat podocytes have been shown to increase in size
up to twofold. This starts as a non-stressed hypertrophy and pro-
gresses to a severe hypertrophy with a reduction in (functional)
SD proteins, fattening of FPs and increased proteinuria. Loss of
SDs mark a reduction in filtration capacity; however, the resul-
tant GFB still has a podocyte cover. The final stage involves more
podocyte loss and glomerulosclerosis (82). Podocyte hypertrophy
occurs with glomerular capillary hypertension ultimately leading
to progressive glomerulosclerosis (83).

The controllers and regulators of hypertrophy are not com-
pletely resolved. A neuronal protein ubiquitin C-terminal hydro-
lase L1 (UCH-L1) appears to induce podocyte hypertrophy in
Membranous Glomerular Nephritis (MGN) by increasing the total
protein content by promoting cytoplasmic accumulation of pro-
teins such as Cdk inhibitors (p27KiP1) (84). Modification of both
UCH-L1 activity and levels could reduce podocyte hypertrophy
therapeutically in MGN.

The cyclin-dependent kinase inhibitor p27XiP! is a major reg-
ulator of the podocyte hypertrophic response to hyperglycemia
in vitro (85) and in vivo in a mouse type 2 diabetes model (86) and
levels of p27Kipl radically increase in experimental nephritis (87).
However, different Cdk inhibitors appear important in podocytes
in vitro, (88) compared to in vivo.

Another regulator of hypertrophy is GLUT4 (an insulin
downstream effector), deficiency in podocytes results in fewer
hypertrophic cells. GLUT4 also protects mice from the devel-
opment of diabetic nephropathy (no proteinuria). There is a
possibility that podocyte hypertrophy concomitant with podocyte
loss may be associated with a protective mechanism avoiding
proteinuria.

Genetic deletion of mTOR complex 1 (mTORC1) in mouse
podocytes induced proteinuria and progressive glomerulosclero-
sis. However, increased mTOR activity accompanied human dia-
betic nephropathy, characterized by early glomerular hypertrophy
and hyperfiltration. These results demonstrate the requirement
for tightly balanced mTOR activity in podocyte homeostasis and
suggest that mTOR inhibition can protect podocytes and prevent
progressive diabetic nephropathy (89).

FP EFFACEMENT

The next response of FPs to disease or abnormal conditions is to
retract toward the MP, any remaining FPs spread out and the nor-
mal interdigitating nature of the FPs gets simplified and smoothed
into an undulation (Figure 2B). In a review on FP effacement, Kriz
et al. pointed out that the process may be an adaptive and protec-
tive response in order to escape cell detachment or to cover bare
areas where cells have been removed (90). This is in contrast to the
old idea of damage and injury.

Effacement can be rapidly induced after only a few minutes
of protamine sulfate, which reduces podocyte surface charge (41)
with no observable change in SDs which apparently remain intact.
a-actinin4 was found in effaced FP basal actin networks consis-
tent with FP effacement being an adaptive change in cell shape,
reinforcing the supportive role of podocytes (91).
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ACTIN NETWORK FAILURE

Foot process effacement occurs with the disruption or dispersion
of its actin networks. Rat glomerulopathy effacement occurs with
buildup of a meshwork of intercrossing actin fibers on the FP
BD adjacent to the GBM (91, 92). In contrast, the effacement of
complement-mediated injury (93) or PAN (94) dissociated the
basal actin cytoskeleton from matrix-attached integrins produc-
ing a transient dispersion of actin microfilament structure. How
these structural changes relate or integrate with all the FP actin
domains is unknown (12).

It seems there is a fine biochemical balancing act over activa-
tion or dispersion of actin basal networks, both resulting in FP
effacement. PAN FP effacement was preceded by raised a-actinin
4 expression (91, 95) and transgenic overexpression of a-actinin
4 in mice yields an FSGS phenotype (96). However, mutations of
ACTN4, reducing the levels of normal a-actinin 4, causes a late-
onset FSGS (97) and the mutant crosslinkage with actin causes
loss of nephrin from the SD. In signaling a-actinin-4 is heavily
linked to both SDD (Nephrin, JAM4, p Cadherin; Figure 3A) and
also the BD (via MAGI1 — megalin, a3 B1 integrin; Figure 3B) and
possibly AD (Figure 3C).

The SDD, AD, and BDs of the FPs are physically linked to
the FP cortical actin and central actin bundles, actin is the struc-
tural denominator in podocyte function and dysfunction (5, 98).
Its clear that any interference with the three FP domains (BD,
AD, SDD) and associated cortical actin then affects the FP actin
bundles. These rearrange into either a dense network of short
branching actin filaments (similar to cortical actin meshwork) or
adispersed network, both arrangements resulting in FP effacement
and proteinuria.

SD LOSS PROMOTING DISEASE

Reduction in cellular levels, mutation or dislocation of SD pro-
teins leads to SD loss or disruption and FP effacement. SD protein
mutations or closely associated FP protein mutations signpost
FSGS. Nephrin, Podocin, CD2AP, PLCel, and MYOIE (non-
muscle myosin) are autosomal recessive; a-actinin-4, TRPC6, and
INF2 (Inverted Formin 2) are autosomal dominant (99). The
dislocation or loss of only one SD component is necessary and
effacement can occur, in Passive Heymann Nephritis for instance,
it is Nephrin alone that appears to dissociate from SDs (100).

SMALL GTPase REGULATORS OF PODOCYTE ACTIN

The small GTPase group of proteins appears throughout in reg-
ulatory roles involving actin and podocyte shape change. Signals
from the SD to actin and the microtubular system are critical in
maintaining normal position, shape and functioning for the FPs.
Critical regulators are RhoA, Racl, and Cdc42. A GTPase activat-
ing protein binds CD2AP, which is present in the Nephrin complex
(101), also nephrin can activate Rac 1 through a phosphoinosi-
tide pathway involving another nephrin binder Fyn (102) (not
represented in Figure 3A).

Synaptopodin RhoA interaction seems to be critical for Actin
fibre regulation (103). SD domain TRPC6 mediated calcium influx
activates RhoA and inhibits podocyte motility. Either an increase
or decrease in motility due to RhoA changes lead to FP effacement,
too much or too little disrupts the barrier (104).

RhoA and Racl also appear in a similar balanced mechanis-
tic model of podocyte disruption involving a circulating factor
and podocyte protein expression. FSGS and DKD (diabetic kidney
disease) have elevated levels of circulating soluble urokinase plas-
minogen activator receptor (suPAR) but the podocyte expression
of acid sphingomyelinase-like phosphodiesterase 3b (SMPDL3b)
is elevated only in DKD (105).

In FSGS, high SuPAR levels lead to Rac 1 activation and
a migratory phenotype. In DKD, high suPAR levels competi-
tively bind with high SMPDL3Db, allowing RhoA activation and
increased apoptosis (Table 1). Healthy podocytes with an absence
of proteinuria mark a balance between the two.

PROBLEMS WITH THE CURRENT STRUCTURAL MODEL

The pathways of actin signaling highlighted here show that the
different domains are complex highly modified evolved structures
that have radically different signaling pathways in closely adja-
cent domains. From above it seems that disruption of often only
a single element of the actin linked pathways in FP in any of the
membrane associated domains leads to effacement. A more recent
interpretation of podocyte structure raises the question of how
basic FP signaling pathways are arranged in FP structure.

The view above simply assumes one type of FP and attached
SD; however, a discovery 60 years ago, which was revisited in
the 1980s and in 2000s challenges this view. The presence of a
subpodocyte space (SPS) was highlighted early on in EM investi-
gations of podocytes. Gautier et al. in 1951 (106) first highlighted
the presence of “lacunaire peri capillaire” (pericapillary lacunae)
under podocyte cell bodies. Elias studied the SPS in the 1980s
(107) but again this was ignored in favor of a simple urinary space
concept.

More recently, the SPS was entirely reconstructed from elec-
tron micrographs and showed that these little urinary spaces were
restrictive to fluid outflow (108-110) (Figure 1). Evidence has
since emerged from two labs, which found SPS in vivo to be a
restrictive space, which trapped 10 kDa macromolecules (111, 112)
but was not restrictive to smaller 450 Da molecules (111). Math-
ematical modeling of the SPS predicted that the fluid resistance
of SPS plus GFB was 2.5 times the “ordinary” uncovered GFB and
exquisitely sensitive to changes in the width of the exit regions

Table 1 | The consequences of circulating levels (+, +++) of suPAR
and podocyte expression levels (+, +++) of SMPDL3b on the
activation (i 1t) or inactivation ({|}) of integrins (oVf3).

FSGS Healthy DKD
SMPDL3b+ SMPDL3b+ SMPDL3b+++
SUPAR+++ suPAR+ SUPAR+++
aVBs Vs & Vs U

RhoA || Racl 1 RhoA & Racl & RhoA 1} Rac1l
Migration - Apoptosis
Proteinuria - Proteinuria

High levels of SMPDL3b and suPAR competitively bind and inactivate a\B; Sub-
sequently a different small GTPase. is activated leading to either a migratory or
apoptotic phenotype. [Tabulated from Yoo et al. (105)].
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leading from the SPS (arrow in Figure 1) (109). This is a problem
for structure-based models predicting fluid permeability without
accounting for an SPS contribution to the barrier (113).

In essence, an SPS is formed by the cell body and some sup-
porting MPs of the podocyte covering up and roofing over more
than 50% of the urinary side of the GFB (108-110). The covered
GFB comprises underlapping MPs and attached FPs sitting on
GBM with the usual fenestrated endothelium on the luminal side
(Figure 1).

FP REDEFINITION

At first glance the GFB underlying the SPS seems to be identical to
the GFB in non-SPS areas with SDs and domains formed between
FPs of neighboring podocytes. However, not all FPs in SPS arise
from MPs because some FPs emerge directly from the cell body
(Figure 1. foot processes 4, 6 and 8). These processes still run par-
allel with other FPs and TEM image reconstruction shows them
to be extended columns supporting the cell body (109).

These major FPs were originally referred to as anchoring
processes (108, 109), here we call them anchoring foot processes
(AFP) for clarity (Figure 4). The original name was applied
when these processes were found to widen under transiently
increased perfusion pressure (approximately 30s), as if they were
an adjustable anchor for the podocyte cell body on the GBM
(108, 109). The smaller ordinary FPs (OFPs), which have all the
cytoskeletal machinery for shape change did not widen, so AFPs
appeared to be more sensitive to pressure than OFPs.

Looking at AFPs in more detail (Figure 4), there is an SD
domain, a BD but an AD stretching up to the underside of the
podocyte cell body (an SPS “ceiling” domain). If the OFPs and
AFPs are considered separately, some initial questions arise:

CONTRACTILE/CYTOSKELETAL STRUCTURES

1. Do AFPs have OFP type actin bundles, cortical actin, and
membrane associated domains?

2. Do AFPs have cell centric actin stress fibers?

3. Since AFPs are a form of MP do they have microtubules?

4. Do AFPs have a combination of 1, 2, and 3.

SIGNALING NETWORKS

1. What signaling networks and pathways are specific to AFPs
compared to OFPs? Broadly, do the signaling pathways of “FPs”
in Figure 3 occur in AFP?

2. With an increase in perfusion pressure how could the fil-
trate flow (through the SD) or mechanical stretch (of the
podocyte membrane) be transduced allowing the AFP widen-
ing response? (see below)

A POSSIBLE AFP STRETCH/FLOW TRANSDUCTION MECHANISM

Some of the mechanical stretch due to increased perfusion pres-
sure will get exerted at the SD with the components being put
under increased wall stress (hoop or paraxial stress due to the
shape of the underlying capillary). Similarly, any increased filtrate
flow due to increased perfusion pressure will have to pass through
the SDs but exerting an increased radial stress on extracellular SD
components pulling and stretching the SDD membranes. Thus,
either increased wall stress or filtrate flow will both induce stretch
deformations at the SD membranes.

Podocyte Cell Body

FIGURE 4 | The subpodocyte space (SPS) GFB showing the disposition
of membrane domains in foot processes as in Figure 2. Ordinary foot
processes (OFP) have signaling networks that are well defined. The less
frequent anchoring foot processes (AFP) could have some of the features of
(OFP) but must have some differences based upon their altered response
to increased perfusion pressure. Arrowheads mark the possible
asymmetric slit diaphragm between OFP and AFP. Question marks show
the possibility of differences in all three membrane associated domains.

While in vitro studies show that the identity of the podocyte
mechanosensor remains unclear (114) one possible transduction
pathway could involve stretch sensitive BKc, channels (115), which
are bound to the SD protein complexes (both Nephrin and TRPC6.
Figure 3A). Large conductance calcium activated potassium chan-
nels or BK¢, channels could provide a mechanism with TRPC6
to fine-tune Ca’" influx during normal glomerular function. The
Slo1 subunits of BK¢, bind to TRPC6 channels (116) (Figure 3A),
which are expressed in the SD domain, cell body, and through-
out the MP (117). The interactions between BKc, channels and
actin filaments are complex and are likely to have multiple effects
on the overall activity of BKc, channels (118). However, acute
depolymerization of podocyte actin with cytochalasin-D did not
affect BKc, channels (119), suggesting that any stretch activated
response in AFP is not mediated by actin. While actin is thought of
as being the mediator of protrusion and contraction, microtubules
can also fulfill this function (118, 120).

How could differential responses to the same stretch stimulus
arise in adjacent AFP and OFP, which share the same SD? This
variability could be due to BKc, alone since the KCNMAI gene
that codes for the 4 Slo1 subunits of BK¢, has 35 exons, which can
be alternatively spliced at 7 different sites. Thus, BKc, can have
a multiplicity of variants sensitive to various pressure ranges but
crucially, lots of different BK¢, splice variants (and heteromers)
can exist in a single cell (121-123). Its not unreasonable to hypoth-
esize high stretch sensitivity splice variants/heteromers in AFP and
low stretch sensitivity splice variants in OFP of the same cell and
also on the other side of an SDD in an adjacent OFP. This could
give the necessary asymmetric response in neighboring FPs. Highly
stretch sensitive BK¢, splice variants/heteromers should accord-
ingly be located along AFP borders (SPS) and absent from OFP
ones if this hypothesis works.

Crucially, in the rapid movement of AFP in response to pres-
sure changes integrins can also alter their adhesive characteristics
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in response to cellular events via “inside-out” signaling (61) (I0S in
Figure 3B), allowing them to take up the extra space on the GBM.

The alternative to a local stretch sensor is whole podocyte
stretch sensing, with either BK¢, or another mechanosensor. Here,
the differential AFP/OFP mechanisms would rely on different AFP
and OFP effector signaling pathways.

EFFACEMENT, ANCHOR WIDENING AND SPS LOSS

Widening of AFPs and the reduction of SPS under an elevated
stimulus or a modified response could be a mechanism resulting
in the production of effacement. This type of effacement appears
to occur in many published electron micrographs [e.g., Figure 11
in (124)] and begs the question how much podocyte FP efface-
ment is AFP widening in addition to OFP changes. Since SPS is a
partially enclosed region, which accumulates/concentrates 10 kDa
Dextran molecules but not molecules below 450 Da (111, 112) loss
of this space points to a dysfunction in macromolecular transport
by podocytes. Thus, effacement and proteinuria could fit, at least
partly, with AFP widening and SPS loss in disease.

AFP MICROTUBULE TRANSPORT

Since AFPs are MPs (arising direct from cell bodies) its possi-
ble they have microtubules, podocyte MTs are oriented to convey
cargoes both ways to and from the cell body along the MPs (16,
32). AFP associated microtubules might be organized for delivery
to the periphery (i.e., GBM structural proteins from perinuclear
Golgi apparatus) or delivery to the cell body (i.e., cargoes endocy-
tosed from the GBM matrix) or both. The MPs that stretch away
from the podocyte peri-nuclear region carrying many OFPs may
transport in a different fashion to AFPs in SPS. The subtle distinc-
tions between cytoplasmic transport domains in OFPs and AFPs
might not be easy to determine.

CONCLUSION

Clearly, any structural differences, defining characteristics and
functional interactions surrounding AFPs and OFPs and any
effects on SPS will need to be defined under normal in vivo
podocyte conditions before sensible re-assessments of effacement
or podocyte structural change can be made in disease.
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INTRODUCTION

Podocytes are specialized epithelial cells that cover the outer surfaces of glomerular cap-
illaries. Unique cell junctions, known as slit diaphragms, which feature nephrin and Neph
family proteins in addition to components of adherens, tight, and gap junctions, connect
adjacent podocyte foot processes. Single gene disorders affecting the slit diaphragm result
in nephrotic syndrome in humans, characterized by massive loss of protein across the cap-
illary wall. In addition to specialized cell junctions, interconnecting podocytes also adhere
to the glomerular basement membrane (GBM) of the capillary wall. The GBM is a dense
network of secreted, extracellular matrix (ECM) components and contains tissue-restricted
isoforms of collagen IV and laminin in addition to other structural proteins and ECM regu-
lators such as proteases and growth factors. The specialized niche of the GBM provides a
scaffold for endothelial cells and podocytes to support their unique functions and human
genetic mutations in GBM components lead to renal failure, thus highlighting the impor-
tance of cell-matrix interactions in the glomerulus. Cells adhere to ECM via adhesion
receptors, including integrins, syndecans, and dystroglycan and in particular the integrin
heterodimer a3p1 is required to maintain barrier integrity. Therefore, the sophisticated func-
tion of glomerular filtration relies on podocyte adhesion both at cell junctions and at the
interface with the ECM. In health, the podocyte coordinates signals from cell junctions
and cell-matrix interactions, in response to environmental cues in order to regulate filtra-
tion and as our understanding of mechanisms that control cell adhesion in the glomerulus
develops, then insight into the effects of disease will improve. The ultimate goal will be
to develop targeted therapies to prevent or repair defects in the filtration barrier and to
restore glomerular function.

Keywords: podocyte, adhesion and signaling molecules, cell junction, extracellular matrix, nephrotic syndrome

by electron microscopy (Figure 2). Causes of barrier disruption

The glomerulus is a highly sophisticated organelle that performs
selective filtration of circulating blood. With a diameter of between
110 and 280 pm in humans (1), the glomerulus is a spherical bun-
dle of capillaries contained by a cellular Bowman’s capsule. The
capillaries are lined by fenestrated endothelial cells and covered by
specialized epithelial cells known as podocytes (Figure 1). Between
the cell layers, there is a thick glomerular basement membrane
(GBM) providing a structural scaffold to support the capillary
wall. Endothelial cells and their associated glycocalyx (2), the
GBM, and podocytes together form the glomerular filtration bar-
rier, which allows free permeability to water and small solutes but
prevents the loss of macromolecules or cells from the blood into
the primary filtrate. Each human kidney contains approximately
1 million glomeruli, and they perform this selective filtration to
generate a remarkable 1801 of filtrate per day (3).

Glomerular disease is characterized by reduced barrier integrity
with consequent loss into the urine of protein (proteinuria) and
or blood cells (hematuria). Barrier dysfunction is characterized by
flattening or effacement of podocyte foot processes, as visualized

range from congenital disorders associated with genetic mutations
to acquired disease linked to a range of inflammatory or metabolic
disturbances, which may specifically target the glomerulus or be
part of a wider systemic illness, such as diabetes mellitus. Per-
sistent glomerular dysfunction with proteinuria leads to chronic
and ultimately end-stage kidney disease with a rapidly accelerating
impact on worldwide healthcare costs. Dialysis and transplanta-
tion therapies are not globally accessible and the risk of recurrent
glomerular disease following transplantation can be as high as 30%
(4). There are currently limited therapies to slow the progression
of glomerular disease and, therefore, a significant need to build
our understanding about both normal glomerular function and
the dysfunction associated with pathology.

The integrity of the glomerular filtration barrier depends on
both cell-cell adhesion and cell-matrix adhesion, which have been
predominantly investigated in podocytes, although undoubtedly
critical for the glomerular endothelium. Cell—cell and cell-matrix
adhesion receptors connect adjacent cells or matrix ligands to
the cellular cytoskeleton, and they are vital conduits for the

Frontiers in Endocrinology | Diabete

October 2014 | Volume 5 | Article 160 | 18


http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/about
http://www.frontiersin.org/Journal/10.3389/fendo.2014.00160/abstract
http://www.frontiersin.org/Journal/10.3389/fendo.2014.00160/abstract
http://www.frontiersin.org/people/u/129042
mailto: rachel.lennon@manchester.ac.uk
mailto: rachel.lennon@manchester.ac.uk
http://www.frontiersin.org/Diabetes/archive
http://www.frontiersin.org/Diabetes

Lennon et al.

Cell adhesion in the glomerulus

Bowman'’s space

Podocyte

FIGURE 1 | A schematic representation of the glomerulus in
cross-section. The glomerular capillaries are lined on the inside with
fenestrated endothelial cells, which are attached to the glomerular
basement membrane (GBM). Podocytes cover the outer aspect of GBM

Podocyte foot processes

Mesangial ECM

with large cell bodies and interdigitating foot processes. Mesangial cells
and their associated extracellular matrix (ECM) connect adjacent
capillaries, and the capillary bundle is contained within Bowman's
capsule.

transmission of signals in and out of cells. These receptors are
highly conserved in evolution and are a fundamental require-
ment for tissue development. The glomerular filtration barrier
is a highly complex structure, and we require deep understand-
ing to appreciate how the barrier is formed during development,
regulated in health, and disrupted in disease. This review focuses
on the importance of podocyte adhesion for a healthy glomeru-
lus. Cell-matrix adhesion is introduced initially with a review of
the glomerular extracellular matrix (ECM) and our understand-
ing about cell adhesion to ECM ligands. Cell—cell adhesion follows
with a review of the unique podocyte slit diaphragm. Finally, we
discuss the prospects for therapy to target defects in adhesion for
patients with glomerular disease.

THE GLOMERULAR EXTRACELLULAR MATRIX

Extracellular matrix is essential for multicellular life providing
a structural scaffold with appropriate mechanical properties to
support adjacent cells (5). It comprises a complex network of
glycosaminoglycans and fibrous proteins, which are synthesized
and secreted by cells. Podocytes and glomerular endothelial cells
adhere to ECM networks via cell surface receptors. This cell-ECM
interface forms a signaling platform that controls all aspects of cell
fate decisions, including shape, growth, differentiation, and sur-
vival (5, 6). In addition to this signaling platform, the ECM mod-
ulates cell—cell signaling by sequestering secreted growth factors
and cytokines, forming reservoirs for controlled release (5).

Basement membranes are condensed sheets of ECM with a
supramolecular assembly built around two major networks of
laminin and collagen IV. In the glomerulus, ECM is organized as
the GBM of the capillary walls and basement membrane of Bow-
man’s capsule, in addition to the loose mesangial ECM between
capillary loops (Figure 1). The mature GBM is thicker than most
basement membranes (300-350 nm in humans), and it represents
a fusion of two membranes, one derived from podocytes and
the second from endothelial cells during glomerular development
(7). The study of human glomerular disease led to the discovery
of tissue-restricted isoforms of laminin and collagen IV in the
mature GBM, and these are key components of this specialized
extracellular niche (8, 9).

Laminins are self-assembling heterotrimeric glycoproteins (10,
11) and an absolute requirement for basement membrane forma-
tion (12, 13). All laminin heterotrimers contain o, 8, and y chains.
The trimeric protein has a cruciform shape with one long arm and
three short arms and the short arms contain the amino terminal
(LN) domains of the laminin heterotrimer. These short arms also
form the nodes within the laminin network, exclusively via inter-
actions between the chain specific LN domains (14—-16). The long
arms contain the globular (LG) domains with cell surface receptor
binding sites (17-21).

The developing GBM contains laminin a581y1 (laminin-511),
but the mature GBM comprises predominately laminin-521. A
complete laminin-521 network is the key for a functional GBM
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FIGURE 2 | A schematic representation of the glomerular filtration
barrier. (Top panel) transmission electron micrograph and schematic of the
normal architecture of the multi-layered glomerular filtration barrier. (Bottom
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panel) transmission electron micrograph and schematic of glomerular filtration
barrier defects, including loss of slit diaphragms and podocyte foot process
effacement, in addition to thickening of the glomerular basement membrane.

as mutations in LAMB2, the gene encoding the laminin 2 chain,
cause Pierson syndrome in human beings. Affected individuals
have a spectrum of pathology dependent on the type of muta-
tion with truncating mutations causing congenital nephrotic syn-
drome, microcoria, muscular hypotonia, and neurodevelopmental
deficit (22, 23). Lamb2 mutations in mice are also associated
with glomerular dysfunction. Mice with null mutations die after
3 weeks of age with severe proteinuria and neuromuscular defects
(24). These animals have accumulation of ectopic laminin chains
in the GBM, including a1, a2, a3, B1, f3, and y2; however, these
chains do not compensate for the loss of the 2 chain, possibly due
to low expression or the absence of a complete laminin network
(25). The theory that insufficient expression of laminin chains
accounts for the observed lack of compensation is supported by
the finding that podocyte overexpression of LambI in Lamb2 null
mice ameliorates proteinuria (26).

Unlike the laminin network, the collagen IV network is dispens-
able for basement membrane formation; however, it appears to be
important for strength and stability (27). Collagen IV forms het-
erotrimers comprising three alpha chain combinations (alala2,
a3adas, or a5a506). Each alpha chain contains three distinct
domains; an amino terminal 7S domain rich in cysteines and
lysines, which is essential for inter-chain crosslinking through
disulfide bonds and lysine/hydroxylysine crosslinks; a long col-
lagenous repeat domain, around 1400 amino acids in length; and
a carboxy terminal non-collagenous domain (NC1) (28). A novel
chemical bond, not previously identified in biomolecules, the sul-
filimine bond (-S=N-), was recently discovered in collagen IV.

This bond crosslinks lysine/hydroxylysine-211 and methionine-93
of adjoining protomers in the NC1 domains of both collagen IV
alala2 and a3adas, which may provide additional resistance of
the network to mechanical strain (29). Furthermore, peroxidasin,
an enzyme found in basement membranes, catalyzes the formation
of the sulfilime bond (30), and in ground breaking recent work,
ionic bromide was shown to be a cofactor required for peroxidasin-
catalyzed formation of the sulfilimine crosslinks in collagen IV
networks (31), thus describing the first known essential function
for bromine in animals.

From the capillary loop stage of glomerular development, the
GBM comprises predominantly a3a4a5 networks of collagen IV,
and as with laminin, the developmental collagen IV transition
is critical for GBM maturation. Mutations leading to a reduc-
tion or absence of the a3a4a5 networks cause human Alport
syndrome characterized by a renal phenotype of hematuria, pro-
teinuria, and progressive renal failure (28, 32). The GBM in Alport
syndrome has increased collagen IV alala2, which is unable to
compensate for the lack of the a304a5 network. As a consequence,
the GBM develops splits and a typical basket-weave appearance,
leading to speculation that mechanical strain cannot be tolerated
perhaps due to fewer disulfide bonds in the alala2 network rel-
ative to a3a4a5 and consequently a weaker GBM. This concept
is further supported by the observation that reducing mechani-
cal strain in the glomerulus with angiotensin-converting enzyme
(ACE) inhibitors, which lower blood pressure as well as transcap-
illary filtration pressure, significantly delays disease progression in
Alport syndrome (33-35).
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The laminin and collagen IV networks are indirectly linked
via nidogens (36) and the heparan sulfate proteoglycans, per-
lecan (37, 38), and agrin (39). Podocyte-specific deletion of agrin
from the GBM resulted in a significant reduction in the negative
charge associated with the barrier, however, alone or combined
with knockout of perlecan, agrin deletion was not associated with
proteinuria, therefore questioning the role of charge selection in
glomerular filtration (40). Nidogen 1 and 2 are dumbbell-shaped
proteins and bind to both laminin and collagen IV. Mice with
knockout of either nidogen 1 or 2 are viable and have normal
basement membranes. Deletion of both isoforms, however, causes
perinatal lethality (41). This is consistent with a degree of redun-
dancy in their ability to bind collagen IV and laminin. Surprisingly,
the GBM has a normal appearance even in the double (Nid-1,
Nid-2) knockout. This suggests that nidogen is dispensable for the
formation of the GBM, but again it may be required for the GBM
to resist mechanical strain. Taken together, it is likely that agrin,
perlecan, and nidogens are important for overall basement mem-
brane strength by contributing to the crosslinking of the collagen
and laminin networks to each other and to the cell surface.

While these and other investigations detail the composition
of the glomerular ECM, it has been more challenging to eluci-
date the relative position of ECM proteins in the GBM. However,
a systematic analysis of the spatial arrangement of ECM com-
ponents within basement membranes, with respect to each other
and to their cell-adhesion receptors, was recently performed using
super resolution microscopy (42). This investigation found two
separate laminin networks, one produced by podocytes the other
produced by endothelial cells. The collagen IV a3a4a5 network
was distributed along the center of the GBM alongside nido-
gen, consistent with its putative crosslinking function. The human
GBM is approximately twofold thicker than the mouse GBM, and
interestingly, this study found increased thickness of the human
collagen IV a3a4a5 network, and potentially, an additional layer of
laminin-521 closer to the center of the GBM (42).

Thus, candidate-based investigations of the glomerular ECM
have significantly advanced our understanding about key compo-
nents. However, more recently unbiased, global approaches have
shown that the glomerular ECM is a highly complex extracellu-
lar niche. In our own proteomic analysis of human glomerular
ECM, we identified 144 structural and regulatory ECM proteins
and found that more than 50% were expressed in the GBM
(43). Together with the analysis of cell-derived ECM produced
by glomerular cells in culture, we found a common core of highly
connected and clustered ECM proteins, which may be important
for ECM assembly (44). Overall, the glomerular ECM is a com-
plex scaffold of interacting proteins, which are likely to be highly
dynamic and are unique in order to support the complex function
of the glomerular filtration barrier.

PODOCYTE ADHESION TO THE GBM

In order to adhere to the GBM, podocytes and endothelial cells
utilize transmembrane adhesion receptors and the cell-matrix
adhesion of podocytes was recently reviewed elsewhere (45). Adhe-
sion receptors contain extracellular domains, which can bind to
specific ECM proteins and intracellular domains that recruit effec-
tor proteins and link adhesion receptors to the cell cytoskeleton

(Figure 3). A major family of proteins responsible for cell-ECM
adhesion is the integrins.

Integrins are of-heterodimers that propagate signals from
within the cell to the immediate extracellular environment in
addition to outside—in signaling. All integrins link to the actin
cytoskeleton, with the exception of a6p4, which links to inter-
mediate filaments (6). Conformational changes in these receptors
are central to the regulation of integrin receptor activity. Inte-
grins adopt either a low affinity bent conformation, a primed
or active high affinity extended conformation, or a ligand occu-
pied state (46). Integrins form 24 different aff combinations (6),
which have differing affinities for ECM ligands and also have dif-
ferential recruitment of proteins to their cytoplasmic domains
(47). Laminin-binding integrins include a1p1, a2f1, a3p1, a6p1,
a10B1, and a7B1, and the collagen binding integrins are alfl,
a2B1, al0B1, al1B1, and aXP2 (48).

Upon integrin engagement of the ECM, there is integrin clus-
tering and activation. Integrins lack intrinsic enzymatic activity;
therefore, in order to propagate signals into the cell, active integrins
must recruit a number of adaptor and effector proteins into sites
known as focal adhesions. At least 232 protein components are
recruited to adhesion complexes in a cell type and context depen-
dent manner, demonstrating the potential for adhesion signaling
to bring about different cellular outcomes (49). In addition, global
analyses of adhesion complexes using mass spectrometry suggest
an even larger number of proteins may be recruited to focal adhe-
sions (50-52). Examples of the groups of proteins recruited to sites
of active integrins are adaptors, actin remodeling proteins, sig-
naling proteins, GTPase regulators including guanine-nucleotide
exchange factors (GEFs) and GTPase activating proteins (GAPs)
in addition to numerous serine, threonine and tyrosine kinases,
and phosphatases. This signaling nexus controls all aspects of
cell fate and so does not just act as a mere anchoring point for
cell attachment but also a signaling hub to alter cell behavior.
Furthermore, integrin association and cross talk with other trans-
membrane receptors such as syndecans increases the potential for
regulation of integrin-mediated adhesion (53, 54).

The a3p1 heterodimer is the most highly expressed integrin on
the podocyte cell surface, and is thought to be the most important
link between the podocyte and the GBM (55-57). Homozygous
mutations in ITGA3, the gene encoding integrin a3, in humans
leads to congenital nephrotic syndrome, interstitial lung disease
and epidermolysis bullosa (58) with defects in the GBM. In addi-
tion, a mutation in ITGA3 causing a gain of glycosylation and
preventing a3f1 dimer formation causes fatal interstitial lung dis-
ease and congenital nephrotic syndrome (59). This phenotype is
recapitulated in mice lacking the integrin a3 subunit, which die
within the first day of life due to developmental defects in the kid-
neys and lungs, including loss of specialized podocyte morphology
and thickened irregular GBMs (60). Moreover, podocyte-specific
deletion of Ifga3 in the mouse also resulted in a disorganized GBM
with thickening and protrusions and an inability of podocytes
to form mature foot processes (61). Human mutations affecting
integrin-p1 have not been described, to date, and this may be
due to embryonic lethality since integrin-f1 forms at least 12 het-
erodimers. However, the role of this integrin has been studied with
podocyte-specific deletion of Itgbl in the mouse. This resulted
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in a severe phenotype of proteinuria from birth and renal fail-
ure by 3 weeks featuring both glomerular and tubular pathologies
(62,63).

The tetraspannin CD151 binds tightly to integrin a3p1 (64)
and humans with mutations in CDI151 develop hematuria and
proteinuria progressing to end-stage kidney disease in addition
to pretibial epidermolysis bullosa, sensorineural deafness, and f3-
thalassemia minor (65). In mice, deletion of Cd151, both globally
and specifically in podocytes, caused early proteinuria with abnor-
malities of the GBM loss of podocyte foot processes, glomeru-
losclerosis, loss of podocytes, and renal failure. This phenotype,
however, is dependent on the genetic background of the mice,
with Cdi51-knockout mice on the FVB background displaying
the pathological phenotype (61, 66, 67). It is hypothesized that
CD151 increases the strength of podocyte adhesion to the GBM
via integrin a381 engagement with laminin-521. Cd151-knockout
mice on the C57BL/6 background do not spontaneously develop

renal failure but when challenged with induced hypertension, they
develop significant proteinuria. Furthermore, treatment of the
susceptible Cd151-knockout FVB strain with ACE inhibitors ame-
liorated progression of renal failure. In addition to in vivo experi-
ments, in vitro experiments showed that podocytes lacking CD151
lose their resistance to shear stress when cultured on laminin (67).
This evidence supports a crucial role for integrin a3B1 as a major
adhesion receptor, and in combination with CD151, a complex
necessary to withstand mechanical forces within the glomerulus.
The laminin-binding integrin a684 may also be the key for the
development and maintenance of the glomerular filtration barrier.
Human mutations in ITGB4 have been described and associated
with junctional epidermolysis bullosa and pyloric atresia (68, 69).
In one of these patients, there was coincident nephrotic range
proteinuria and the study demonstrated reduced expression of
integrin-p4 in podocytes; however, the possibility of an alterna-
tive genetic explanation for the glomerular dysfunction in this
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case remains possible. Integrin avB3 has also been implicated in
glomerular dysfunction (70, 71). This fibronectin receptor was
shown to be activated following the induction of urokinase recep-
tor (uPAR) signaling leading to increased podocyte motility and
activation of GTPases. In a subsequent study, the same team iden-
tified soluble uPAR as a potential pathogenic mediator of disease
in nephrotic syndrome associated with focal segmental glomeru-
losclerosis (FSGS) where there was also activation of integrin-f3
(72). These studies raise the possibility that abnormal integrin
activation in the podocyte alters cell motility and this signaling
pathway could potentially be targeted therapeutically.

In addition to the integrin family of adhesion receptors, trans-
membrane heparan sulfate proteoglycan receptors, such as the
Syndecan family, are key regulators of cell-ECM interactions (54).
Cooperation of integrins and syndecans in adhesion formation has
been shown on a variety of ECM ligands including fibronectin,
vitronectin, and laminin (73-76). Syndecans regulate intergrin
trafficking to the cell surface (77), a process used by cells to regu-
late adhesion formation and disassembly (78—80). In addition to
modulating integrin dynamics, syndecans facilitate growth factor
binding to their receptors (81, 82). In podocytes null for EXTI,
a key molecule in herparan sulfate glycosaminoglycan assembly,
adhesion complexes were reduced in size, the actin cytoskeleton
was rearranged, and cell surface syndecan 4 upregulated (83).
However, mice null for EXT1 specifically in podocytes do not
develop significant proteinuria, despite some podocyte abnor-
malities, including a degree of foot process effacement (84). In
podocytes, autocrine signaling by the soluble vascular endothelial
growth factor receptor, sFLT1, also causes actin rearrangements
and this is associated with phosphorylation of both syndecan 1
and 4 within their EFYA motifs (85). Thus, there is accumulating
evidence that syndecans contribute to cell-matrix adhesion and
signaling in podocytes.

Dystroglycan is a cell surface adhesion receptor and comprises
a highly glycosylated extracellular a-dystroglycan subunit, which
can bind to laminins, and a non-covalently linked intracellular
B-dystroglygan subunit that links to the actin cytoskeleton via an
interaction with utrophin (86, 87). Dystroglycan is expressed by
podocytes (88) and the expression pattern is altered in glomerular
pathologies (89, 90). Therefore, it seemed likely that dystroglycan
was important for podocyte adhesion; however, defective glycosy-
lation of a-dystroglycan, which abrogates a-dystroglycan-laminin
interactions does not cause proteinuria, only mild podocyte foot
process effacement (91). Furthermore, podocyte-specific deletion
of dystroglycan in mice caused only mild GBM thickening (92).
These data suggest that dystroglycan is not a critical adhesion
receptor in podocytes.

FOCAL ADHESION COMPLEXES

A number of proteins link integrins to the actin cytoskeleton and
form focal adhesions (Figure 3). One such is talin-1, a 270 kDa
protein comprising an N-terminal globular head and flexible rod
domain. The head domain contains a FERM domain with bind-
ing sites for the integrin-f subunit cytoplasmic tail, F-actin, focal
adhesion kinase (FAK), and PIPK1y90. The rod domain contains
an additional binding site for integrin, actin binding sites, and
multiple vinculin binding sites, and this domain can also bind

to RIAM (93). Finally, the C-terminal domain contains helices
responsible for talin dimerization. Binding of talin to the cyto-
plasmic tail of B-integrins triggers a conformational change in
the extracellular domain of integrins, which amplifies the affin-
ity of the integrin for the ECM. Talin dependent recruitment of
further proteins to active integrins causes the consequent forma-
tion of focal adhesions (94). Talin-1 expression in podocytes is
required for the specialized actin morphology of foot processes.
Podocyte-specific TInI-knockout mice develop proteinuria and
die within 10 weeks. These mice, however, did not have major
defects in integrin B1 activation or podocyte adhesion. Neverthe-
less, the actin cytoskeleton was perturbed, and there was podocyte
foot process effacement. These data show that talin-1, a protein
known to be important in adhesion formation and linkage to the
actin cytoskeleton in vitro, is a key player in relaying signals from
integrins to the actin cytoskeleton in podocytes in vivo (95).

Another key adaptor protein involved in integrin-mediated
adhesion complex formation is vinculin, a 123kDa protein
recruited by talin to focal adhesions and capable of binding to the
actin cytoskeleton (96). Vinculin comprises an N-terminal head,
proline rich neck, and a C-terminal tail domain (97, 98). Cyto-
plasmic vinculin assumes an autoinhibited inactive conformation
(99) and following talin recruitment, vinculin undergoes a con-
formational change revealing an open active state (100). Vinculin
is a force regulator and when extended by forces applied through
actin, there is subsequent recruitment and release of focal adhe-
sion proteins (101). This conformational change allows vinculin
to directly interact with a number of proteins including a-actinin,
Arp2/3, actin, and paxillin (102, 103). The vinculin head domain
modulates integrin clustering, whereas the tail domain links to
actin. Considering vinculin is an important link between inte-
grins and the actin machinery, this protein may have a key role in
the force sensing by podocytes via integrin a3 1.

Paxillin is another component of focal adhesions and it acts as
a scaffolding protein. It contains multiple protein-binding mod-
ules, many of which are regulated by phosphorylation. It localizes
to focal adhesions through phosphorylation of its C-terminal LIM
domains (104, 105). Paxillin is an important molecular adaptor;
its N-terminus controls most of its signaling activity that provides
docking sites for vinculin, FAK, Src, and Crk. Paxillin is recruited
to focal adhesion by talin (106) and brings about spatiotemporal
control of Rho family small GTPases by recruiting numerous GEFs
and GAPs (107).

Another highly studied focal adhesion protein is FAK. FAK is
non-receptor tyrosine kinase, recruited to focal adhesions by talin
and paxillin (108). FAK has a number of roles at focal adhesion
sites, including recruitment of p130Cas, Crk1/2, and Src family
kinases (109). Global deletion of FAK in mice is lethal in embryo-
genesis, causing a profound migration defect (110). The impor-
tance of FAK in podocytes was highlighted by the observation that
FAK is phosphorylated upon podocyte injury (111). Surprisingly,
podocyte-specific deletion of FAK in mice leads to a normal phe-
notype; however, these mice are protected from proteinuria and
podocyte injury after experimental podocyte insults (111). Addi-
tionally, podocyte injury was reduced when a FAK inhibitor was
administered in a mouse model of glomerular injury (111). A role
for FAK has also been found in Alport syndrome where ectopic
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laminins, a1 and a2, accumulate in the GBM. Laminin o2 caused
phosphorylation of FAK at Y397, and this phosphorylation was
associated with upregulation of the proteases MMP 9 and 10 and
GBM defects (112). FAK inhibition reduced proteinuria, MMP
levels, and GBM defects (112). These data, therefore, support a
role for FAK in glomerular dysfunction.

Integrin-linked kinase binds directly to the integrin 1 cyto-
plasmic tail and is important for signal transduction at adhesion
sites (113). ILK was originally identified as a kinase, but increasing
evidence suggests that is a pseudokinase (114—119). In fact, the
C-terminal kinase homology domain of ILK mediates multiple
protein—protein interactions at adhesion sites, including interac-
tions with o/p/y-Parvin (120, 121). ILK also contains five ankyrin
domains that mediate interactions with PINCH-1/2 (122-124).
Kindlin 2 is another ILK interacting protein, which is expressed
in podocytes, localizes to focal adhesions and through either
ILK/PINCH/parvin or migfilin—filaminin interactions binds to the
actin cytoskeleton (125-127). Itis through this scaffolding role that
ILK orchestrates focal adhesion signaling. The ILK/PINCH/parvin
complex influences the actin cytoskeleton (128), in addition to
negatively regulating cell contractility (129). Total loss of ILK or
PINCH in mice is lethal in embryogenesis, due to failure in epi-
blast polarization (128, 130). The interaction between ILK and

a-parvin is required for kidney development. Mutations in ILK
K220 disrupt a-parvin binding and cause renal agenesis (131).
Furthermore, a similar phenotype is observed when o-parvin is
genetically deleted in mice (131). Podocyte-specific loss of ILK in
mice causes GBM defects, loss of slit diaphragms, and podocyte
foot process effacement (132, 133). Moreover, ILK interacts with
nephrin at podocyte cell junctions, suggesting that ILK is a poten-
tial link between cell-cell and cell-ECM adhesion signaling (132).
Finally, increased expression of ILK is observed in a variety of
glomerular diseases (134, 135). This evidence strongly supports
an important role for ILK in adhesion signaling in podocytes.

Opverall cell adhesion to the GBM occurs at a complex cell-
matrix interface (Figure 4). A wide range of scaffolding proteins
localize to focal adhesions and transmit information regarding the
extracellular environment via recruitment of effectors including
kinases, and GTPases. The cellular adhesome has been predomi-
nantly investigated in the context non-adherent cells or fibroblasts
but less so for epithelial cells, and similar analyses in glomerular
cells will help to build our understanding about the key cellu-
lar components that are involved in cell-matrix adhesion in the
glomerulus. These studies have the capacity to identify unexpected
and novel proteins at adhesion sites, which are considerably more
complex than previously thought.

FIGURE 4 | The complexity of adhesion signaling, a protein-protein
interaction view. A predicted protein—protein interaction network of
adhesion signaling complexes in podocytes. Nodes represent proteins
and lines between nodes represent experimentally derived
protein—protein interactions. Extracellular matrix (ECM) proteins are
green in color and adhesion signaling proteins are blue in color.
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Integrins do not have intrinsic enzymatic activity; however, through
conformational changes, integrins can recruit tens to hundreds of
different proteins to adhesion sites. These adhesion sites are hubs for
cellular signaling, controlling all aspects of cell fate. Adhesion signaling
is determined by the composition and physical properties of the
extracellular matrix.
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ADHESION AT THE PODOCYTE SLIT DIAPHRAGM

The junction between adjacent podocyte foot processes is termed
the slit diaphragm and it is visible by electron microscopy as
an electron dense structure close to the GBM. This specialized
junction is thought to connect the entire length of adjacent foot
processes providing a structural component to the filtration bar-
rier. From early ultrastructural studies, a zipper-like substructure
was described where protein bridges emanating from the podocyte
plasma membrane link to a central filament in a lattice arrange-
ment with rectangular pores (136). The calculated cross-sectional
dimensions of these pores was 4 x 14 nm, approximately the size
of an albumin molecule, and therefore, consistent with the obser-
vations from tracer studies using ferritin and dextrans that the slit
diaphragm contributed significantly to the retention of macromol-
ecules within the circulation (137, 138). Following these seminal
ultrastructural and tracer studies was the discovery of the first
unique slit diaphragm protein nephrin by positional cloning of
the gene in congenital nephrotic syndrome of the Finnish type
and leading, to further refinement of the zipper-like model of
the podocyte cell junction (139, 140). More recent ultrastructural
studies have used scanning electron microscopy to describe circu-
lar and ellipsoidal pores in the central region of the slit diaphragm,
with a mean diameter of 12.1 nm (141). Interestingly, the same
study demonstrated an increase in the size of some of these
pores with proteinuria, perhaps providing an explanation for the
increased transit of macromolecules across a defective filtration
barrier.

Many studies have also shown that the architecture of the
podocyte changes dramatically in human glomerular disease
with flattening of the actin-rich foot processes and loss of slit
diaphragms. Similar changes are observed in animal studies of
puromycin aminonucleoside (PAN)-induced nephrotic syndrome
or nephrosis (142). While these dramatic morphological changes
are associated with a profound barrier defect, remarkably these
changes seem to completely reverse especially in the subset of
patients with nephrotic syndrome who respond to treatment with
glucocorticoids.

COMPONENTS OF THE PODOCYTE SLIT DIAPHRAGM

The first junctions to form in podocytes are apical and have
been described as tight junctions (143). During glomerular devel-
opment, the junctional complexes descend toward the GBM
and widen to become the mature slit diaphragm. These are
highly specialized and unique junctions and many studies have
identified components associated with more classical types of
cell junctions. The zona occludens protein (ZO-1) was one of
the first proteins found to localize to podocyte foot processes
using immunogold labeling and electron microscopy (144).
Using immunostaining of murine podocytes in culture and rat
glomeruli, podocyte cell junctions were also shown to contain
classical components of adherens junctions including cadherin-3
and a-, B-, and y-catenins (145). The tight junction components
JAM-A, occludin, and cingulin were also found to be associ-
ated with slit diaphragms (146) and the same study reported
that PAN nephrosis increased the expression of these tight junc-
tion components. There is also a report of the gap junction
protein connexin-43 localizing to the podocyte slit diaphragm,

and it was found to be upregulated in the early phase of PAN
nephrosis (147). Taken together, these findings suggest, not sur-
prisingly, that there is context-dependent composition of these
junctions.

In addition to components associated with other cell junc-
tions, the slit diaphragm also contains unique proteins (Figure 5).
Nephrin and the homologs Neph-1, Neph-2, and Neph-3 are
known members of this cell junction and are comprehensively
reviewed elsewhere (148). They are members of the immunoglob-
ulin superfamily of cell-adhesion receptors and are involved in
the development of specialized junctions in neurons and at the
slit diaphragm (148). Orthologs of these proteins are expressed in
Drosophila nephrocytes (149), which have nephrocyte diaphragms
structures with very similar composition to the mammalian slit
diaphragm (150). Interestingly, birds lack nephrin and Neph-3
but do form slit diaphragm-like structures (151). Further back in
evolution, Caenorhabditis elegans expresses the orthologs SYG-1
(Nephl) and SYG-2 (nephrin), and these are required for synapse
formation and specificity. Investigation of the crystal structures
of these orthologs revealed SYG-1 homodimers with a conserved
binding interface and an unusual, angled geometry in the het-
erophillic SYG1/2 complex (152). The crystal structures of nephrin
and Neph homologs remain unresolved; however, there is some
evidence for homophilic nephrin interactions. These interactions
were detected using recombinant nephrin protein and surface
plasmon resonance, and they were increased in the presence of
calcium (153).
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FIGURE 5 | Molecular components of the podocyte slit diaphragm.
Podocyte slit diaphragms contain unique components, including nephrin,
Neph family proteins, and podocin in addition to components of tight, gap,
and adherens junctions, such as the cadherin-3 and FAT1. The adaptor
proteins Nck1/2, CD2AR and Crk1/2, Src family kinases, in addition to many
more kinases and actin binding proteins localize to the podocyte slit
diaphragm. The interactions between nephrin and other Neph proteins are
thought to be homo- and heterophilic and recent structural analysis of the
orthologs SYG1/2 has suggested an angled conformation (152) as depicted
in this schematic.
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Nephrin and Neph-1 are requisite components of the slit
diaphragm. Mutations in nephrin cause human congenital
nephrotic syndrome (139), which is most common in Finland,
although many mutations have now been described in individuals
with later onset of disease and from a diverse ethnic background
(154). Infants require albumin infusions to maintain intravascular
volume and ultimately proceed to removal of their kidneys prior
to dialysis and transplantation. This disease phenotype is mimic-
ked in the mouse where deletion of NphsI leads to early massive
proteinuria and the mice die within 24 h. Ultrastructural analysis
of their glomeruli has revealed the absence of slit diaphragms and
foot process effacement (155). Nephl deletion in mice is also asso-
ciated with perinatal lethality with proteinuria and podocyte foot
process effacement (156). As yet, no human mutations in NEPHI
have been described but it is more widely expressed than nephrin,
and therefore, mutations may be incompatible with life.

Other notable members of the slit diaphragm complex include
podocin, a stomatin family protein that is also mutated in patients
with early onset nephrotic syndrome (157). Podocin is important
for the recruitment of proteins to the slit diaphragm complex and
for facilitating signaling (158). CD2AP is an adaptor protein and
its role in maintaining the integrity of the filtration barrier was
first described in mice (159) and more recently in human disease
(160). CD2AP and CINS85 appear to be important for the bal-
ance of receptor tyrosine kinase signaling in podocytes (161). FAT
atypical cadherin-1 has also been shown to regulate barrier forma-
tion and mice lacking this component have significant glomerular
defects, in addition to eye and brain abnormalities (144).

The protein complex at the slit diaphragm includes the compo-
nents that make the connections between adjacent podocyte foot
processes in addition to the more dynamic network of proteins that

assemble intracellularly (Figure 6). To identify novel components
of this complex, unbiased approaches with mass spectrometry
have led to the discovery of proteins including IQGAP (162). These
global analyses will continue to assist in the identification of more
unexpected components of these junctions as methods to isolate
and analyze the junctions improve. To give an indication of the
scale of the components, a recent bioinformatic analysis of the
cadhesome has predicted an assembly of 170 components many
of which may be cell type and context specific (163).

SIGNAL TRANSDUCTION AT THE SLIT DIAPHRAGM

Over the past 16years since the discovery of nephrin, a grow-
ing number of proteins have been linked to signaling at the slit
diaphragm and there are several recent, comprehensive reviews
(164, 165). Phosphorylation of nephrin and Neph family proteins
is the key to signal transduction. Tyrosine phosphorylation by Src
family kinases initiates a signal cascade and indeed the deletion
of Fyn resulted in barrier dysfunction (166). Phosphorylation by
Fyn leads to the recruitment of a number of proteins including the
adaptor proteins Nck1/2 (167, 168), Crk1/2 (169), CrkL (170), and
Grb2 (171, 172) in addition to PI3-kinase (173, 174). Following
recruitment, Nck binds phosphorylated nephrin and leads to actin
reorganization via the actin nucleation factor N-WASP (175). The
receptor Robo2 also links to Nck and is expressed in podocytes
(176). This receptor was found to inhibit actin reorganization
and it appears to negatively regulate signaling via nephrin and
Nck therefore to reduce podocyte foot process effacement. Crk is
recruited to phosphorylated nephrin via p130Cas and deletion of
Crk1/2 attenuated podocyte foot process effacement in a glomeru-
lar injury model (169). The p85 regulatory subunit of P13-kinase
also interacts with nephrin leading to downstream activation of
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Akt (173) and subsequently to actin reorganization (174). Demon-
strating the importance of signaling via Akt, deletion of the Akt2
isoform was associated with barrier dysfunction (177) and Akt
phosphorylation in podocytes follows insulin signaling (178) and
is also linked to mTOR signaling (177).

Regulation of the podocyte actin cytoskeleton is, therefore, the
key to maintaining barrier integrity and actin reorganization in
podocytes is likely to relate directly to the dramatic podocyte foot
process effacement, which is seen across the spectrum of disease.
The actin crosslinking protein alpha-actinin-4 has been associated
with human nephrotic syndrome and mutations in ACTN4 are
associated with adult onset FSGS (179). Here, the mutated alpha-
actinin-4 protein binds filamentous actin more strongly than the
wild type protein, indicating that actin regulation is important
for normal podocyte function. Another class of actin regulators
is the GTPases, which in turn are regulated by GEFs, GAPs, and
GDIs. Podocyte-specific deletion of the GTPase RhoA did not
result in a barrier defect (180); however, activation of RhoA has
been described in a number of glomerular injury models in addi-
tion to human disease including mutations in the formin INF2,
leading to the commonest cause of adult onset FSGS (181). A num-
ber of studies have now investigated the role of Racl in podocytes,
which is required for lamellipodia formation. Racl is not essential
for glomerular development but overexpression leads to barrier
dysfunction either with constitutive activation of Racl (182) or
RhoGDI-alpha knockout (183). However, a number of studies
have also shown that Racl is protective (170, 184) and it is likely
that a fine balance is required. The GTPase CDC42 is linked to
the formation of filopodia and its absence results in early barrier
dysfunction (180, 185) and this may be due to links with apical-
basal polarity proteins, which are also required for slit diaphragm
formation (186).

The dynamic regulation of this specialized cell junction
undoubtedly requires quality control and recycling of compo-
nents, and it was recently shown using rat glomeruli that the
turnover rates of slit diaphragm proteins was high and was reg-
ulated by atypical protein kinase C (aPKC) (187). Accordingly,
the endocytic pathway components dynamin, synaptojanin, and
endophilin have been shown to be important for maintaining bar-
rier function (188). The correct localization of proteins is also the
key, and nephrin localization at the plasma membrane requires the
endocytic protein Myolc (189). The long-tailed myosin, MyolE,
may also contribute to endocytosis in podocytes (190, 191). The
role of calcium signaling at the slit diaphragm is also important
and mutations in the transient receptor potential cation channel
TRPC6 have been associated with adult onset FSGS (192, 193).

There are still many research questions to address in order to
understand how the specialized slit diaphragm is formed during
development, regulated in health, and disrupted in disease. Chemi-
cal and mechanical factors in the microenvironment are likely to be
the key, and although the barrier regulation by growth factors has
not been discussed here, there is growing evidence for the impor-
tant roles of vascular endothelial growth factor (VEGF-A) (85) and
insulin (178). Regarding mechanical cues, it would seem likely
that filtration forces contribute to the regulation of the barrier.
The molecules spanning the slit diaphragm are directly exposed
to force and it would be intriguing to determine whether some of

these components respond to force in a similar manner to VE cad-
herin, which was recently investigated using a tension biosensor
and shown to stretch in endothelial cells exposed to sheer stress
(194). Understanding some of these basic mechanisms of regula-
tion will be required to identify specific therapeutic strategies to
maintain or restore glomerular function.

PROSPECTS FOR ADHESION-BASED THERAPY FOR
GLOMERULAR DISEASE

Cell adhesion is clearly important to maintain normal barrier
function but what are the prospects for adhesion-based ther-
apies? Current therapies for glomerular disease include both
immunomodulation and inhibition of the renin-angiotensin-
aldosterone (RAAS) signaling pathway. RAAS pathway inhibition
with ACE inhibitors and angiotensin receptor blockers (ARBs)
are thought to act primarily by reducing glomerular hydrostatic
pressure. Immunomodulatory drugs such as glucocorticoids and
calcineurin inhibitors were initially thought to act via immune
cells; however, these agents may also directly target the podocyte
(195). The effects of existing and efficacious therapies on podocyte
adhesion have not been formally tested, although there are some
intriguing observations. Spironolactone (an inhibitor of aldos-
terone) was shown to reduce the urinary excretion of podocytes
in a rat model of diabetic nephropathy (196), and this presumed
reduction in podocyte detachment was associated with upregula-
tion of integrin a3. Furthermore, in a study of human podocytes in
culture, the glucocorticoid dexamethasone was shown to increase
nephrin expression (197).

The manipulation of integrin activation as a possible route to
therapy has been suggested in a series of recent studies. Activa-
tion of integrin-pf3 has been implicated in the pathogenesis of
nephrotic syndrome associated with FSGS. In a subset of patients
with FSGS, there is strong evidence for the role of a circulating
and disease-causing factor, which can lead to recurrence of pri-
mary disease in transplanted kidneys. Soluble urokinase receptor
(suPAR) was identified as a pathogenic factor leading to activation
of integrin-f3 in mouse models and human disease (72) lead-
ing to the suggestion that therapy for this condition could involve
inhibition of the suPAR-integrin-B3 interaction by the use of small
molecule inhibitors. Indeed, a beneficial effect of such an inhibitor
has been shown in experimental glomerulonephritis (71).

Inactivation of integrin-f1 subunit has also been proposed,
a mechanism of disease in patients with FSGS (198). Five
patients with FSGS and positive B7-1 (CD80) immunostaining
in glomeruli were treated with the B7-1 inhibitor Abatacept. This
treatment was associated with a significant reduction in protein-
uria in patients, otherwise resistant to standard therapies. While
these discoveries suggest a role for manipulating signaling by
adhesion receptors, given the myriad roles of these receptors, the
challenge will be to target the treatment appropriately (199).

Disease-associated changes in ECM are likely to trigger a num-
ber of intracellular signaling events to influence cell adhesion.
By understanding more about the pathways involved, it may be
possible to target these therapeutically. In Alport syndrome, the
primary molecular defect in the ECM is absence of the collagen
IV-a3a4a5 network. Therefore, delivery of the wild type gene
could be a potential future therapy and proof of principle was
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recently shown by the induction Col4a3 in Col4 a3—/— mice
(200). Induced expression of collagen IV-a3 slowed disease pro-
gression and improved survival providing significant optimism for
the prospects of gene therapy; however, the major issue will be gene
delivery to the podocyte. Abnormal outside—in signaling from the
ECM could also be targeted, and in another study of Alport syn-
drome, inhibition of FAK in mice led to partial restoration of the
GBM and a reduction in proteinuria (112).

Manipulating signaling from slit diaphragm adhesion receptors
may also be a future therapeutic strategy. In patients with NPHSI
mutations, nephrin is thought to accumulate in the endoplasmic
reticulum and the hypothesis that chemical chaperones would
export nephrin to the plasma membrane was tested with sodium-4
phenylbutyrate in HEK293 cells. Several mutant nephrin proteins
were rescued using this strategy, and there was evidence to suggest
that the mutant proteins were functional (201). More recently,

inhibition of deleterious Neph-1 signaling was demonstrated with
a protein transduction approach involving the introduction of the
Neph-1 cytoplasmic tail, which attenuated the mislocalization of
Neph-1 in two models of podocyte injury (202).

Overall, these are a selection of many encouraging observations,
which indicate that adhesion-based therapy may be a prospect for
glomerular disease, although there is likely to be a long journey
for some of these therapies to achieve ultimate patient benefit.

SUMMARY

Podocyte adhesion is evidently important for glomerular barrier
integrity. Similarly, glomerular endothelial adhesion will be the
key but has not yet been investigated in detail. The genetic investi-
gations of human nephrotic syndrome have already demonstrated
the range of molecular function associated with podocytopathies
and severe glomerular barrier dysfunction (Figure 7) and these
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include molecules associated with basement membranes, ECM
adhesion, cytoskeleton, slit diaphragm, mitochondrial function, and
transcription factors. This review has focused on the molecules
indicated in bold.
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include defects in adhesion. Networks of signaling proteins at the
cell-matrix interface and the cell-cell junctions are required to
maintain barrier function, and cross talk between these adhe-
sion complexes is likely to occur in response to mechanical and
chemical signals from within the glomerular microenvironment.
Improved understanding about cell adhesion in the glomerulus
may lead to the identification of therapies to prevent or repair
injury to this highly sophisticated filter.

KEY POINTS 1: MATRIX

« Extracellular matrix controls cell fate decisions and growth
factor signaling.

+ The GBM is the ECM compartment of the glomerular filtration
barrier.

+ The GBM contains at least 73 components including laminin
521 and collagen IV a3a4a5.

+ Laminins are essential for basement membrane assembly.

+ Collagen IV is required for structural strength of basement
membranes.

+ The GBM contains two laminin networks separated by a collagen
IV a3a4a5 network along the centre of the GBM.

+ Mutations in LAMB?2 cause Pierson syndrome in humans, and
affected individuals have severe congenital nephrotic syndrome.

+ Mutations leading to a reduction of the collagen IV a3a4a5 net-
works cause Alport syndrome humans, affected individuals have
progressive renal disease.

KEY POINTS 2: CELL-MATRIX ADHESION

+ Integrins link the extracellular environment to the actin

cytoskeleton.

Integrins do not have intrinsic enzymatic activity; therefore, they

recruit effector proteins, which mediate adhesion signaling.

+ The laminin receptor integrin a3p1 is the most highly expressed
integrin on the podocyte cell surface.

+ Homozygous mutations in ITGA3 in humans lead to congenital
nephrotic syndrome.

+ The tetraspanin CD151 binds tightly to integrin a3f1 and
individuals with mutations in CDI151 develop nephritis.

+ Other podocyte cell surface receptors include syndecans and dys-
troglycan, but the importance of these receptors in the podocyte
has yet to be fully determined.

KEY POINTS 3: ADHESION COMPLEXES

+ Adhesion complexes contain over 232 components, which are
dependent on cell type and context.

« Talin is an important linkage from integrins to the actin
cytoskeleton; podocyte-specific talin 1 knockout mice develop
proteinuria and die within 10 weeks.

+ Focal adhesion kinase (FAK) is activated in podocytes during
glomerular injury.

+ Use of FAK inhibitors in mouse models of glomerular disease
protects podocyte from injury and the animals from proteinuria.

« The ILK, PINCH, parvin axis is another key linkage from
integrins to the actin cytoskeleton.

* Mice, which express ILK, that cannot bind to a-parvin display
renal agenesis.

* Mice with podocyte-specific deletion of ILK express GBM
defects, loss of slit diaphragms, and podocyte foot process
effacement.

KEY POINTS 4: CELL-CELL ADHESION

+ The junction between adjacent podocyte foot processes, termed
the slit diaphragm, contains both adherens and tight junction
components, in addition to unique components.

+ Nephrin and the other NEPH family proteins are key members
of this cell junction.

+ Mutations in slit diaphrgam proteins cause nephrotic syndrome.

+ Slit diaphragm signalling has a major influence on the actin
cytoskeleton; adaptors such as NCK1/2, CD2AP, and CRK1/2
are involved in slit diaphragm actin linkage.
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INTRODUCTION

Podocytes are lost by detachment from the GBM as viable cells; details are largely
unknown. We studied this process in the rat after growth stimulation with FGF-2. Endothe-
lial and mesangial cells responded by hyperplasia, podocytes underwent hypertrophy, but,
in the long run, developed various changes that could either be interpreted showing pro-
gressing stages in detachment from the GBM or stages leading to a tighter attachment by
foot process effacement (FPE). This occurred in microdomains within the same podocyte;
thus, features of detachment and of reinforced attachment may simultaneously be found in
the same podocyte. (1) Initially, hypertrophied podocytes underwent cell body attenuation
and formed large pseudocysts, i.e., expansions of the subpodocyte space. (2) Podocytes
entered the process of FPE starting with the retraction of foot processes (FPs) and the
replacement of the slit diaphragm by occluding junctions, thereby sealing the filtration slits.
Successful completion of this process led to broad attachments of podocyte cell bodies to
the GBM. (3) Failure of sealing the slits led to gaps of varying width between retracting FPs
facilitating the outflow of the filtrate from the GBM. (4) Since those gaps are frequently
overarched by broadened primary processes, the drainage of the filtrate into the Bow-
man'’s space may be hindered leading to the formation of small pseudocysts associated
with bare areas of GBM. (5) The merging of pseudocysts created a system of communi-
cating chambers through which the filtrate has to pass to reach Bowman'’s space. Multiple
flow resistances in series likely generated an expansile force on podocytes contributing
to detachment. (6) Such a situation appears to proceed to complete disconnection gener
ally of a group of podocytes owing to the junctional connections between them. (7) Since
such groups of detaching podocytes generally make contact to parietal cells, they start the
formation of tuft adhesions to Bowman'’s capsule.

Keywords: podocyte hypertrophy, foot process effacement, sealing of filtration slits, pseudocysts, podocyte
detachment, crescents

experimental models (5). This leads to the conclusion that detach-

Podocyte loss underlies the progression of glomerular diseases to
end-stage renal failure, both in human beings (1) and in exper-
imental animal models (2). How podocytes are lost is open to
debate. Apoptosis is widely considered as a major mechanism, but
this has been demonstrated largely in cell culture, and convincing
evidence showing apoptosis of podocytes in situ by transmission
electron microscopy (TEM) has never been presented. Also, necro-
sis of podocytes has rarely been shown and if it occurs, it is mostly
in cells already detached from the GBM. On the other hand, viable
podocytes in the urine have been found in several glomerular
diseases (3, 4) and podocytes appearing to be viable detaching
from the GBM in huge numbers were shown by TEM in various

Abbreviations: CGP, collapsing glomerulopathy; FP, foot process; FPE, foot process
effacement; FSGS, focal segmental glomerulosclerosis; GBM, glomerular basement
membrane; PBM, parietal basement membrane.

ment as viable cells is the major mechanism of podocyte loss and
that the major causes of podocyte loss are likely to be mechanical
forces challenging the attachment of podocytes to the GBM (6).

Recently, the hypothesis has been raised that the shear stress
derived from filtrate flow through the filtration slits acting on the
foot processes (FPs) may have a major impact on podocyte detach-
ment (6,7). Moreover, it has been suggested that glomerular hyper-
tension, hyperfiltration, and excessive hypertrophy, which have
previously been shown to underlie progression of glomerular dis-
eases (8,9), may account for increases in shear stress compromising
the attachment of podocytes to the GBM.

Furthermore, it has been postulated that major changes of
podocytes in glomerular diseases, such as foot process effacement
(FPE) and cytoplasm shedding, which have been generally inter-
preted as pathological derangements of podocytes, actually show
the “podocyte’s fight” against detachment, and thus are changes
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undertaken to secure survival, i.e., continued attachment to the
GBM (5).

The present study analyzes the individual steps of podocyte
detachment in a model of excessive glomerular hypertrophy that
had been previously studied by our group (10). Daily administra-
tion of FGF-2 led to a long-term growth stimulation of glomeruli
followed by the development of widespread focal and segmental
glomerulosclerosis (FSGS). At the time of this study, in 1995, the
idea that podocytes are lost as viable cells in the urine was not
yet born. The focus of the study lay in the question of how, sub-
sequent to podocyte loss, tuft adhesions develop and lead to the
degeneration of the entire nephron. In the present study, we used
the same material to structurally analyze earlier stages to describe
how podocytes undergo detachment. We show that the process of
detachment from the GBM is extremely gradual and frequently
complicated by the fact that the sequence of steps to detachment
may be mixed up with changes locally reinforcing the attachment
to the GBM.

MATERIALS AND METHODS

The material used in the present study was derived from previous
experiments (10). Therefore, only a brief description of the meth-
ods is given here. The experiments complied with the “German
law on the protection of animals.”

A total of 36 Sprague-Dawley rats (7 weeks old; half males,
half females) were studied. Half received daily subcutaneous injec-
tions of 320 pg FGF-2/kg body weight and the other half served
as controls, receiving the vehicle only. Two-thirds of the rats
were studied after total body perfusion at 8 weeks; the remain-
ing one-third was studied after 13 weeks. After anesthesia with
Nembutal® (1.2 ml/kg body weight), the kidneys were retrogradely
perfused via the abdominal aorta without prior flushing for 3 min
at a pressure of 220 mm Hg. In 24 rats intended for ultrastruc-
tural studies, the fixative contained 1.5% glutaraldehyde and 1.5%
formaldehyde in phosphate buffered saline (260 mOsm, pH 7.4)
supplemented with 0.5 g/1 picric acid. Blocks of cortical tissue were
processed by standard procedures (i) for paraffin sections (4 jum;
stained with hematoxylin eosin) and (ii) after postfixation with
Os0y or tannic acid (11), for Epon sections (1 jum, stained with
methylene blue) to be studied by light micrograph and ultrathin
sections stained with uranyl acetate and lead citrate to be studied by
TEM. The remaining 12 rats were perfused with paraformaldehyde
[see Ref. (10)].

STRUCTURAL STUDIES

In addition to the structural assessments in the previous study (10),
a quantification of glomerular injuries as defined in the present
study (pseudocysts, podocyte detachment associated with small
pseudocysts, podocyte clusters, and tuft adhesions; Figure 1A) was
done. In three independent 1 pm Epon sections of each experi-
mental animal (6 males and 6 females; values from 8 and 13 weeks
were pooled) and of six controls, the glomerular profiles and the
number of the above listed lesions found in these glomeruli were
counted, figured up for each animal, expressed as percentage of
the total number of profiles of each animal, and compared. In
order to receive an overall weighted damage index, we graded

FIGURE 1 | Overview and early changes. (A) Light micrograph (LM) of
a glomerular profile showing the crucial injuries presented later in more
detail in transmission electron micrographs (TEMs) and quantified in
Table 1. Hypertrophied podocytes forming large pseudocysts
(asterisks), areas of small pseudocysts generally associated with local
detachments (enclosed by a hatched circle), detachment of podocytes
forming a cluster in Bowman's space (star), and a large tuft adhesion
comprising almost two-thirds of the tuft (clockwise from arrow 1 to
arrow 2) are seen. Note that outside the tuft adhesion, the parietal
epithelium looks fully normal (two small arrows). (B) The GBM is
highlighted in yellow, capillary lumens in green. The cell bodies of
podocytes are attenuated (arrows) and pseudocysts (asterisks) have
developed underneath them. Note that the foot process pattern is
widely preserved including the floors of pseudocysts and, second, the
parietal epithelium looks fully normal. Male rats, growth stimulation
with FGF-2 for 13 weeks. (A) LM from 1 wm Epon section. Bar: 15 um.
(B) TEM. Bar: 5 um.
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large pseudocysts with 1, accumulations of small pseudocysts with
2, clusters of podocytes with 3, and adhesions with 4. Results are
reported as mean &+ SD; differences between the various groups
were tested by one-way ANOVA using Sigma Plot.

RESULTS

Essential stereological results of the previous paper (10) are
summarized as follows. Prolonged daily treatment of rats with
FGF-2 for 8weeks led to increasing albuminuria (0.30 £ 0.15
versus 141.5+132.4mg/18h) in males and (0.11 £0.02 versus
79.8 £150.3 mg/18h) in females; the respective numbers after
13 weeks read 0.21 +0.09 versus 303.4+78.4 and 0.1340.03
versus 85.1 & 31.5. Serum creatinine increased significantly, indi-
cating the development of chronic renal failure. No increase in
body weight or in kidney weight compared with controls was
found. However, a prominent significant increase in glomerular
tuft volume (1651 & 209 versus 3035 4596 m> x 10° in males,
1138 = 85 versus 1998 & 392 um? x 103 in females), and a numer-
ical increase in mesangial and endothelial cells but no increase in
podocyte number were found, resulting in a dramatic decrease
in podocyte density (N podo/pum? x 103), more pronounced in
males (0.86 4= 0.007 versus 0.48 4= 0.07) than females (1.05 + 0.09
versus 0.67 = 0.14).

The discrepant growth of glomeruli with podocytes growing
by hypertrophy only, resulted in structural changes that termi-
nated in the detachment of podocytes from the GBM. The present
study focused on the structural details of how podocytes reinforce
attachment to the GBM, undergo detachment from the GBM and
on the fate of detached podocytes.

The first derangements of podocytes consisted of cell body
attenuation and pseudocyst formation (Figure 1B), which, as

shown previously in another model (12), were likely causally
linked. Growing and expanding capillaries forced podocytes to
cover increased surfaces, leading to stretching and broadening
of podocytes’ cell bodies. This, in turn, resulted in narrowing
of the outflow clefts from the subpodocyte spaces, causing the
focal bulging of the attenuated cytoplasmic sheets, usually called
pseudocysts. Of note, at this stage, podocytes generally showed
a normal FP pattern that also covered the floor of pseudocysts
(Figure 1B).

The structural changes that finally led to the detachment of
podocytes clearly started after this stage at the FPs (not necessarily
as a consequence). The description is complicated by the fact that
clear signs of detachment are mixed up with structural responses
of podocytes taken to counteract detachment, which are generally
subsumed under the term “FPE” (5).

Let us first consider the changes that may be suggested to be pro-
tective, i.e., to counteract detachment. FPs broadened making the
filtration slits narrower; finally, the slit diaphragms were replaced
by occluding junctions, thus sealing the filtration slits (Figure 2A).
This was associated with a retraction of FPs into short, irregularly
shaped cell projections (Figure 2B). Further on, the development
led to the completion of FPE, changing podocyte processes into
broad, flattened, disk-like projections that finally fused with the
cell bodies resulting in podocytes adhering to the GBM along
their total basal aspect. Thus, podocytes had become largely sepa-
rated from each other, meaning that individual podocytes covered
a clearly delimited capillary area, frequently the total circumfer-
ence of one capillary profile (Figure 2C). Concomitantly, in the
basal parts of these podocytes, a microfilament-based cytoskeletal
mat developed (13) that has been interpreted as a way to achieve
stronger adherence of podocytes to the GBM (5). This appearance

FIGURE 2 | Sealing of the slits may proceed to complete foot process
effacement (FPE). The GBM is highlighted in yellow, capillary lumens in
green. (A) Early stage of FPE with broadening of FPs and sealing of the slits
by occluding junctions (some are labeled by arrows). In the right upper corner
part of a capillary, profile with completed FPE (arrowhead) is seen. (B) “Foot
processes” have changed into broad plaques (1,2,3,4) that closely stick to the
GBM. The sealing of the filtration slits by occluding junctions between them is

maintained (arrows). (C) Capillary profile covered by a podocyte that is closely
attached to the GBM by “effaced” basal cell portions stuffed with a prominent
cytoplasmic mat (arrowheads). At the opposite side, broadened FPs (arrows)
are undergoing retraction, whereas at the transition to the mesangial region,
FPs appear intact (two small arrows). Pseudocyst formation is also seen
(asterisks). (A) and (B) male, (C) female rats, growth stimulation with FGF-2
for 13weeks. TEMs. Bars: (A) 1um, (B) 0.5 um, (C) 2 um.
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FIGURE 3 | Sequence of podocyte disconnection from the GBM.
(Continued)

FIGURE 3 | Continued

The GBM is highlighted in yellow, capillary lumens in green, and spaces
considered as pseodocysts connected to bare GBM in yellow-orange.
Individual podocytes are highlighted in different shades of violet. (A) Early
stage of podocyte detachment from the GBM. A sealing of filtration slits by
occluding junctions replacing slit membranes was only partially successful
(arrowheads). At many other sites, retraction of FPs has left behind
circumscribed areas of bare GBM (arrows) that start to merge (red dots).
(B) Advanced stage of podocyte detachment from the GBM. The
dome-shaped spaces (asterisks) above bare areas of GBM have enlarged
bulging toward the urinary space. Merging of these spaces leads to a
communicating system of pseudocysts (arrows). (C) The pseudocysts
(asterisks) increase in size by merging and bulging; they are related to large
stretches of bare GBM and overarched by broadened and attenuated
primary processes. (D) The final detachment of a podocyte is frequently
characterized by the merging of innumerous interconnected (red arrows)
pseudocysts that start over bare GBM (red dots) and drain into Bowman's
space (not seen in this section). Other portions of this podocyte may
closely stick to the GBM with completed FPE (black arrows). Male rats,
growth stimulation with FGF-2 for 13 weeks. TEMs. Bars: (A) 1 pum,

(B) 2um, (C) 1wm, (D) 2.5 um.

may be regarded to underlie the successful prevention of podocyte
detachment.

Neighboring such developments, even at other aspects of the
same podocyte, these protective responses may fail, starting the
focal detachment of podocytes at seemingly random sites. The
complete detachment of an entire podocyte results from the final
coalescence of numerous discrete disconnected areas (Figure 3).
The smallest and probably first signs of detachment consist of cir-
cumscribed bare areas of GBM encountered in between two FPs
of the same podocyte, thus the former interposed FP was missing
(Figure 3A). This phenomenon frequently occurs in series and
may be derived from the retraction of a series of FPs arising from a
common larger process. In such cases, the co-ordinated retraction
of adjacent FPs after formation of occluding junctions between
them (as described above) seems to have failed.

Those areas of circumscribed detachments are frequently over-
arched by dome-shaped, flattened podocyte processes that are still
attached to the GBM (Figure 3B). Thus, a new kind of small
pseudocyst has developed that — in contrast to the above-described
large pseudocysts — is underlain by sections of bare GBM. Pro-
gressive local detachment leads to the coalescence of these spaces
(Figure 3C) and, finally, also to coalescence with large pseudocysts,
creating a communicating system of extracellular spaces, through
which the filtrate has to pass to reach Bowman’s space (Figure 3D).
Podocytes associated with such assemblies of pseudocysts finally
undergo detachment.

In general, podocytes detach in groups (Figure 4) forming
clusters of cells within Bowman’s space, cells interconnected by
occluding junctions. These interconnections are likely rooted in
the early response to the danger of detachment, i.e., sealing the
slits by replacing the slit diaphragms by occluding junctions. As
mentioned above, sites of detachment from the GBM and sites
of reinforced attachment including the attachment to adjacent
podocytes may be found in the same podocyte early in the disease
process. These interconnections were, at least partially, preserved
when podocytes finally detached from the GBM as entire cells.
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FIGURE 4 | Clusters of detaching podocytes in Bowman's space.
(Continued)

FIGURE 4 | Continued

Capillary lumens are highlighted in green, the GBM in yellow. In B and C
cell nuclei of podocytes are shown in violet, the PBM in light brown. (A) A
group of 6 podocytes in the process of detachment. Only podocytes 1 to 4
still have contact with the GBM, whereas 5 and 6 are attached to the
podocytes beneath by junctions (red circles). Within this cluster of
podocytes, a communicating system of pseudocysts is seen that starts at
bare areas of GBM (red dots). It may readily be suggested that the filtrate
entering through bare GBM has to pass these spaces to reach Bowman's
space; openings into Bowman's space are not hit in this section. Note that
additional detaching podocytes (colored in various shades of violet) are
gathered in another cluster. (B) Cluster of some 10 detaching or detached
podocytes forming a cell bridge between the tuft and Bowman’s capsule.
The unlabeled cell within the parietal epithelium cannot be assigned by any
plausible criterion to either parietal cells or to podocytes. The innermost
cells are still partially attached to the GBM (arrows). The cells are
interconnected to each other and still contain abundant pseudocysts that
form a continuous chamber system starting from bare GBM (red dots)
extending to the outermost layer. Note that the walls of many pseudocysts
are undergoing shedding (asterisks). (C) Podocytes after almost complete
detachment from the GBM are assembled as a cluster in Bowman's space
interconnected to each other by cell contacts (red circles). The inner row of
podocytes shows assemblies of small pseudocysts, the outer row appears
as rounded cells. The outermost cells have contacts to Bowman'’s capsule
(arrows). Male rats, growth stimulation with FGF-2 for 13 weeks. TEMs.
Bars: (A) 5um, (B) 4um, (C) 2 um.

Initially, those clusters of podocytes are connected to the
GBM by the innermost cells (Figure 4A). In later stages, they
made contact via the outermost cells with the parietal epithe-
lium (Figures 4B,C and 5), thereby forming multicellular “bridges”
between the GBM and the parietal epithelium. During this process,
podocytes change in shape. Apparently by shedding of the pseudo-
cysts, i.e., of their thin walls, the detached podocytes turned into
groups of rounded cells without any matrix in between (Figures 4
and 5). Mitotic figures were never encountered in these cells.

In even later stages, these bridging clusters of detached
podocytes initiate the formation of tuft adhesions to Bowman’s
capsule, i.e., firm cell and matrix connections between the GBM
and the parietal basement membrane, as described previously
(10). Concomitantly, the tuft itself underwent considerable shrink-
age, including wrinkling of the GBM, loss of capillaries, and
mesangial cells (Figure 5; to be described in detail in another
context).

The detachment of podocytes that have come to protrude into
the urinary orifice has already been described in various models
and interpreted as the consequence of high shear forces within the
urinary orifice acting on the cell bodies (5, 14). Here, we found that
the final changes accounting for detachment are likely also rooted
in the destabilization of FP attachment to the GBM, as described
above, and that these podocytes frequently detach in groups and
travel in groups along the tubule (not shown).

QUANTIFICATION OF GLOMERULAR INJURIES

Crucial steps of the above-described sequence in damage progres-
sion were quantified in 1 wm sections. Figure 1A shows an entire
glomerular profile indicating the injuries that were counted and
compared. As seen in Table 1 and in agreement with the clinical
data of the former study (10), the damage was significantly more
severe in males than in females.

www.frontiersin.org

December 2014 | Volume 5 | Article 207 | 39


http://www.frontiersin.org
http://www.frontiersin.org/Diabetes/archive

Kriz et al.

Detachment of podocytes from the GBM

4
&

FIGURE 5 | Clustering of podocytes in Bowman'’s space is associated
with shrinkage of the mesangio-capillary area. The GBM is highlighted in
yellow, capillary lumens in green, the PBM and cell nuclei of parietal cells in
brown, podocyte cell nuclei in violet. Glomerular profile with a tuft that is
broadly connected to Bowman's capsule by a large cellular crescent that
surrounds the tuft from three sides. The mesangio-capillary area (delimited
by the GBM) is small compared to the area occupied by podocytes. Note
that podocyte cell bodies (visualized by their cell nuclei) have almost
completely disappeared from central tuft areas being all contained within
the crescent. Most of the podocytes have retained pseudocysts. The
cluster of podocytes on top of the tuft does not show any contacts to the
tuft nor to the PBM, whereas the major part of the crescent displays
extensive contacts to the GBM as well as to Bowman'’s capsule. Nuclei of
cells, which by no plausible criterion can be assigned as podocytes or
parietal cells are uncolored. Note that the GBM is heavily wrinkled at
several sites and the mesangial area appears to be collapsed with
disappearance of capillaries at several loci (asterisks). Male rat, growth
stimulation with FGF-2 for 13 weeks. TEM. Bar: 10 um.

DISCUSSION
GENERAL
It is commonly agreed that the loss of podocytes underlies the
development of progressive renal failure. Research of the past
20 years has shown that podocytes are lost by a unique mechanism,
i.e., by detachment from the GBM as viable cells and excretion in
the urine. This fact, in conjunction with their inability to replicate,
puts podocytes in a precarious situation, unlike any other cell (5).
Thus, the precise knowledge of why and how podocytes undergo
detachment from the GBM is of great importance when searching
for strategies to delay the progression to end-stage renal failure.
The present study has addressed this question in a model of
excessive glomerular growth initiated by long-term stimulation
with FGF-2 (10). Endothelial and mesangial cells proliferated

Table 1 | Quantification of glomerular injuries.

Experimental animals Controls
8 + 13 weeks, pooled
Female, n=6 Male, n=6 n=6
No. of glomerular profiles 536 385 509
Large pseudocysts% 77+ M1 87+7 0
Small pseudocysts % 37 £ 8% 62+ 16 0
Clusters of podocytes % 19 £ 9** 42+7 0
Tuft adhesions % 44 3* 18+21 0
Weighted damage score 56 £ 30** 103+48 0

A glomerular profile was considered positive for the respective injury if a mini-
mum of (i) three large pseudocysts, (i) two areas of small pseudocysts (indicative
of local detachments), (iii) four podocytes forming a cluster of connected cells in
Bowman's space, and (iv) one adhesion was encountered. The weighted damage
score includes all changes in a graded way (see Materials and Methods).
*0<0.05 **p<0.001.

in this condition; podocytes participating solely by hypertrophy
could not cope with the overall glomerular growth, underwent
structural derangements and, finally, detached from the GBM. This
growth-stimulating rat model is similar to a recently published
transgenic rat model (15) in which the ability of podocytes for
hypertrophy was restricted resulting, after growth stimulation by
uninephrectomy, in a mismatch of endothelial and mesangial cell
proliferation on the one hand and podocyte hypertrophy on the
other, followed by podocyte loss through detachment. Both mod-
els mirror what happens in degenerating progressive glomerular
diseases including all forms of secondary FSGS.

THE DETACHMENT OF PODOCYTES FROM THE GBM

The difficulty in the interpretation of the changes encountered in
conjunction with podocyte detachment consists of separating the
sequence of changes progressing to detachment from the sequence
terminating in complete FPE, thus reinforcing attachment to the
GBM. Changes belonging to either of these developments may be
found at different sites of the same podocyte. This emphasizes the
most important insight of this study: podocyte damage is local,
even in the sense that the same podocyte undergoes detachment
in one part of the cell, whereas at another part, it successfully rein-
forced its attachment to the GBM. This fact supports the view
that, at least in this model, overall derangements of podocyte cell
function are not the crucial causes underlying detachment but
local imbalances between the forces accounting for attachment
and those for detachment appear to play the major role.

This triad of hypertrophy, hypertension, and hyperfiltration
has been convincingly shown to account for the progression of
glomerular diseases under a great variety of circumstances (8, 9).
These three factors are causally interconnected with each other but
it remains an open question whether one of them plays a dom-
inant role. Likely all three are involved in a mutually reinforcing
process (16, 17). An elegant study showing in two mouse models
of glomerulosclerosis that the development of glomerular injuries
was significantly curtailed after unilateral ligation of the ureter
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emphasizes the effects of changes in filtration dynamics (18),
whereas prevention of glomerular growth in a model with estab-
lished hyperfiltration and glomerular hypertension also resulted
in a marked decrease in sclerosis development (19), showing a
major impact of growth. Also, in human beings, glomerular hyper-
trophy was found to be the decisive cofactor in minimal change
disease accounting for progression to FSGS (20). The present study
suggests that excessive hypertrophy of podocytes may be a major
factor in progression to what extent hyperfiltration and glomerular
hypertension develop in this model is unknown.

Therefore, damage development in the FGF-2 model may be
taken to reflect the combined effects of all three factors.

Let us look in detail to a hypothetical local scenario that may
start the process of detachment. A certain podocyte has reached its
ultimate limit of hypertrophy that allowed it to cover a correspond-
ingly increased area of GBM with normal FPs. In case the rheo-
logical situation with high filtrate flows overtaxes the available slit
area, the only protective option remaining consists of sealing the
slits by occluding junctions. This represents a most crucial event.
The formation of cell—cell junctions between FPs in glomerular
disease models has been described previously by several groups,
characterizing them as an “occluding” type (21-27). More recent
work has shown that they are a certain type of tight junctions (28,
29). Moreover, it was shown that tight junctional proteins increase
several-fold in puromycin-induced nephrosis (29).

If sealing the slits is successful, compensation by adjacent
podocytes is required, with these being exposed to higher local
filtrate flows. If these podocytes have some reserve capacity to
hypertrophy, they may adequately manage the situation.

In the case that the sealing strategy fails, a fatal situation will
develop. Damage to the slit membrane will increase the shear stress
on the involved FPs and may initiate its local detachment, thereby
increasing the bare area of GBM. This will lead to local increases
in flow (local hyperfiltration) and worsen the unstable situation.
Thus, as soon as any detachment has started locally, the final strug-
gle against the detachment of the entire cell has begun. If there is
any chance to reverse this situation, it probably consists of spread-
ing of neighboring, uninvolved podocytes on the GBM covering
the denuded area. If this maneuver also fails, detachment of the
first podocyte will proceed and may include adjacent podocytes.

The process of detachment seems to follow a rather stereo-
typed structural sequence. Circumscribed bare areas of GBM in
between two adherent FPs of the adjacent podocyte (as the result
of initial local detachments) frequently form the floors of dome-
like cavities overarched by attenuated cytoplasm of broadened
primary processes. These spaces may be considered as a second
type of pseudocyst associated, in contrast to the large pseudo-
cysts, with bare GBM. They merge with each other, later with
the large pseudocysts, finally forming a communicating system of
extracellular spaces that starts above scattered areas of bare GBM
and opens into Bowman’s space through the narrow openings of
the subpodocyte spaces. In many previous studies, this system of
empty spaces has been termed “podocyte vacuolation,” considered
to consist of intracellular vacuoles (“blebs”) (23,30-34), indicating
a prenecrotic stage. Here, we show that for the most part, these are
extracellular spaces bordered by intact cell membranes of viable
podocytes.

It may readily be suggested that sites of bare GBM allow
increased filtrate flows and are the sites of protein leakage, as
frequently suggested and shown previously (22, 35-37). The fil-
trate has to find a way out of these spaces along routes offering
some amount of resistance to the outflow. The resulting expan-
sile forces on the walls of these spaces induce progressive bulging
and detachment, leaving behind increasing areas of bare GBM.
Consequently, the flow of the filtrate through the system of con-
nected pseudocysts likely exerts expansile forces on the concerned
podocyte, tending to lift it off the GBM (Figures 4 and 5).

Even if started locally at a single podocyte, the process of detach-
ment generally comprises a group of podocytes. This may be
another explanation for the observation by Ichikawa et al. (38) that
damage to a podocyte always damages neighboring podocytes. In
our view, the detachment of a podocyte, once started, will often
take others along and may be difficult to arrest.

The interpretation of the sealing of filtration slits by “FPE” as
a protective measure of podocytes against detachment conflicts
with the widely held view that FPE represents the common ini-
tial derangement of podocytes leading to proteinuria potentially
progressing to more severe glomerular damage (39). As discussed
previously (5), FPE is necessarily accompanied by transient protein
leakage as a consequence of the motility associated with the exten-
sive local rearrangements. The transient character of this kind of
proteinuria has recently been found in studies after Rac-1 stimula-
tion (40—42) that is known to elicit FPE (39,43). Progression of the
damage to FSGS has not been found in these studies supporting
our view of a protective impact.

THE FATE OF DETACHED PODOCYTES

In static structural studies, it is impossible to follow individ-
ual podocytes as they are translocated from one site to another.
However, we can observe that along the course of the disease,
podocytes are regularly encountered at other sites than where they
are found under normal conditions. From such comparisons, we
may deduce the routes how they came from site A to site B. We
do not think that such movements of podocytes are effected by
any active motility of the podocytes themselves, We think that
detachment from the GBM exposes them to the rheological forces
of filtrate flow pushing them toward Bowman’s capsule and the
urinary orifice.

The fraction of podocytes that detach directly in front of the
urinary orifice generally will be swept into the tubular lumen (5,
10, 14). Surprisingly, during their passage along the tubule, they
did not undergo anoikosis but, as known from several studies (e.g.,
3 and 4), may have reached the renal pelvis as living cells.

Podocytes detaching from most other sites of the tuft may form
massive cell accumulations within Bowman’s space interconnected
by occluding junctions with the innermost cells keeping contact to
the GBM. During this gradual process of detachment, podocytes
change in shape; they shed all the peripheral material forming
the thin walls of pseudocysts, finally appearing as rounded cells.
Frequently, such cell clusters establish, with their outermost cells,
contacts to parietal epithelial cells, thus forming purely cellular
crescents connecting the tuft and Bowman’s capsule.

These observations are in full agreement with recent in vivo
studies by multiphoton microscopy in two other models with
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podocyte detachment, i.e., unilateral ureter ligation (UUO) and
Adriamycin nephropathy (44). In these studies, the formation
of multicellular clusters of podocytes in Bowman’s space was
observed that made contact to Bowman’s capsule; also, podocytes
in single file moving down the tubule were seen. The authors
also observed that the podocyte clusters made contacts to parietal
cells by cell projections and nano-tubes. We found by TEM abun-
dant occluding junctions between podocytes as well as between
podocytes and parietal epithelial cells suggesting that they are
responsible for the mechanical cohesion. As also verified in ser-
ial sections, the outermost cells of the podocyte clusters are fully
separated from the GBM but fixed to inner cells of the cluster by
occluding junctions. It appears that as soon as they come into con-
tact with parietal cells, they establish junctional contacts to parietal
cells, as well.

The further evolution of such clusters of detached podocytes
attaching to Bowman’s capsule, finally turning into tuft adhe-
sions and crescents has been shown and discussed previ-
ously (10, 45, 46).

Relationships to pathologies seen in human renal diseases

It is quite obvious that the clustering of podocytes within Bow-
man’s space and the shrinkage and collapse of the mesangio-
capillary area have equivalents in human renal diseases, known as
“cellular crescent,” “cellular lesion,” and “collapsing glomerulopa-
thy” (CGP). The origin of the abnormal cells in these pathologies is
under debate (47-50). In the present degenerative animal model,
the cells clustering on the outer aspect of the tuft within Bowman’s
space are clearly derived from podocytes and do not proliferate.
CGP combines the collapse of the mesangio-capillary compart-
ment with hypertrophy and seemingly hyperplasia of the cells that
take the place of podocytes on the outside of the GBM, assembled
in clusters looking like crescents (51-54). The shrinkage of the
mesangio-capillary area with wrinkling of the GBM and collapse
of capillaries in CGP look identical to what is seen in the present
animal model. Also, the clustering of cells in Bowman’s space in
CGP may look very similar to the clustering of detached podocytes
in our animal model.

The great number of such cells seen in a cross-sectional pro-
file of CGP seems incompatible with detachment as the only
mechanism. However, as far as we know, the total number of
podocytes on the surface of a collapsed tuft in CGP has never been
estimated by stereological methods. Though a fully reliable calcu-
lation is presently not possible, we tried the following approach
applying the recently published method by Venkatareddy et al.
(55) to estimate podocyte number from a single glomerular
profile in a single section. Since we do not have own biopsy
material from a case of CGP, we took the glomerulus shown
in Figure 3 from the paper by Jhaveri et al. (56) and made
the following calculation. In this glomerular profile, we counted
90 podocyte cell nuclei. From the listed magnification, the tuft
diameter is about 100 wm (healthy tufts are usually in the range
180-220 pm, glomerular tufts are shrunken in CGP). The cross-
sectional area is, therefore, 7854 pm? and the area density of
nuclei is 90/7854 =0.01146. Using the estimated caliper diam-
eter for human podocyte nuclei of 8.2 um (given in 55), we
obtain the volumetric podocyte density of 0.01146/8.2 =0.001397

podocytes/ium?. The 100 wm tuft diameter yields an estimated tuft
volume of 523,585 jum® (much smaller than a typical tuft volume
of 3,000,000 pm?). Multiplying the density by the tuft volume
gives an estimate of 731 podocytes in the tuft. To the degree that
any podocytes are binucleate, this will be an overestimate of cell
number.

Thus, it seems possible that the seemingly great number of
podocytes on a shrunken tuft in CGP is all derived from detach-
ment, gathering on the shrunken surface without any cell prolifer-
ation. This is supported by the fact that mitotic figures are generally
not found in these cell assemblies in CGP. Major support in favor
of detachment comes from the work of Bariety et al. (57) and
also from findings in a transgenic mouse model of HIV-associated
nephropathy (58).

CONCLUSION

Loss of podocytes represents the central event underlying the
glomerular disease progression (4,46). Here, in a model of contin-
uous growth stimulation by FGF-2, we show that loss of podocytes
occurs by detachment from the GBM as viable cells. This is a
gradual process that starts focally at randomly distributed sites.
The local origin strongly supports the view that the forces starting
detachment consists of local rheological disturbances. The detach-
ment of a podocyte, once started, may be difficult to arrest. How-
ever, podocytes have developed protective mechanisms against
detachment, most important the sealing of the filtration slits
followed by FPE.
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The podocyte is one of the two cell types that contribute to the formation of the glomerular
filtration barrier (GFB). It is a highly specialized cell with a unique structure. The key feature
of the podocyte is its foot processes that regularly interdigitate. A structure known as the

Reviewed by: . o . o . . .
EZ:':;Z?DEHYMC@,, University, slit diaphragm can be found bridging the interdigitations. This molecular sieve comprises
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pathogenesis of nephrotic syndrome. In nephrotic syndrome, the GFB no longer restricts
the passage of macromolecules and protein is lost into the urine. A number of phenotypic
and morphological changes are seen in the diseased podocyte and in the literature these
have been described as an epithelial-mesenchymal transition (EMT). However, there is
a growing appreciation that this term does not accurately describe the changes that are
seen. Definitions of type-2 EMT are based on typical epithelial cells. While the podocyte is
known as a visceral epithelial cell, it is not a typical epithelial cell. Moreover, podocytes have
several features that are more consistent with mesenchymal cells. Therefore, we suggest

that the term podocyte disease transformation is more appropriate.

Keywords: nephrotic syndrome, podocytes, proteinuria, epithelial-mesenchymal transition, dedifferentiation

INTRODUCTION

The podocyte is thought to be the target cell in the pathogen-
esis of nephrotic syndrome. The term “podocytopathy” is being
increasingly used to describe disease that has arisen due to insult
or injury to the podocyte. Minimal change nephropathy (MCN),
focal segmental glomerulosclerosis (FSGS), diffuse mesangial scle-
rosis (DMS), and collapsing glomerulopathy (CG) are all thought
to be podocytopathic nephrotic diseases (1). Irrespective of the
cause, podocytes demonstrate dramatic morphological differences
when there is nephrotic range proteinuria (2). Actin cytoskeleton
rearrangement, slit diaphragm loss, and more cuboidal morphol-
ogy are all hallmark features of the diseased podocyte (2). The
field has tended to refer to this loss of typical phenotype as an
epithelial-mesenchymal transition (EMT) event (3-5).

However, EMT is a highly plastic and reversible process: indeed,
the word “transition” was chosen deliberately to reflect this tran-
sient nature. The phenotypic and morphological changes seen
in diseased podocytes are only reversible if the insult is not
very severe. In minimal change disease, the disease phenotype is
reversible following glucocorticoid therapy. However, in FSGS, the
changes in morphology and phenotype are not only irreversible
but progressive (6). Therefore, using the term EMT implies an
innate reversibility, which is not strictly accurate in the case of
the podocyte. Therefore, it is important to reassess the extent to
which the term EMT accurately describes the transposition from
the healthy to the diseased podocyte morphology. Additionally,
the podocyte is not a typical epithelial cell. Despite podocytes
also being known as visceral epithelial cells, they retain several
mesenchymal features (spindle shaped morphology and high lev-
els of matrix interaction) and lack archetypal epithelial markers
(cell—cell contacts that are based predominantly on P rather than

E-cadherin). Therefore, the podocyte fails to demonstrate the
emblematic features of EMT. If the change in podocyte morphol-
ogy and phenotype seen in disease does not fulfill the accepted
criteria for an EMT event and is not necessarily transient in nature,
then the usefulness of this term in this context must be questioned.

Immortalized podocytes in vitro respond to the classic inducer
of EMT, TGF-B1. Following TGF-B1 treatment, human podocytes
in vitro demonstrate increased levels of a-SMA, cadherin switch
from P-cadherin to N-cadherin, and expression of the main effec-
tor transcription factors of EMT: SNAIL and SLUG (7). Similar
phenotypic changes are seen in mouse podocytes in vitro when
exposed to TGF-B1. Again suppression of P-cadherin along with
suppression of ZO-1 and nephrin with concomitant upregulation
of desmin, fibronectin, and collagen I is observed (8). In vitro,
following 24 h exposure to TGF-B1, human podocytes lose their
highly arborized morphology and adopt a more cobblestone-like
morphology. The existence of similar phenotypic changes in both
mouse and human podocytes in response to TGF-BI is indicative
of an evolutionarily conserved disease mechanism.

The pathological effects of such phenotypic changes within a
cell-type, such as the podocyte, are severe. Foot process efface-
ment is linked to a diminished ability to restrict urinary protein
loss. This leads to runaway proteinuria and nephrotic syndrome.
Effaced podocytes have less contact with the glomerular basement
membrane, making podocyte loss much more likely. Additionally,
the increased synthesis of extracellular matrix (ECM) components
such as fibronectin and collagen I may contribute to GBM thick-
ening. These are all hallmark features of diabetic nephropathy (9).

FSP1 is a fibroblast (mesenchymal) marker, which has been
found in podocytes from patients with diabetic nephropathy.
Healthy podocytes do not express FSP1; therefore, de novo
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expression of a mesenchymal marker is a pathological change in
phenotype. Moreover, the frequency of FSP1T podocytes in the
urine has been linked to disease severity (8). FSP1™ podocytes
have also been found in the glomeruli of FSGS patients (10).

The term EMT is over simplistic in this context, and does not
encapsulate the process that is seen in the disease state in vivo and
disease models in vitro. Broadly speaking, the morphological and
phenotypic changes seen in diseased podocytes appear to be an
EMT type event. However, in order for the assertion that this is an
EMT event to be accurate, one must first consider to what extent
the changes seen correlate with the definition of EMT.

THE PODOCYTE: A SPECIALIZED CELL

The podocyte is a highly specialized cell that is situated on the
outer surface of the GBM. It comprises three structurally and
functionally unique segments. These are known as the cell body,
the major process, and the foot process (11). The cell body,
the major processes, and the foot processes share a common
actin cytoskeleton contractile apparatus similar to that found in
smooth muscle cells or pericytes (11). The foot processes extend
from the major processes and cover the GBM. Neighboring foot
processes interdigitate, and where this occurs a modified cell-
to-cell junction known as the slit diaphragm is formed (12).
The slit diaphragm forms the final layer of the glomerular fil-
tration barrier (GFB) and has both charge and size selective
properties (13).

The foot processes are the main functional unit of the podocyte.
These contain loops of filamentous actin (F-actin) that can be
assembled, disassembled, and bundled together in response to the
changing requirements of the foot process. The tensile strength
of F-actin and its concentration in the foot processes enable the
podocyte to withstand the pressure of glomerular flow (14). It
is this ability of actin, to be soluble as a monomer and then
rapidly polymerize to provide structure and support that allows
the redistribution of the podocytes foot processes. Bivalent mole-
cules, such as a-actinin-4 and dystrophin can link bundled actin
fibers for added strength (15). There are more than 100 proteins
that are involved in the regulation of actin filament formation
and breakdown indicating that these are essential procedures (16).
The importance of the actin cytoskeletal regulation in the proper
functioning of the podocyte is indicated by the number of so-
called “nephrotic” genes whose protein products act on the actin
cytoskeleton (17) (Table S1 in the Supplementary Material).

Such is the importance of the podocyte and the slit diaphragm
in particular that there are multiple monogenic mutations that
cause nephrotic syndrome as shown in Table S1 of Supplementary
Material.

Structural and functional defects in the GFB result in an inabil-
ity to restrict urinary protein loss. Nephrotic syndrome is defined
by the triad of proteinuria, hypoalbuminemia, and edema. Pro-
teinuria is defined by presence of non-physiological levels of a
mixture of proteins in the urine (>200mg/l) (20). However, in
clinical practice, the albumin—creatinine ratio is more likely to
be employed as it accounts for differences in urine dilution, i.e.,
a level of >30g/mg demonstrates proteinuria (21). Structural
and functional defects in the GFB result in an inability to restrict
urinary protein loss.

Podocytes are terminally differentiated cells meaning that they
are unable to proliferate. This lack of podocyte proliferation limits
their capacity to recover from any damage. Therefore, podocyte
injury is thought to be central to nephrotic syndrome patho-
genesis. The range of podocyte injuries that can play a role in
nephrotic syndrome pathogenesis is collectively referred to as
podocytopathies. Many of these podocytopathies are caused by
mutations in key genes. These genes are central to podocyte
function; encoding either slit diaphragm proteins, transcription
factors, or signaling mediators. The genetic causes of nephrotic
syndrome are discussed in detail in an excellent review by Hilde-
brandt (17). In addition to genetic podocytopathies, there are
also reactive podocytopathies. In these reactive podocytopathies,
the podocyte is damaged by mediators in the microenviron-
ment (1). These extrinsic podocyte stressors can be from several
sources. They can be viral, toxic, immune-mediated, mechanical,
or metabolic disorder derived.

EPITHELIAL-MESENCHYMAL TRANSITION

It is well accepted that a loss of the highly specialized podocyte
structure limits the capacity of the final layer of the GFB to restrict
urinary protein loss. The changes seen in diseased podocytes could
be due to an EMT event.

It has been posited in the literature that since podocytes
develop from mesenchymal cells via a mesenchymal-epithelial-
transition (MET) event, it is reasonable to assume that the loss
of mature podocyte characteristics is the reverse of this process
(22). Glomerular development consists of four stages as follows:
the vesicle stage, the S-shaped body stage, the capillary loop stage,
and the maturation stage (23). The early podocytes can first be dis-
tinguished as a layer of cells at the proximal end of the S-shaped
body. During this stage, the podocytes develop from the colum-
nar epithelial cells (24). In turn, the columnar epithelial cells arise
from the metanephric mesenchyme via a MET event (25). At this
point, the podocytes express specific podocyte markers such as
Wilms’ tumor suppressor (WT1) and nephrin (26, 27). As the
capillary loops form, the podocyte progenitors lose their lateral
cell—cell contacts and begin to migrate. As the capillary loop stage
progresses, the podocyte foot processes form. At this point, expres-
sion of the slit diaphragm proteins, nephrin, podocin, and CD2AP
can be seen (28-30).

Epithelial-to-mesenchymal transition is a tightly regulated
process by which epithelial cells lose their hallmark epithelial char-
acteristics and gain the features of mesenchymal cells. EMT can be
initiated in response to circulating mediators such as TGF-B1 (31,
32). During the process of EMT, the podocytes should lose their
epithelial polarity, the cell-to-cell junctions (the slit diaphragm)
will be altered, and the actin cytoskeleton will be rearranged (33).
Following stimulation with TGF-B1, podocytes lose expression of
nephrin and ZO-1 (34). As important slit diaphragm proteins, the
loss of nephrin and ZO-1 expression is detrimental to the function
of the podocyte. Not only does TGF-B1 lead to loss of epithelial
characteristics in podocytes (as evidenced by the loss of nephrin
expression) but also an increase in mesenchymal characteristics.
Desmin is one such mesenchymal marker that is upregulated by
TGEF-B1, moreover, desmin upregulation by podocytes is seen in
glomerular diseases where podocyte damage is a key feature (35).
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These changes have severe consequences for the structure and
function of the podocyte cell. The loss of epithelial cell-cell junc-
tions during EMT is best represented by a loss of the slit diaphragm
in the diseased podocyte. As previously described, podocytes
demonstrate a clear change in their morphology and phenotype
in the diseased state. Expression of the slit diaphragm is lost and
the foot processes are effaced. However, does the loss of essential
podocyte features seen in disease and disease models, both in vivo
and in vitro, respectively, represent a typical EMT event?

Epithelial-mesenchymal transition has been categorized into
three types: type 1, associated with implantation, embryo for-
mation, and organ development, type 2, associated with wound
healing tissue regeneration and organ fibrosis, and type 3, which
is associated with cancer metastasis and progression (36). The dis-
tinctions between these subtypes of EMT are outside the scope of
this review but are extensively covered in a review by Kalluri and
Weinberg (36). For the purposes of this review, EMT will now be
a reference to type-2 EMT. The criteria for type-2 EMT are listed
in Table 1.

The changes in morphology and phenotype between healthy
and diseased podocytes only partially satisfies most of the cri-
teria for type-2 EMT and does not fit at all with the rest. The
table demonstrates quite clearly the inaccuracies of describing this
process as EMT. For instance, one of the criteria for type-2 EMT
is a cadherin switch from E-cadherin to N-cadherin. While the

podocytes do undergo a cadherin switch in the diseased state, this
is from P-cadherin to N-cadherin. No evidence could be found in
the literature for podocytes expressing DDR2 or HSP47. Neither
thereis clear evidence for the nuclear translocation of TWIST. Oth-
erwise, it is the lack of typical epithelial phenotype in podocytes
that precludes them from matching this definition of EMT.

First of all, podocytes are atypical epithelial cells. While it is
the case that podocytes demonstrate epithelial features, such as
clear apical-basal cell polarity, they also exhibit mesenchymal fea-
tures such as vimentin and intermediate filament expression (16).
They also express features of differentiated mesenchymal cells, in
particular smooth muscle actin, akin to a pericyte phenotype (42).

High migration capacity is a mesenchymal feature, while low
invasive capacity is an epithelial feature, again demonstrating
the dichotomous nature of the podocyte. The healthy podocyte
maintains a dynamic range within which motility is regulated
(43). It has been shown that plasma from patients with active
FSGS significantly increases podocyte motility in vitro (44). The
insult caused by the disease is increasing the mesenchymal char-
acteristic of the podocyte. These hypermotile podocytes are not
invasive due to the location of the podocytes on the outside of the
GBM. The flux of hyperfiltrate through the GFB leads to a loss
of podocytes in the urine. Indeed, as mentioned previously, viable
urinary podocytes have been found with mesenchymal fibroblastic
markers such as FSP1 (25).

Table 1 | Hallmark characteristics of EMT.

Criteria Evidence in the literature

Criteria met?

Novel FSP1 and DDR2
expression associated with

When podocytes are exposed to high glucose concentration in vitro, they demonstrate a clear

Partially

upregulation of FSP1 (37). Urinary podocytes from diabetic nephropathy patients are FSP1+ (5).

basement membrane
disruption

Increased expression of
HSP47, collagen 1 (a1),
collagen 2 (a2), or vimentin

Cadherin switch from
E-cadherin to N-cadherin

Nuclear relocalization of
CBF-A or B-catenin or new
expression of SNAIL, SLUG,
or TWIST

Loss or reduction of epithelial
cell markers

Spindle shape morphology
with redistribution of stress
fibers and loss of polarity

Moreover, ectopic overexpression of the known EMT inducer TGF-B1 in the glomerulus stimulates
FSP1 in the podocyte (38)

HSP47 is a marker of collagen producing cells and has been found in crescentic cells but not in
podocytes in vivo or in vitro. TGF-B1, a potent EMT inducer stimulates collagen 1 expression in mouse
podocytes (8). Although mature podocytes express vimentin, the expression increases following
TGF-B1 treatment in vitro (39)

The typical switch from E- to N-cadherin expression is not seen since mature podocytes do not
express E-cadherin (40). They do, however, express P-cadherin. A switch from P-cadherin to N-cadherin
is seen following TGF-B1 treatment (7)

Nuclear translocation of beta-catenin is seen in experimental models of nephrotic syndrome both

in vitro and in vivo and also in diabetic nephropathy (41). Wnt signaling is responsible for the
translocation of beta-catenin and plays an important role in podocyte injury and proteinuria (41). TGF-B1
treatment stimulates SNAIL expression in vitro. Additionally, ectopic expression of SNAIL induces
changes in podocyte phenotype consistent with EMT (8). SLUG is also expressed following TGF-B1
treatment in vitro (7)

The podocyte dedifferentiation seen in response to TGF-B1 treatment is associated with a reduction in
epithelial markers such as ZO-1 and P-cadherin (8, 39)

Podocytes have a spindle-like arborized morphology when fully differentiated. This morphology is lost
following insult. A loss of apical-basal polarity leads to the mislocalization of nephrin and concomitant
proteinuria. This loss of polarity has not been seen in models of EMT either in vitro or in vivo

Partially

Partially

Partially

No

The dedifferentiation of podocytes seen in podocytopathic nephrotic syndromes only partially satisfies some of the criteria for a type-2 EMT transition. Clearly, the

morphological and phenotypic changes seen in diseased podocytes are not obtained via a type-2 EMT event.
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Podocytes express P-cadherin instead of E-cadherin; again
this is atypical for an epithelial cell (7, 45). The generation of
a spindle-like morphology is indicative of a mesenchymal phe-
notype. However, normal podocytes both in vitro and in vivo
have a highly arborized structure that is consistent with the
aforementioned spindle-like morphology. Following dedifferen-
tiation, the podocyte actin cytoskeleton rearrangement causes
foot process effacement leading to the morphology seen in
Figure 1. This effaced morphology could be described as anal-
ogous to the typical epithelial “cobblestone” morphology. In
this way, following dedifferentiation, podocyte morphology goes
from the mesenchymal-like highly arborized morphology to
the epithelial-like “cobblestone” morphology. The epithelial and
mesenchymal characteristics of the podocyte are summarized in
Figure 1.

Therefore, when describing podocyte dedifferentiation, one
must be careful to consider to what differential state the podocyte
isreverting. A partial reversal of the mature, partially mesenchymal
state to a more immature epithelial state seen during the S-shaped
body, and capillary loop stages of development could be termed as
MET. However, complete dedifferentiation to the “mesenchymal
rest” state of development could also conceivably occur, and be
more accurately described as EMT, though in neither case is the
terminology adequately nuanced.

The terminology “EMT” was adapted from the original term
“epithelial-mesenchymal transformation” in order to emphasize
the transient nature of this mechanism and the potential for its
reversal (46). Clearly, the podocyte is not the average epithelial cell
and its dedifferentiation does not entirely fit with the definition of
EMT outlined in this article. This is more than simply a semantic
argument. Evidently, mediators such as TGF-B1 can instigate EMT
and induce podocyte dedifferentiation that is at least reminiscent
of EMT. However, by constraining the conceptualization of this
process by only thinking in terms of EMT, novel mediators and dis-
ease processes causing podocyte dedifferentiation may be missed.
In light of the criticisms of this term to describe podocyte dedif-
ferentiation in disease as EMT, perhaps the term podocyte disease
transformation (PDT) is more appropriate. With transformation
reflecting that PDT is less transient than EMT.

GENETIC FORMS OF NEPHROTIC SYNDROME AND EMT

Single gene defects causing NS tend to cause irreversible podocyte
damage. This is to be expected since many of the genes that are
known to cause nephrotic syndrome express proteins that are
key components of the slit diaphragm (nephrin and podocin)
or are essential to the specialized architecture of the podocyte
(such as alpha actinin IV). However, the incorporation of transi-
tion in this term is deliberate. The diseased podocyte phenotype
can be transient. Nephrotic syndrome is often treated with glu-
cocorticoids and/or calcineurin inhibitors both of which have
been shown to have direct effects on the actin cytoskeleton of
the podocyte (47-49). One key renal developmental gene, known
to cause NS when mutated, has been shown to result in features
of podocyte dedifferentiation. This is WT1, a transcription factor
both highly expressed and necessary for renal development (50),
yet only expressed in the podocyte in the mature kidney. Mouse
models of the human disease resulting from WT1 mutations,

Denys—Drash Syndrome (DDS), reveal loss of podocyte ZO-1
expression and upregulation of podocyte TGF-B (51). Further-
more, loss of WT1 and re-expression of PAX2 and cytokeratin in
podocytes have been described in cellular lesions in FSGS biop-
sies, implying an epithelial switch during acquired disease (52).
Our own data examining the phenotype of conditionally immor-
talized podocytes from children with DDS confirms re-expression
of PAX2, but also clear mesenchymal features suggestive of com-
plete dedifferentiation (unpublished results). Thus, WT1 may be
a key regulator of podocyte EMT both developmentally and as a
target in disease.

The extracellular domain of nephrin forms the protein scaf-
fold of the slit diaphragm (53). There are eight IgG-like motifs
in the extracellular domain each of which contains two cysteine
residues that are bound to each other via disulfide bridges. In addi-
tion, there are three “free” cysteine residues per nephrin molecule
that are available to form disulfide bridges with bordering nephrin
molecules (54). In this way, nephrin forms the scaffold for the slit
diaphragm. The extracellular domain of nephrin interacts with
other proteins in order to maintain the integrity of the barrier.
Two such proteins are Neph 1 and Neph 2 (55). Clearly, the loss
of most of the extracellular domain, as in patients with the Fin-
major mutation, has massive implications for the formation of the
slit diaphragm (56). The cytoplasmic domain of nephrin, of which
part is missing in patients with the Fin-minor mutation, plays a
role in the maintenance of the structural and functional capa-
bilities of nephrin (56). The cytoplasmic domain also connects
nephrin, and hence the slit diaphragm to the actin cytoskeleton
of the foot process (57). It has been suggested that nephrin can
bind directly to the actin cytoskeleton of the foot process via its
cytoplasmic domain, while Yuan and colleagues have shown that
nephrin is at least capable of binding to actin (58).

Podocin comprises 383 amino acids and has a hairpin structure
such that both the C and N terminus are cytoplasmic (59). It is a
raft-associated constituent of the foot process membrane that is
localized at the insertion of the slit diaphragm itself (29). Within
the raft, podocin can form oligomers, which lead to invagination
of the foot process membrane, to which CD2AP and nephrin are
recruited (60). In fact, a fully functioning podocin is required for
nephrin transport to the membrane (61). This is the foundation of
the slit diaphragm assembly (62). Between 10 and 28% of all non-
familial childhood, SRNS cases are caused by recessive podocin
mutations, such is the importance of this protein (62).

CD2AP is an adaptor molecule that possesses a coiled coil
domain and 3 Src homology 3 (SH3) domains (59, 63). It also
has an actin binding site at its NH, terminus and is believed to
contribute to dynamic actin assembly (64, 65). CD2AP is capa-
ble of interacting with nephrin and in complex with nephrin and
podocin is able to recruit PI3K to the plasma membrane (63).

CONCLUSION

In reactive podocytopathies, the podocyte is injured by a circu-
lating factor (66). It is clear, however, that the podocytes undergo
a set of phenotypic and morphological changes during nephrotic
syndrome. This process has been likened to EMT. TGF-B1 is a
potent inducer of EMT. The research described in this review
has relied heavily on in vitro work centered on the response of
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FIGURE 1 | Podocyte structure and characteristics are shown. The
podocyte comprises three main compartments, the cell body, the major
processes, and the foot processes (A). Each of these segments shares a
common actin cytoskeleton. Neighboring foot processes regularly
interdigitate. The gap between these interdigitations is bridged by a
specialized cell-cell junction known as the slit diaphragm (C). Following
insult, the podocyte foot processes are effaced (B). This concomitantly
causes a loss of the slit diaphragm. The actin cytoskeleton is rearranged
and the podocyte is no longer able to restrict urinary protein loss. A
number of insults can cause the podocyte to lose its essential morphology
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rendering it unable to perform as the final layer of the glomerular filtration
barrier. The number of slit diaphragms is reduced and the neat morphology
of the podocyte is lost in nephrotic syndrome. This is clearly demonstrated
by Patrakka et al. (68). (D) Epithelial and mesenchymal features of the
podocyte are shown. Epithelial and mesenchymal characteristics as
defined by Voulgari and Pintzas (40). The podocyte clearly possesses
features that are both epithelial and mesenchymal. Based on this
observation, it is not accurate to describe the podocyte as an epithelial
cell. Hence, describing podocyte dedifferentiation as EMT is also an
oversimplification.
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podocytes to TGF-B1 treatment. As demonstrated, the podocytes
do not undergo a typical type-2 EMT in response to TGF-B1. The
new term “podocyte disease transformation” has been coined in
order to distinguish this process from EMT.

A new technique known as transcriptome in vivo analysis
(TIVA), has been developed to analyze the transcriptome of sin-
gle cell populations in vivo without destroying the tissue (67).
This technique could be employed to further study the changes in
podocytes in disease models.

The traditional definition of a podocyte as an epithelial cell is
clearly simplistic, and in fact, this is a uniquely differentiated cell,
fit for a specific functional purpose that fulfills features of a par-
tial mesenchymal and partial epithelial cell. It reaches this mature
phenotype via immature mesenchymal and then epithelial stages,
and therefore, dedifferentiation in disease could result in regres-
sion to either of these states. It will be important in understanding
podocyte disease to understand the drivers of these changes, and
recognizing the developmental features that are correlated with
specific clinical conditions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at http://www.frontiersin.org/Journal/10.3389/fendo.2014.00148/
abstract
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After decades of primarily morphological study, positional cloning of the NPHS7 gene was
the landmark event that established aberrant podocyte genetics as a pivotal cause of mal-
function of the glomerular filter. This ended any uncertainty whether genetic mutation plays
a significant role in hereditary nephrotic syndromes (NS) and confirmed podocytes as crit-
ical players in regulating glomerular protein filtration. Although subsequent sequencing
of candidate genes chosen on the basis of podocyte biology had less success, unbiased
analysis of genetically informative kindreds and syndromic disease has led to further gene
discovery. However, the 45 genes currently associated with human NS explain not more
than 20-30% of hereditary and only 10-20% of sporadic cases. It is becoming increas-
ingly clear both from genetic analysis and phenotypic data — including occasional response
to immunosuppressive agents and post-transplant disease recurrence in Mendelian dis-
ease — that monogenic inheritance of abnormalities in podocyte-specific genes disrupting
filter function is only part of the story. Recent advances in genetic screening technology
combined with increasingly robust bioinformatics are set to allow identification and charac-
terization of novel disease causing variants and more importantly, disease modifying genes.
Emerging data also support a significant but incompletely characterized immunoregulatory
component.

Keywords: podocyte nephropathy, podocytes, genetic predisposition to disease, gene mutation, nephrotic

syndrome, nephrotic genes

NEPHROTIC SYNDROME AND THE GLOMERULAR
FILTRATION BARRIER

Nephrotic syndrome (NS) is one of the commonest kidney condi-
tions to affect children and adults. It manifests as excessive leak of
protein into the urine, with interstitial edema occurring through
albumin loss, aggravated by salt and water retention. Moreover,
secondary knock-on effects on lipid metabolism, hemostasis, and
the endocrine system through loss of key binding proteins serve to
augment morbidity and mortality. NS represents a heterogeneous
group of conditions, some idiopathic, others with a clear genetic
basis. It may be highly kidney specific, associated with extra-renal
developmental malformations or occur as a complication of sys-
temic disease. The mainstay of treatment is immunosuppression,
also effective in about 8-10% of genetic cases. Non-responders
generally progress to renal failure with kidney transplantation, the
only life-saving treatment.

THE ROLE OF PODOCYTES

Despite the apparent heterogeneity, the unifying feature in NS is
malfunction of the glomerular filtration barrier (GFB). This highly
sophisticated macromolecular sieve with size and charge restrict-
ing characteristics is the primary ultra-filter of plasma by the
kidney. It allows free flow of water and small solutes but restricts
the passage of molecules >15kDa; proteinuria occurs through
loss of these normal permselective properties. The GFB com-
prises three layers: fenestrated endothelium, glomerular basement

membrane (GBM) and podocytes, specialized terminally differen-
tiated epithelial cells connected by slit diaphragms (SD), unique
intercellular junctions interposed between interdigitating foot
processes (1). Endothelial cells and podocytes have a negatively
charged surface glycocalyx, which together with GBM sialopro-
teins and heparan sulfate gives the GFB an overall negative charge
at physiological pH. Although size is the primary determinant of
molecular filterability, recent detection of mutations in the main
component of the podocyte glycocalyx, podocalyxin, in familial
NS (2) supports additional charge selection through electrostatic
repulsion.

Although damage to any of the three layers can result in sig-
nificant proteinuria and kidney disease (3), podocytes are consid-
ered pivotal for maintaining barrier integrity. They encircle the
glomerular capillaries creating a compact interdigitating network
on the urinary side of the GFB. The connecting SDs integrate struc-
tural components of tight, adhesion, gap, and neuronal junctions
to meet the diverse functional requirements of macromolecular
filtering under high pressure while subjected to rapid changes in
mechanical shear stress (4). SDs connect with the actin cytoskele-
ton to initiate signaling pathways that regulate podocyte function,
namely plasticity of foot processes, mechanosensation, calcium
flux, endocytosis, cell polarity, and cell survival. It is perhaps not
surprising that podocyte gene mutations link to these key cellular
functions. Podocytes also react very stereotypically to injury irre-
spective of whether this is acquired or resulting from an intrinsic
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developmental defect with reorganization of the actin cytoskele-
ton, foot process effacement, molecular re-characterization of SDs,
apoptosis, and detachment from the GBM (5). These dramatic
morphological changes correlate with dysregulation of specific
markers of podocyte differentiation including WT1, PAX2, and
nephrin again signifying an underlying molecular basis. Addition-
ally, de-differentiated podocytes can attempt healing sometimes by
excessive proliferation, with the eventual outcome of repair or cell
death attributable to complex interplay of poorly defined genetic
and epigenetic mechanisms (6-8).

Clinical data support the hypothesis that the predominant cel-
lular lesion targets podocytes; GBM gene defects usually result
in insidious plasma protein leak whereas defects in podocyte/slit-
diaphragm genes cause precipitous leak and NS. Moreover, there is
evidence for a potential role for immune-regulation, particularly
in childhood. Podocytes express cytokine and chemokine recep-
tors as well as Toll Like receptors (TLRs) (9) and can respond
to immune stimuli both in vivo and in vitro. Moreover, emerg-
ing evidence indicates that podocyte injury in NS may sometimes
result from an unknown circulating factor, cytokine imbalance, or
immune complex injury, with rare genomic variants potentially
dictating susceptibility or resistance to immune triggers and the
degree of subsequent response.

ADVANCES IN MOLECULAR CHARACTERIZATION OF
PODOCYTES

Initial evidence supporting a molecular basis for NS came from
positional cloning in familial cases and experimental animal mod-
els. Inherited diseases are frequently caused by mutations in genes
with restricted expression patterns that generally do not cause
early embryonic lethality but instead manifest at the time when
gene function becomes critical for a specific tissue and subsequent
survival (10). This is certainly the case for NPHSI and NPHS2 (11,
12), the first podocyte genes cloned in NS encoding nephrin, an
immunoglobulin superfamily member, and podocin an integral
membrane protein both exclusively expressed at the podocyte SD
supporting a key role in protein filtration. Mutations are associ-
ated with autosomal recessive NS manifesting at birth or early life
during post-natal glomerular maturation and resultant increase
in glomerular filtration.

Detection of WT1 mutations in human syndromic NS (13),
together with murine transgenic approaches using WT'1, CD2AP
(14), and NEPHI (15) underscored the contribution of develop-
mentally regulated podocyte genes. Subsequent identification of
mutations in ACTN4 (16) and INF2 (17) emphasized the central
role of the actin cytoskeleton whereas gain of function mutations
in TRCP6 linked podocyte disease to abnormalities of cellular
calcium flux and associated signaling pathways (18). Inherited
defects of mitochondrial (19) and lysosomal components (20)
have also been shown to lead to profound podocyte dysfunc-
tion, suggesting that they have high energy requirements and
turn over. This also lead to the discovery that lysosomes partici-
pate in autophagy, increasingly recognized as protecting podocytes
against injury (21, 22) Other genes such as CD2AP that partici-
pate in endocytosis and/or actin assembly have also been detected
in glomerular disease providing further important clues about
podocyte biology.

Familial and candidate gene studies have provided important
information about the molecular basis of fundamental podocyte
functions such as slit-diaphragm signaling, regulation of actin
cytoskeleton dynamics, and cell-matrix interactions. However,
until recently, only limited information about the overall genetic
landscape was available, which posed a challenge to correct inter-
pretation of genetic findings. Previously, podocytes could be
extracted with high purity, but low cell yields during isolation
hampered complete characterization of the transcriptome and
proteome. Primary cells are difficult to grow in culture, so immor-
talized podocytes provided a useful tool to study gene function
but incompletely mirrored their in vivo counterparts at molec-
ular level. However, recent development of a double fluorescent
reporter mouse model and optimized bead perfusion protocol,
combined with FACS sorting, microarray, proteomics, and unbi-
ased mathematical biology has yielded >5223 differentially regu-
lated genes within the podocyte transcriptome and >1280 trans-
lated proteins (23). These studies have revealed that the podocyte
proteome is enriched with plasma membrane, cytoskeleton, and
neuronal-type proteins. Subsequent functional analysis of tran-
scriptome and proteome data resulted in seven gene clusters:
endoplasmatic reticulum, ubiquitination, cytoskeleton, nuclear
elements, mitochondria, peroxisome and protein transport, and
cell junction. Interestingly, nuclear and translational proteins were
depleted, reflecting the post-mitotic nature of podocytes and alter-
native splicing was reduced, perhaps to ensure discreet cellular
regulation. This has also enabled more meaningful RNA sequenc-
ing, which has identified eight miRNA’s preferentially expressed
in podocytes with significantly reduction fold change of miRNA
target genes supporting miRNA-mediated mRNA degradation.

Improved description of the podocyte genome has also resulted
in more effective interpretation of data from next generation
sequencing (NGS) and to detect new variants or genes that cause
or contribute to NS. NGS allows rapid sequencing of the whole
exome or genome, and is becoming an increasingly powerful and
cost effective method of analyzing the genetic contribution to any
disorder. An unbiased approach can be taken to highlight new
genes, new pathways, and new disease mechanisms through rig-
orous statistical genetics followed by functional experiments. This
is especially relevant to NS where there is already known asso-
ciation with complex genetic determinants and this is likely to
prove important mechanistically. However, as with any rare dis-
eases, finding causal variants in NS suffers from twin problems
of moderately low sample size and disease heterogeneity. In pre-
sumed Mendelian NS, the approach is still to search for genetic
variants that segregate with disease within a family. In sporadic NS,
we hypothesize that the condition will be caused by a rare variant in
asmall number of cases (limiting sample size and statistical power)
and that the variant and, indeed the gene, may vary between cases.
Added to this, although it is often assumed that there will be a
heterozygous, homozygous, or compound heterozygous change
that is causal, in common with related glomerular disorders, there
is evidence for modifier effects in NS, at the genetic (24) and
environmental level (25). This introduces the concept that NS is
more complex than the Mendelian one podocyte gene, one disease
situation as previously thought as variants are not always com-
pletely penetrant (26), synergistic activation between genes may
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occur and in non-heritable disease, an environmental trigger is
needed to cause disease. There is now clear evidence that in at
least one podocyte gene, the pathogenicity of a particular allele
depends on the trans-associated mutation (27). These concepts
are supported by increasing evidence that expected phenotype—
genotype correlations are not always adhered to and pathological
changes may develop focally (not in all glomeruli) and segmentally
(only in parts of a glomerulus), a pattern suggestive of an initial
insult precipitated by an environmental stressor, perhaps a viral
infection, that leads to localized cell injury (28).

Attempts to analyze NGS data in rare yet moderately complex
diseases such as NS initially tend to focus on three main issues,
namely how to best divide the genome for maximum signal, which
statistical test to use and how to computationally assess the func-
tion of any variants found. Unlike common complex conditions,
variants in conditions such as NS are too rare to provide mean-
ingful sample sizes for statistical testing on their own and must
be collapsed or aggregated to the level of gene, network, or other
biologically meaningful unit. That is, testing for enrichment of
variants in NS versus a control population will likely involve count-
ing the number of rare protein altering variants in each gene or
other biological unit in cases and controls and finding genes with
an excess of these rare variants, rather than searching for an enrich-
ment of any one variant as would be the case in a common complex
Genome Wide Association Study (GWAS) approach. In addition
to deciding on the biological unit by which to combine variants,
decisions also need to be made about the statistical techniques
used to combine and then analyze variants (29, 30). There are then
several databases and algorithms by which the functional delete-
riousness of potential variants can be assessed [(31): CADD; (32):
ClinVar; (33): HGMD; (34): SIFT; (35): PolyPhen]. These might
be used throughout the analysis to remove samples with known
causal variants before statistical testing, or choose likely delete-
rious variants during testing. They can also be used to examine
the likelihood that new variants might be causal prior to invest-
ing resources in replication studies or functional testing in vitro or
in vivo. Nonetheless, understanding genotype/phenotype relation-
ships without powerful systems biology tools in place has become
increasingly complicated as emerging NGS data reveal not only
considerable genetic heterogeneity but also evidence showing that
factors such as epigenetic modifications, imprinting, non-coding
RNAs, and RNA editing may play an important role in determining
phenotype (36).

PODOCYTE-SPECIFIC GENES: THE OLD AND THE NEW

Mutations in 45 genes have been associated with familial and
sporadic NS to date (Figure 1). These disrupt function either
through SD disassembly, damaging cell architecture or metabo-
lism, disturbing cell-matrix interactions, and/or impeding signal-
ing pathways. All are expressed in podocytes, but there is increasing
evidence to suggest that other systems, including immunoregula-
tory, play a role. Moreover, mutations in podocyte genes currently
only explain 20-30% of familial and 10-20% of sporadic NS.
From a clinical perspective, the renal phenotype rarely correlates
absolutely with genotype as histology overlaps, suggesting a final
common pathway to glomerular damage. Nonetheless, mode of
inheritance and age of onset can give important clues. Gene muta-
tions detected in early life are biased toward developmental genes,

podocyte/SD/GBM malformation, and autosomal recessive inher-
itance whereas in later life, mutations are more frequently autoso-
mal dominant (AD), preferentially affecting genes that participate
directly or indirectly in regulation of the actin cytoskeleton. More-
over, combined gene defects in more than one podocyte gene may
play a role in the development of NS, for example, mutations in
both NPHSI and NPHS2 can cause a tri-allelic hit modifying phe-
notype (37), and bi-allelic trans-heterozygosity has been described
for CD2AP and NPHS2 in sporadic NS (38). Additionally, ADCK4
appears to modify CoQ10 (39) Furthermore, R229Q, a non-
neutral NPHS2 polymorphism that may predispose to NS in adults
appears pathogenic only when associated with 3’ NPHS2 muta-
tions in trans- (27), or deleterious mutation in another podocyte
gene (37). Another emerging layer of complexity is miRNAs, for
example, miR-193a downregulates the expression of WT1 in trans-
genic mice resulting in rapid and progressive NS (40). Other
genes regulate podocyte differentiation and SD function by inter-
acting synergistically on common enhancers or repressors, e.g.,
LMXI1B, which combinatorially regulates NPHS2 with FoxC (41).
This underlines the likely diversity of genetic interaction within
podocytes, supporting a requirement for additional environmen-
tal factors and/or modifier genes for full phenotypic expression.
Table 1 summarizes all genes currently associated with human
NS. Broadly speaking, these can be categorized on the basis of func-
tion substantiated by the predicted effect of mutations. SD asso-
ciated and adaptor proteins normally communicate between the
SD and the podocyte cytoskeleton, forming multimeric signaling
complexes associated with lipid raft micro-domains coordinating
actin remodeling, cell survival, and endocytosis. The prototypes
are nephrin (NPHS]I), and podocin (NPHS2), which interact with
proteins such as CD2AP (42) and TRPC6 to adapt between SD
and cytoskeleton through a number of cytoskeletal linkers includ-
ing F-actin and synaptopodin (43). More than 236 mutations in
NPHSI have been described (HGMD® Professional 2014.2), and
171 mutations in NPHS2 (www.lovd.nl/NPHS2, HGMD® Profes-
sional 2014.2). CD2AP haploinsufficiency causes NS, and is asso-
ciated with trans-heterozygosity (38). Gain of function TRPC6
mutations cause AD NS mainly but not exclusively in adult life, by
increasing calcium influx and dysregulating the actin cytoskeleton
via aberrant signaling (18). Nuclear proteins regulate transcrip-
tion, podocyte differentiation and homeostasis; mutations result
in dysregulation of downstream targets often initiating cata-
strophic collapse of the entire podocyte-stabilizing system. WT1
mutations cause Denys—Drash (intersex, Wilm’s tumor, NS) and
Frasier syndromes (intersex, NS, gonadoblastoma) and AD adult
onset NS (44). LMX1B, a homeobox transcription factor, regulates
SDs and is essential for the maintenance of the actin cytoskeleton.
Haploinsufficiency causes Nail-Patella syndrome, a rare AD NS
that can occur as just kidney specific disease (45). The most recent
gene to be cloned is WDR?73, its exact function in the podocyte
is as yet unknown but mutations result in Galloway—-Mowat syn-
drome, a rare association between microcephaly, diaphragmatic
hernia, and SRNS (46). Proteins regulating the actin cytoskeleton
are also targeted. ACTN4 (a-actinin-4) causes AD adult onset
NS with incomplete penetrance. Here, mutant proteins show
stronger affinity for F-actin and impair cytoskeletal function.
Another actin regulating gene, INF2 belongs to the formin family
and normally homodimerizes to inhibit actin depolymerization.
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FIGURE 1 | Schematic view of podocyte genes associated with steroid
resistant nephrotic syndrome (with reference to Table 1). Podocyte cell
with foot processes, slit diaphragm, the glomerular basement membrane
(GBM), and fenestrated endothelium are shown. N, podocyte nucleus; ER,
endoplasmic reticulum; M, mitochondrion. Slit diaphragm associated and
adaptor proteins: nephrin (NPHS1), podocin (NPHS2), CD2-associated protein
(CD2AP), PLCe1 (PLCET), transient receptor potential channel 6 (TRPC6), and
protein tyrosine phosphatase receptor type O (PTPRO). Nuclear proteins and
transcription factors: Wilm's tumor protein (WTT), SWI/SNF-related
matrix-associated actin-dependent regulator of chromatin subfamily A-like
protein 1 (SMARCALT), LIM Homeobox Transcription Factor 18 (LMX1B),
nuclear RNA export factor 5 (NXF5), paired box protein (PAX2) and
transcription factor E2F3 (E2F3), lamin A/C (LMNA), zinc metallopeptidase
STE24 (ZMPSTEZ24). Actin cytoskeleton and signalling: podocalyxin (PODXL),

Mitochondrial

PAX2
E2F3
LMNA
ZMPSTE24

Glomerular Basement
Membrane (GBM)

inverted formin 2 (INF2), a-actinin-4 (ACTN4), synaptopodin (SYNPO), myosin
1E (MYOTE), Rho-GDP-dissociation inhibitor 1 (ARHGDIA), and
Rho-GTPase-activating protein 24 (ARHGAP24), and actin-binding protein
anillin (ANLN), cubilin (CUBN), tetratricopeptide repeat protein 21B (IFT139,
TTC21B); epithelial membrane protein 2 (EMPZ2). Mitochondria-associated
proteins: parahydroxybenzoate-polyprenyl transferase (COQ?2), ubiquinone
biosynthesis monooxygenase (COQ6), decaprenyl-diphosphate synthase
subunit 2 (PDSS2), AarF domain-containing kinase 4 (ADCK4), and
mitochondrially encoded tRNA leucine 1 (MTTL1). Metabolic and lysosomal
proteins: chitobiosyldiphosphodolichol B-mannosyltransferase (ALG1),
phosphomannomutase 2 (PMM2), and scavenger receptor class B, member
2 (SCARB2). GBM associated proteins: collagen 4 — COL4A3, 4, 5;
integrin-a3 (/TGA3), integrin-p4 (ITGB4), laminin-$2 (LAMBZ2); CD151 antigen
(CD151).

Mutations are detected in a significant proportion of familial but
not sporadic NS. Mutations in PLCel (phospholipase C epsilon)
mostly cause early-onset NS by dysregulating the cytoskeleton
and signaling, and may be variably penetrant with some mis-
sense mutations resulting in later onset disease responding to
immunosuppression (47). PLCel mutations may also co-exist with
trans-heterozygote mutations in other podocyte genes. PTPRO
encodes a protein tyrosine phosphatase receptor located on the
apical side of podocyte foot processes that controls the glomeru-
lar pressure/filtration rate (48). Only two splice-site mutations
have been detected in PTPRO and cases partially responded to
immunosuppression (49). Recently, mutations in ANLN (anillin),
another F-Actin binding protein, were detected in familial NS (50),
and other mutation screens of inherited disease have identified
ARHGDIA (51) and ARHGAP24 (52), underpinning a key role for
RHO GTPases and Rho—Rac signaling in regulating the podocyte

cytoskeleton. MYOIE (53) and MYH9 (24), mutated in autoso-
mal recessive NS regulate actin cytoskeletal function and cell shape.
APOLI mutations also result in increased NS in African Ameri-
cans but the mechanism remains unclear (54). Mutations affecting
protein expressed in the GBM may also disrupt GFB functions
sufficiently to cause NS. LAMB2 mutations, encoding laminin B2,
cause Pierson’s syndrome characterized by early-onset NS with or
without microcoria, depending on the severity of the mutation
(55). ITGA3 and ITGB4 encode integrins thought to be mainly
passive GBM stabilizers, with mutations causing hyperglycosyla-
tion that prevents formation of functional integrins manifesting as
NS and skin defects (56). COL4A3, A4, and A5 are key GBM pro-
teins that cause Alport’s syndrome; recent data suggest caution in
interpreting COL4A variants detected in apparent familial NS (57).
Mitochondrial and other rare metabolic syndromes also present
with NS, by disrupting podocyte metabolism.
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Table 1 | Genes directly associated nephrotic syndrome.

Gene Inheritance Disease association and onset

NPHS1 AR CNS/NS

NPHS2 AR CNS, NS - childhood and adult onset

CD2AP ? Early-onset NS, HIV nephropathy

PLCe1l AR Early-onset NS

TRPCE AD Adult onset NS

PTPRO AR Childhood-onset NS

NUCLEARPROTENS
WrT1 Sporadic; AD Adult onset NS, Denys—Drash and Frasier Syndromes

LMX1B AR Nail-Patella Syndrome/NS only

SMARCALT AR Schimke immuno-osseous dysplasia

E2F3 Chromosomal deletion Early-onset NS and mental retardation

NXF5 X-linked recessive NS with co-segregating heart block disorder

PAX2 AD Adult onset NS

WDR73 AR Galloway—-Mowat Syndrome

ACTINCYTOSKELETONAND SIGNALING
ACTN4 AD Adult onset NS

MYH9 Risk allele Adult onset NS

INF2 AD Familial/sporadic NS; Charcot-Marie-Tooth

SYNPO ? Adult onset NS

APOL1 Complex; AR Adult onset NS

MYO1E AR Early or adult onset NS

ARHGAP24 AD Adult onset NS

ARHGDIA AR CNS

ANLN AD Adult onset NS

EMP2 AR Childhood-onset NS

CUBN AR Intermittent nephrotic range proteinuria and epilepsy

GPC5 Risk allele Adult onset NS

PODXL AD Early or adult onset NS

Trc21B AR NS with tubulointerstitial involvement

CLTA4 Risk allele Sporadic NS

MITOCHONDRIAL
MTTL1 ? MELAS syndrome; NS + deafness and diabetes

tRNAlle ? Deafness, NS, epilepsy, and dilated cardiomyopathy

tRNAAsn ? Multiorgan failure and NS

tRNATyr ? Mitochondrial cytopathy and NS

coQ2 AR Mitochondrial disease/isolated nephropathy

COQ6 AR NS with sensorineural deafness

ZMPSTE24 AR Mandibuloacral dysplasia with NS

PDSS2 AR Leigh syndrome

ADCK4 AR NS

CYP11B2 Risk allele C-344T SNP risk factor for IgA nephropathy, NS, proliferative glomerulopathy
M
LAMBZ2 AR Pierson syndrome: CNS with ocular abnormalities; isolated early-onset NS
ITGB4 AR NEP syndrome-NS, epidermolysis bullosa, and pulmonary disease

ITGA3 AR Epidermolysis bullosa and pyloric atresia + NS

(Continued)
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Table 1 | Continued

Gene Inheritance Disease association and onset

LMNA AD Familial partial lipodystrophy + NS

COL4A3 AR Alport's disease

COL4A4 AR Alport's disease

COL4A5 X-linked Alport's disease

CD151 AR NS, pretibial bullous skin lesions, neurosensory deafness, bilateral lacrimal duct stenosis,

nail dystrophy, thalassemia minor

OTHER - METABOLIC OR LYSOSOMAL

PMM2 AR
ALG1 AR
SCARB2 (lysosome) AR

Congenital disorder of glycosylation
Congenital disorder of glycosylation

Action myoclonus renal failure syndrome =+ hearing loss

AR, autosomal recessive; AD, autosomal dominant;, CNS, congenital nephrotic syndrome, NS, nephrotic syndrome; ?, inheritance neither clearly autosomal dominant

or recessive, possibly complex.

Initial identification of monogenic defects correlating with
morphological findings in podocytes in health and disease
provided important mechanistic insights. However, this is now
too simplistic, a model; podocyte genetic mechanisms are becom-
ing increasingly complex, perhaps not surprising considering their
super-specialist role within the GFB. Multiple levels of control
involving modifier genes and di-genic and multi-genic inheritance
are undoubtedly necessary to deal with epigenetic events and envi-
ronmental effects (58). It is also likely that some gene variants are
not directly causative, but rather modifiers of phenotype that may
even arise from primary immune injury or presence of a circu-
lating permeability factor. The advent of NGS and increasingly
sophisticated bioinformatics approaches pave the way for exciting
exploration of these alternative mechanisms, which undoubtedly
play a key role in podocyte pathobiology.
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Sphingolipids are components of the lipid rafts in plasma membranes, which are important
for proper function of podocytes, a key element of the glomerular filtration barrier. Research
revealed an essential role of sphingolipids and sphingolipid metabolites in glomerular disor
ders of genetic and non-genetic origin. The discovery that glucocerebrosides accumulate
in Gaucher disease in glomerular cells and are associated with clinical proteinuria initi-
ated intensive research into the function of other sphingolipids in glomerular disorders.
The accumulation of sphingolipids in other genetic diseases including Tay-Sachs, Sand-
hoff, Fabry, hereditary inclusion body myopathy 2, Niemann-Pick, and nephrotic syndrome
of the Finnish type and its implications with respect to glomerular pathology will be dis-
cussed. Similarly, sphingolipid accumulation occurs in glomerular diseases of non-genetic
origin including diabetic kidney disease (DKD), HIV-associated nephropathy, focal segmen-
tal glomerulosclerosis (FSGS), and lupus nephritis. Sphingomyelin metabolites, such as
ceramide, sphingosine, and sphingosine-1-phosphate have also gained tremendous inter
est. We recently described that sphingomyelin phosphodiesterase acid-like 3b (SMPDL3b)
is expressed in podocytes where it modulates acid sphingomyelinase activity and acts
as a master modulator of danger signaling. Decreased SMPDL3b expression in post-
reperfusion kidney biopsies from transplant recipients with idiopathic FSGS correlates
with the recurrence of proteinuria in patients and in experimental models of xenotrans-
plantation. Increased SMPDL3b expression is associated with DKD. The consequences
of differential SMPDL3b expression in podocytes in these diseases with respect to their
pathogenesis will be discussed. Finally, the role of sphingolipids in the formation of lipid
rafts in podocytes and their contribution to the maintenance of a functional slit diaphragm
in the glomerulus will be discussed.

Keywords: sphingolipid, podocyte, kidney disease, glomerular disease, S1P, ASMase, SMPDL3b, ceramide

Sphingolipids, more precisely sphingomyelin, cerebroside, and
cerebrosulfatide were first described in 1884 by Johann L. W.
Thudichum who named them for their enigmatic (“Sphinx-like”)
properties (1). They are important components of the lipid rafts
in plasma membranes of mammalian cells and thus contribute
to the proper function of cells. Within the kidney, the function
and survival of major cell constituents of the glomerular filtration
barrier, i.e., podocytes, heavily depends on the integrity of lipid
rafts. Podocytes are differentiated cells of the kidney glomeru-
lus consisting of a cell body, major processes, and foot processes
(FP). The FP of podocytes are linked to the glomerular base-
ment membrane with their actin cytoskeleton. Processes from
neighboring podocytes form a characteristic interdigitating pat-
tern that leaves filtration slits in between them. The latter are
bridged by the slit diaphragm (SD) that together with the glomeru-
lar basement membrane and the fenestrated endothelium plays
an important role in the selective permeability of the filtration
barrier of the glomerulus (2—4). Integrity of this filtration bar-
rier is important in order to prevent the loss of protein into the
urine (proteinuria) and mutations in genes coding for SD proteins
cause proteinuria-associated nephropathies (5-9). Research of the

past two decades has revealed an essential role of sphingolipids in
glomerular disorders with podocyte involvement.

This review will focus on different types of sphingolipids and
sphingolipid metabolites that have been implicated in the patho-
genesis of sphingolipidoses of genetic and non-genetic origin with
podocyte involvement. We will also discuss sphingolipid signaling
in podocytes and its influence on the actin cytoskeleton.

BIOLOGY OF SPHINGOLIPIDS
Sphingolipids are a diverse class of lipids with a varying degree of
hydrophobic and hydrophilic properties. The hydrophobic region
of sphingolipids consists of a longchain sphingoid base with gener-
ally 18 carbons, such as sphingosine, which is linked to a fatty acid
via an amide bond. The hydrophilic region consists in the sim-
plest case of a hydroxyl group in the case of ceramide. Fatty acids
may vary in their composition but palmitic (C16:0) and stearic
(C18:0) are most commonly present. More complex sphingolipids
have sugar residues (glycosphingolipids) and phosphates as side
chains (phosphosphingolipids) (Figure 1).

Glycosphingolipids such as GM1 and phosphosphingolipids
such as sphingomyelins are commonly found in eukaryotes,
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FIGURE 1 | Structure of sphingolipids. In sphingolipids, the hydrophobic
region consists of a longchain sphingoid base with generally 18 carbons,
such as sphingosine, which is linked to the acyl group of a fatty acid via an
amide bond (R2). The hydrophilic region (R1) consists in the simplest case
of a hydroxyl group in the case of ceramide.

in some prokaryotes, and in viruses as components of plasma
membranes and membranes of organelles such as lysosomes,
endosomes, endoplasmatic reticulum (ER), and others. The flu-
idity of the plasma membrane is tightly regulated by ordered
packing of cholesterol between the phospholipid molecules,
mainly sphingomyelin (SM) and thus sphingolipids have an
important structural function. Sphingolipids are localized in the
outer leaflet of the plasma membrane where they are asym-
metrically distributed. Lipid rafts or raft-related caveolae are
sphingomyelin-rich microdomains of the membrane, which are
also enriched with cholesterol and membrane-associated pro-
teins. The formation of lipid rafts is critical for proper cell func-
tion, protein—protein interactions, and signal transduction. For
example, conversion of SM to ceramide, locally at the plasma
membrane, by sphingomyelinases (SMases) will have a direct
effect on the biophysical properties of the membrane and cell
function as ceramide accumulation will lead to the displace-
ment of cholesterol from the plasma membrane thus alter-
ing lipid rafts and signaling properties (10-12). Likewise, an
interruption of raft-dependent cell signaling or even cell death
can occur as a consequence of a cellular depletion of choles-
terol that can be achieved by the use of cholesterol-depleting
agents such as beta-cyclodextrin, methyl-beta-cyclodextrin, or
2-hydroxy-propyl-beta-cyclodextrin.

In recent years, it has become clear that, besides being inte-
gral part of membranes and having a structural function, sphin-
golipid metabolites such as ceramides, sphingosine, sphingosine-
1-phosphate (S1P), and others play also important roles as second
messengers in many biological processes including cell growth
(13), differentiation, migration, and apoptosis (14). Complex
sphingolipids were shown to interact with growth factor recep-
tors, extracellular matrix, and neighboring cells (15). In addition,
studies in yeast mutants revealed that sphingolipids have an impor-
tant role in cellular stress responses as sphingolipid mutants yeast
grew normally under usual culture conditions but were unable to
survive if challenged or stressed (16).

Ceramide represents the centerpiece of the sphingolipid meta-
bolic pathway reviewed in (17). Ceramide can be synthesized

de novo starting with the condensation of L-serine and
palmitoyl-CoA by serine palmitoyl transferase (SPT) to gen-
erate 3-ketodihydrosphinganine. The latter is then reduced by
3-ketosphinganine reductase to sphinganine, which in turn is
N-acylated by ceramide synthetase (CS) to produce dihydro-
ceramide. Finally, dihydroceramide is converted to ceramide
by the enzyme dihydroceramide desaturase. Ceramide can
also be generated by hydrolysis from sphingomyelin (SM) by
SMases producing ceramide and phosphocholine. For sphin-
golipid biosynthesis, ceramide can be converted to sphin-
gomyelin. This reaction is catalyzed by sphingomyelin syn-
thetase (SMS), an enzyme that transfers the phosphocholine head
group from phosphatidylcholine (PC) onto ceramide simulta-
neously generating diacylglycerol (DAG). Finally, ceramide can
be generated by breakdown of glycosphingolipids and galac-
tosylceramide to dihydroceramide and subsequent hydrolyza-
tion (Figure 2).

Once ceramide is generated, it can accumulate in the cell or it
may be further metabolized. Phosphorylation by ceramide kinase
will generate ceramide-1-phosphate whereas deacylation by neu-
tral or acid ceramidases will generate sphingosine, which can be
phosphorylated by sphingosine kinase to yield S1P. Endproducts
of the ceramide catabolic pathway are ethanolamine-1-phosphate
and C16 fatty aldehydes, which are generated from SIP lyase
from S1P.

SPHINGOLIPIDS IN GLOMERULAR DISEASES

In the past decade, it has become clear that there is an associa-
tion between the accumulation of sphingolipids in the kidney and
glomerular disease. The accumulation of sphingolipids in form of
glycosphingolipids, ceramide, and ceramide metabolites has been
described in several models of experimental and clinical nephropa-
thy and is characteristic of some rare genetic glycosphingolipid
(GSL) storage disorders. The observation that intracellular accu-
mulation of sphingolipids in glomerular cells such as podocytes is
also observed in the absence of genetic mutations and is associated
with the development and progression of kidney disease suggests
the existence of “acquired” sphingolipid storage disorders.

Most mammalian GSLs are synthesized from glucosylceramide
(Figure 2) and are primarily present in the outer leaflet of the
plasma membrane where they have important functions in medi-
ating cell—cell interactions and modulating activities of proteins in
their proximity. They are usually not uniformly distributed within
the plasma membrane but cluster in lipid rafts (18, 19). Gan-
gliosides are sialic acid-containing glycosphingolipids in which
one or more N-acetlyneuraminic acids (NANA) is linked to the
sugar chain and are essential components of plasma membranes
(20). Gangliosides with one NANA include GM1, GM2, GM3, gan-
gliosides with two NANAs are GD1a, GD1b, GD2, GD3, and the
gangliosides GT1b and GQI are characterized by three and four
NANAs, respectively. Gangliosides were first identified in nervous
tissue but are also abundantly present in the kidney (21). GM1,
GM2, GM3, GD1a, GD1b, GD2, GD3, GT1a, and GT1D are gan-
gliosides present in normal rat glomeruli (22-24). GM3, GD3, and
disialosyllactosylceramide (O-acetyl GD3) are the most abundant
gangliosides present in kidney and 9-O-acetyl GD3 is a podocyte
specific ganglioside (25, 26).
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FIGURE 2 | Sphingolipid metabolism. Ceramide is the centerpiece of the
sphingolipid metabolic pathway and can be synthesized de novo from
L-serine and palmitoyl-CoA (green), through hydrolysis of sphingomyelin
(yellow), or through hydrolysis of glycosphingolipids and sulfatites (purple).
Ceramide can also be synthesized from sphingomyelin through the action of
sphingomyelinases, or from ceramide-1-phosphate through the action of
ceramide-1-phosphate phosphatase. Finally, ceramide can be further
catabolized (blue) to sphingosine and sphingosine-1-phosphate, which are
biologically active metabolites and finally to ethanolamine-1-phosphate and

C16 fatty aldehydes. SPT, serine palmitoyl transferase; 3-KSR,
3-ketosphinganine reductase; CS, ceramide synthetase; DES,
dihydroceramide desaturase; SMase, sphingomyelinase; SMS, sphingomyelin
synthetase; PC, phosphatidylcholine; DAG, diacylglycerol; C1PPase,
ceramide-1-phosphate phosphatase; CK, ceramide kinase; CDase,
ceramidase; CS, ceramide synthase; SK, spingosine kinase; S1PR,
spingosine-1-phosphate phosphatase; GCS, glycosylceramide synthase;
GCase, glycosylceramidase; GalCS, galactosylceramide synthase; Gal-CDase,
galactosylceramidase.

SPHINGOLIPID ACCUMULATION AND GLOMERULAR
DISEASE OF GENETIC ORIGIN

Sphingolipidoses are inherited disorders leading to defects in the
sphingolipid metabolism resulting in the accumulation of excess
glycosphingolipids and phosphosphingolipids. It is interesting to
note that different metabolites will tend to accumulate in different
cell types, therefore leading to highly variable clinical-pathological
findings.

Gaucher disease type 1 (OMIM #230800) is the most prevalent
GSL storage disease and is characterized by an accumulation of
glucocerebroside (GlcCer) in the affected tissues and cells, mainly
in red blood cells, liver, and spleen. Gaucher disease is of autoso-
mal recessive inheritance and it is caused by mutations in the acid
beta-glucosidase 1 (GBAI) gene on chromosome 1q22 in the vast
majority of patients (Table 1). This gene encodes for the enzyme
that cleaves the beta-glucosidic linkage of glycosylceramide and
mutations in this gene lead to accumulation of GlcCer. However,
in some patients GlcCer accumulation is due to a lack of saposin C.
Enzyme replacement therapy with macrophage-targeted recom-
binant human glucocerebrosidase is successfully used to treat
patients with Gaucher disease (27-29) and drugs that block GlcCer

synthesis are currently being tested in clinical trials (30). Although
the presence of renal pathology in Gaucher disease is rather rare,
it has been described in some patients (31) and it is associated
with the accumulation of GlcCer in form of Gaucher bodies in
glomerular mesangial and endothelial cells and in interstitial cells
of the kidney (31). Sphingolipid activator proteins (saposins A, B,
C, and D) are glycoproteins that are encoded in tandem and are
derived from a common precursor protein (prosaposin, PSAP).
Saposins stimulate the degradation of GSLs by lysosomal enzymes.
Defects in saposins are associated with the accumulation of lipids
in affected tissues in lysosomal storage disorders. Humans with
saposin C deficiency exhibit the clinical presentation of Gaucher-
like disease (32). Combined deficiency of Saposin C and D in mice
led to accumulation of GSLs and ceramide in brain and kidney
due to decreased B-glucosidase activity (33).

Tay—Sachs disease (OMIM #272800) is a genetic disorder with
autosomal recessive inheritance that is caused by mutations in
the alpha subunit of the hexoseaminidase A (HEXA) gene on
chromosome 15q23. Sandhoff disease (OMIM #268800) is caused
by mutations in the beta subunit of the hexosaminidase gene
B (HEXB) on chromosome 5q13 (Table 1). Both disorders are
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Table 1| Sphingolipid accumulation in glomerular diseases of genetic and non-genetic origin.

Disease OoMIM Mutated gene

Chromosomal location Sphingolipid accumulating

SPHINGOLIPID ACCUMULATION IN GLOMERULAR DISEASE OF GENETIC ORIGIN

Gaucher 230800  Acid beta-glucosidase 1 (GBAT) 1922 GlcCer
Tay-Sachs 272800 Hexoseaminidase A (HEXA) 15023 GM2
Sandhoff 268800 Hexoseaminidase B (HEXB) 5913 GM2
Fabry 301500  Alpha-galactosidase A (GLA) Xq22 Gb3, Lyso-Gb3
Hereditary inclusion body myopathy 2 600737 UDP-acetylglucosamine 9p13 Hyposialylation of glycoproteins
2-epimerase/N-acetylmannosamine such as podocalyxin?
kinase (GNE)
Niemann-Pick 257220 NPC1 NPC2 SMPD1 18911 14924 11p15 Sphingomyelin
607616
257200

Nephrotic syndrome of the Finnish type 256300 NPHS1

19913 O-actetyl-GD3

SPHINGOLIPID ACCUMULATION IN GLOMERULAR DISEASE OF NON-GENETIC ORIGIN

Diabetic kidney disease

Puromycin aminonucleoside (PAN)-induced nephropathy
HIV-associated nephropathy (HIVAN)

Focal segmental glomerulosclerosis (FSGS)

Acute ischemia reperfusion injury

GlcCer, GM3, S1R sphingosine?
GD3, O-actetyl-GD3

Gb3

Sphingomyelin

Ceramide

characterized by an accumulation of the ganglioside GM2 in
the affected tissues and are clinically indistinguishable from each
other. GM2 accumulation occurs mainly in the brain and liver but
has also been found in the kidney (34, 35). Unlike in humans,
targeted inactivation of the Hexa and Hexb gene in mice revealed
phenotypical differences between the two models. Whereas Hexa
knockout mice showed GM2 accumulation in the brain and mem-
branous cytoplasmatic bodies in neurons in the absence of neu-
rological manifestations, Hexb knockout mice showed profound
neurological disturbances. These differences, which are not found
in patients with the two diseases, are due to differences in the
ganglioside degradation pathway between humans and mice (36).

Fabry disease (OMIM #301500) is caused by mutations in
the gene encoding alpha-galactosidase A (GLA) on chromosome
Xq22, which leads to the systemic accumulation of globotriaoslyc-
eramide (Gb3) (Table 1) and related glycosphingolipids in body
fluids and affected tissues (37), mainly brain, heart, and kid-
ney. Elevated levels of Gb3 are detected in plasma or urine of
patients with Fabry disease (38, 39) and more recently, highly
increased levels of globotriaosylsphingosine (lyso-Gb3) were also
described (40, 41). In the kidney, Gb3 accumulation occurred
mainly within lysosomal, ER, and nuclear markers of renal cells
(42). The renal pathology observed in Fabry disease includes
hypertrophic podocytes with foamy appearing vacuoles, charac-
teristic inclusion bodies of glycolipids in podocytes (zebrabodies),
and mesangial widening (43). Progressive podocyte injury due to
accumulation of Gb3 and related glycosphingolipids was shown
to be associated with albuminuria and foot process effacement.
Thereby, podocyte Gb3 inclusion volume density and foot process
effacement increased with age when compared with controls and
correlated directly with proteinuria (44, 45). Enzyme replacement

therapy using recombinant human a-GalA is the primary treat-
ment for patients with Fabry disease and was shown to attenu-
ate renal complications, halt the progression of renal pathology,
and prevent renal failure in patients with Fabry disease (44, 46).
Studies in the alpha GalA knockout mouse, a mouse model of
Fabry disease, revealed reduced levels of glycosylceramide and
ceramide in plasma, liver, spleen, kidney, and heart possibly a
consequence of Gb3 accumulation. The observation that enzyme
replacement therapy in this model normalized glycosylceramide
levels possible via increased Gb3 degradation further supported
the hypothesis that Gb3 accumulation contributes to the pheno-
type observed in these mice (46). Thereby, targeting of recom-
binant a-GalA requires the expression of endocytic receptors,
megalin, sortilin, and mannose-6-phosphate receptor (M6PR),
which are expressed in human glomerular podocytes (47). Inter-
estingly, lentiviral knockdown of a-GalA in human podocytes led
to intracellular Gb3 accumulation, which was associated with a
loss of mTOR kinase activity and dysregulated autophagy sug-
gesting a link between autophagy and glomerular injury in Fabry
disease (48).

Hereditary inclusion body myopathy 2 (HIBM2) (OMIM
#600737) is a genetic disorder with autosomal recessive inher-
itance that is caused by mutations in the gene encod-
ing UDP-acetylglucosamine 2-epimerase/N-acetylmannosamine
kinase (GNE) on chromosome 9p13 (Table 1). GNE is a key
enzyme in the sialic acid biosynthetic pathway, which catalyzes the
first two steps in NANA biosynthesis, which are main components
of gangliosides (49). The disease is a progressive neuromuscular
disorder but no renal disorders have been reported in patients
with HIBM2. Interestingly, knockin mice carrying a homozygous
M712T Gne/Mnk mutation died perinatally in the absence of

Frontiers in Endocrinology | Diabetes

July 2014 | Volume 5 | Article 127 | 62


http://www.frontiersin.org/Diabetes
http://www.frontiersin.org/Diabetes/archive

Merscher and Fornoni

Sphingolipids in glomerular diseases

myopathic features but were characterized by a renal phenotype.
The renal pathology observed included glomerular hematuria, seg-
mental splitting of the glomerular basement membrane, protein-
uria, and podocytopathy, including effacement of podocyte FP,and
reduced sialylation of the major podocyte sialoprotein, podoca-
lyxin. ManNAc administration to homozygous knockin mice was
associated with improved renal histology, increased sialylation
of podocalyxin, and increased Gne/Mnk protein expression and
Gne-epimerase activities (50). Likewise, mice with a V572L point
mutation in the GNE kinase domain show no apparent myopathies
or motor dysfunctions but exhibited renal impairment accompa-
nied by massive albuminuria. Histologically, kidneys of the mutant
mice showed enlarged glomeruli with mesangial matrix deposi-
tion, leading to glomerulosclerosis, and abnormal podocyte foot
process morphologies. This phenotype was partially prevented
by the administration of N-acetylneuraminic acid (Neu5Ac) to
the mutant mice (51). These studies indicate that hyposylation
of podocyte glycoproteins including podocalyxin may contribute
to albuminuria, foot process effacement, and splitting of the
glomerular basement membrane and that treatment with sialic
acid may represent a new strategy to prevent or treat glomerular
phenotypes associated with HIBM2.

Farber disease or Farber lipogranulomatosis (OMIM #228000)
is a genetic disorder with autosomal recessive inheritance that
is caused by mutations in the gene encoding acid ceramidase
(ASAH1I) on chromosome 8p22, the enzyme, which is responsible
for the degradation of ceramide into sphingosine and free fatty
acids (Table 1). Lipid accumulation is mainly seen in the joints,
tissues, and the central nervous system, but also in liver, heart,
and kidneys. Ceramide accumulation in the kidney leading to a
particular phenotype of lipogranlulomatosis was described (52).

Niemann—Pick is a genetic disorder with autosomal recessive
inheritance that is caused by mutations in the NPCI gene on chro-
mosome 18q11 (OMIM #257220), by mutations in the NPC2
gene on chromosome 14q24 (OMIM #607616), and by muta-
tions in the sphingomyelin phosphodiesterase-1 (SMPDI) gene
on chromosome 11p15 (OMIM #257200). Mutations in these
genes lead to the accumulation of lipids in form of cholesterol
(NPC1 and NPC2 mutations) and sphingomyelin (SMPD1 muta-
tion) (Table 1). Acid sphingomyelinase (ASMase) deficiency in
Niemann-Pick disease due to mutations in the SMPDI gene leads
accumulation of sphingomyelin in the affected tissues including
the kidney. The occurrence of lipid-laden macrophages resembling
foam cells was described in the bone marrow, liver, and kidney in
patients with Niemann—Pick disease and in SMPD1 knockout mice
(53, 54). Enzyme replacement therapy using recombinant human
ASM in SMPDI knockout mice led to significant improvements
in the organs of the reticuloendothelial system but neurological
deficits remained (55).

Nephrotic syndrome of the Finnish type (OMIM #256300) is
a genetic disorder caused by homozygous or compound heterozy-
gous mutations in the gene NPHSI encoding for the SD protein
nephrin (Table 1). Nephrotic syndrome of the Finnish type occurs
in association with deposits of disialoganglioside O-acetyl GD3
(56). Accumulation of galactosylceramides, mainly sulfatides, was
also described in nephrotic syndrome of non-genetic, idiopathic
orgin (57). However, what causes the accumulation of O-acetyl

GD3 in nephrotic syndrome remains unclear. Saposins do not
seem to play an important role as mRNA expression in diseased
kidneys was found normal and no mutations in the PSAP gene
were found in cDNA clones (56). It has been suggested that tumor
necrosis factor alpha (TNFa) and CD95 may play an important
role in the pathogenesis of nephrotic syndrome. TNFa and CD95
were found significantly increased in patients with nephrotic syn-
drome (58). It was shown in lymphoid and myeloid tumor cells
that accumulation of GD3 induced Fas (APO-1/CD95)-mediated
apoptosis in a caspase-independent manner that was the conse-
quence of the disruption of the mitochondrial transmembrane
potential. This phenotype was prevented by pharmacological inhi-
bition of GD3 synthesis (59). In other studies, an important role
of membrane-associated ASMase was suggested in Fas-mediated
apoptosis as activation of ASMase leads to the generation of free
ceramide, which then can be converted to GD3 (60, 61). A similar
pathway has been recently described in TNFa-mediated apoptosis
(62, 63). Significant 9-O-acetyl GD3 accumulation, together with
increases in GM2 and GM4 gangliosides in glomerular cells was
also observed after low level and long term lead exposure and was
associated with decreased apoptosis in glomerular cells suggesting
that GD3-O acetylation could represent a new strategy to attenuate
apoptosis in renal glomerular cells and contribute to cell survival
as observed during lead exposure (64).

SPHINGOLIPID ACCUMULATION IN GLOMERULAR DISEASE
OF NON-GENETIC ORIGIN

Diabetic kidney disease (DKD) is the most common cause of
end-stage renal disease and renal failure in the US and podocyte
injury and the consequent loss of podocytes (podocytopenia) is
an important feature of DKD in patients with type 1 and type 2
diabetes (65—69). Increased levels of sphingolipids such as gly-
cosphingolipids (70), ceramide (71, 72), sphingosine (73), and
sphinganine (72, 73) have been described in the plasma of patients
with diabetes. More recently, it has become clear that the intracel-
lular sphingolipid composition in podocytes and other cells of
the kidney glomerulus may contribute to the pathogenesis and
progression of the disease (Table 1).

Several studies investigated the effects of streptozotocin (STZ)-
induced diabetes in rats on intracellular sphingolipid accumu-
lation and its association with glomerular cell proliferation and
glomerular hypertrophy. Accumulation of S1P was observed in
rat glomeruli after 4 days of diabetes induction and was associated
with an increase in neutral ceramidase and sphingosine kinase
activity, the two enzymes involved in the conversion of ceramide
to SIP (74). In another study, accumulation of GlcCer and GM3
occurred in the kidneys of rats 16 days after STZ-induced diabetes
(75) whereas reduced GM3 and sialic acid content was detected
in the glomeruli of rats 15 days after STZ-induced diabetes (76).
Increased ceramide production due to increased expression of
SPT, a key enzyme in the ceramide de novo synthesis pathway
(Figure 2), was described in tubular epithelial cells and microvas-
cular endothelial cells and was associated with increased apop-
tosis. Rapamycin treatment significantly reduced apoptosis and
proteinuria indicating an important function of the Akt/mTOR
pathway in STZ-induced DKD (77). We recently showed that
the expression of sphingomyelin phosphodiesterase acid-like 3b
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(SMPDL3Db) is increased in glomeruli from patients with DKD, in
DKD sera treated human podocytes and in glomeruli of diabetic
mice (db/db). Because SMPDL3Db is a protein with homology to
ASMase, we hypothesized that SMPDL3b may activate SM meta-
bolic pathways leading to the accumulation of sphingolipids other
than sphingomyelin. Increased SMPDL3b expression was associ-
ated with increased RhoA activity and apoptosis but prevented
aVP3 integrin activation via its interaction with soluble urokinase
plasminogen activating receptor (suPAR) in human podocytes cul-
tured in the presence of sera from patients with DKD and in db/db
mice (78). Because ceramide, sphingosine, and SI1P are known
sphingolipid metabolites to accumulate in apoptotic cells, we
determined the ceramide content in kidney cortexes of db/db mice
and found ceramide levels to be decreased in kidney cortexes of
these mice. We therefore concluded that increased SMPDL3b lev-
els may lead to increased cellular sphingosine or S1P content in the
kidneys of db/db mice as it is the case in glomerular mesangial and
tubular cells in db/db mice (79, 80), and in adipocytes of 0b/ob mice
(81). Taken together, these studies indicate a possible link between
sphingolipid accumulation in form of S1P, GlcCer, and GM3 and
glomerular proliferation and hypertrophy in DKD whereas the
accumulation of ceramide and other ceramide metabolites such as
sphingosine may contribute to podocytopenia observed in DKD.
Thus, targeting sphingolipids and sphingolipid metabolites may
represent a new strategy to treat patients with DKD.

Puromycin aminonucleoside (PAN) induced nephropathy is a
model for human minimal change disease. Following PAN injec-
tion in rats, significant decreases in kidney GD3 and O-acetyl GD3
occurred in a dose- and time-dependent manner and preceded
the development of proteinuria indicating a possible causative
effect (82). Because sialoglycoproteins contribute significantly to
the negative charge of the glomerular filtration barrier, it seems
possible that decreases of GD3 and O-acetyl GD3 contribute to
decreases in the negative charge of the filtration barrier and to
the changes in glomerular permeability observed in PAN-induced
nephropathy (83). Likewise, it was shown that PAN treatment of
human podocytes led to a loss of sialic acid which was accompa-
nied by increased generation of superoxide anions, a phenotype
that was prevented by sialic acid supplementation (84).

HIV-associated nephropathy (HIVAN) is the classic renal dis-
ease associated with HIV infection. HIV-1 infection of renal
tubular and glomerular podocytes leads to dedifferentiation and
increased proliferation of podocytes (85, 86). Because podoyctes
do not express HIV-1 receptors, it has been suggested lipid raft
mediated endocytosis may facilitate the viral entry (87) underlin-
ing an important role for sphingolipids in mediating viral entry
into the host cell. Most of our understanding of the pathogene-
sis of HIVAN has come from the Tg26 transgenic mouse model in
which the gag/pol-deleted HIV-1 provirus is expressed. Transgenic
mice show glomerular epithelial cell dedifferentiation and prolif-
eration that is associated with proteinuria and renal failure. Renal
histology revealed focal segmental glomerulosclerosis (FSGS) and
microcystic tubular dilatation, resembling human HIVAN (85,
88). Studies in human podocytes in culture and transgenic mice
showed that stable expression of Nef was sufficient to induce
increased proliferation and loss of contact inhibition (89-92). In
addition, recent studies have shown a strong association between

HIVAN and the APOLI gene on human chromosome 22 (93)
and, although not found in glomeruli, significant accumulation of
Gb3 was found in renal tubular epithelial cells of HIV transgenic
mice (94) (Table 1) indicating a possible role for (sphingo-) lipid
metabolism in HIVAN.

Focal segmental glomerulosclerosis is a glomerular disease that
is characterized by proteinuria and progression to end-stage renal
disease. FSGS is the leading cause of nephrotic syndrome and the
most common cause of primary glomerular disease in adults (95).
Several mutations in genes coding for proteins that are expressed
in podocytes have been shown to cause FSGS. We will focus in this
paragraph on non-genetic forms of FSGS, mainly FSGS recurrence
after transplantation, which occurs in about one third of patients
(96-98) and on primary (idiopathic) forms of FSGS. We recently
reported an important role of sphingomyelin-like phosphodi-
esterase 3b (SMPDL3b) gene in FSGS. Studying 41 patients at high
risk for recurrent FSGS, we showed that the number of SMPDL3b-
positive podocytes in post-reperfusion biopsies was decreased in
patients who developed recurrent FSGS. As mentioned above,
SMPDL3b is a protein with homology to ASMase and we hypothe-
sized that decreased expression of SMPDL3b maylead to decreased
ASMase activity and accumulation of sphingomyelin contributing
to the pathogenesis of FSGS (Table 1). Indeed, we were able to show
that human podocytes treated with the sera from patients with
FSGS had decreased SMPDL3D expression and decreased ASMase
activity. In addition, this was associated with actin cytoskeleton
remodeling and apoptosis, a phenotype that was prevented by
overexpression of SMPDL3D in podocytes or by treatment with
rituximab, a monoclonal antibody directed against CD20 that
we have found to also bind SMPDL3b in podocytes. The per-
centage of cells characterized by actin cytoskeleton remodeling in
form of a loss of stress fibers correlated with proteinuria suggest-
ing an important role of sphingomyelin in the pathogenesis of
FSGS (99). Because decreased SMPDL3b expression in podocytes
per se does not cause actin cytoskeleton remodeling and apopto-
sis, it seems possible that accumulation of sphingomyelin renders
podocytes more susceptible to apoptosis and may act as a mas-
ter modulator of danger signaling in podocytes. Supporting an
important role of SMPDL3b in actin cytoskeleton remodeling and
apoptosis, it was recently demonstrated that administration of rit-
uximab to baboons after xeno-kidney transplantation from pigs
delayed, but did not prevent, the post-transplant occurrence of
proteinuria. As in the case of our study investigating the role of
SMPDL3b in FSGS, this study demonstrated that rituximab was
also able to prevent pig podocyte injury and prevented decreases in
SMPDL3D expression in podoytes after exposure to naive baboon
sera in association with preservation of cell viability (100). Finally,
sequestration of plasma membrane lipids by cyclodextrin was
shown to prevent suPAR-mediated aVB3 integrin activation in
podocytes (101), a pathway that may be causative of protein-
uria in FSGS. Because circulating suPAR levels are elevated in
FSGS patients, associate with decreased SMPDL3b expression, and
suPAR-dependent aVP3 integrin activation in podocytes (78, 99,
101, 102), whereas cyclodextrin protects podoctyes from injury
in DKD where SMPDL3b expression is increased in podocytes
(78, 103), we investigated if SMPDL3b expression modulates the
podocyte injury phenotype in these two kidney diseases. We
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demonstrated that contrary to what is observed in FSGS, increased
SMPDL3b expression in DKD prevented aVP3 integrin activation
via its interaction with suPAR and led to increased RhoA activ-
ity rendering podocytes more susceptible to apoptosis (78). These
observations suggest that SMPDL3b and thus sphingomyelin or
sphingomyelin catabolites are important modulators of podocyte
function shifting suPAR-mediated podocyte injury from a migra-
tory to an apoptotic phenotype. Therefore, modulating sphin-
golipids in podocytes may represent a new strategy to prevent or
treat podocyte injury in FSGS and DKD.

SPECIAL CONSIDERATIONS FOCUSING ON S1P AND S1P
RECEPTORS IN RENAL DISEASE

Sphingosine-1-phosphate is generated by phosphorylation of
sphingosine by sphingosine kinases (SPHK1, SPHK2) in response
to various stimuli including growth factors, cytokines, G-protein-
coupled receptor agonists, antigens, and others (Figure 2). Exam-
ples of factors that can transiently increase levels of S1P are TNFa
and factors such as angiogenic growth factor, platelet derived
growth factor (PDGF), and vascular endothelial growth factor
(VEGF) all of which have been implicated in the pathogenesis
of glomerular diseases. S1P signaling governs important cellu-
lar processes that determine cell fate. Thereby, extracellular S1P
signaling is mediated via binding of SIP to G-protein-coupled-
receptors (GPCRs). A family of five GPCRs termed S1P;-S1P5
[reviewed in Ref. (104, 105)] has been identified to date. Depend-
ing on the receptor subtype being expressed in the target cell,
exogenous SIP can bind, and regulate a variety of important
cellular functions including cell survival, cytoskeletal rearrang-
ment, mitogenesis, cell differentiation, migration, and apoptosis.
In the kidney, the receptors S1P; (EDG1), S1P, (EDGS5), S1P;
(EDG3), and S1P5 (EDGS8) are expressed in glomerular mesangial
cells (106, 107) and whereas expression of S1Py, S1P;, S1P3, and
S1P4, but not S1P5, was shown to be expressed in an immortal-
ized mouse podocyte cell line (108). Increases in S1P synthesis
mediated by sphingosine kinase, the use of S1P; receptor ago-
nists, such as FTY720 (an unselective SIP receptor agonist) and
SEW2871 (a selective S1Py receptor agonists) or by SPHK1 gene
delivery were shown to protect from renal ischemia reperfusion
injury (109-112), which is associated with increased ceramide
expression (113-115), from DKD (108), and from various forms
of glomerulonephritis (116—118) (Table 1). In addition, FTY720
and KRP-203, another S1P; receptor agonist, have proven highly
effective in preventing graft rejection in preclinical models of renal
transplantation (119, 120). Whereas the activation of the SIP/S1P;
receptor pathway seems to be beneficial in the context of kidney
disease, it was suggested that excessive S1P/S1P, receptor path-
way in renal tubular cells in DKD may play an important role in
Rho kinase activation and renal fibrosis (80). Such mechanism
could also explain activation of RhoA and increased apoptosis in
podocytes in DKD as we previously described (78). In patients
with lupus nephritis (LN), an inflammation of the kidney caused
by systemic lupus erythematosus (SLE), a disease of the immune
system, circulating S1P levels are increased (121). Likewise, SIP
and dihydro-S1P levels in serum and kidney tissues from a mouse
model of LN were elevated and treatment of these mice with a spe-
cific SPHK2 inhibitor, ABC294640 improved renal injury (122).

It was suggested that in the case of renal inflammatory disease,
extracellular S1P induces COX-2 expression via activation of S1P2,
subsequently leading to Gi and p42/p44 MAPK-dependent signal-
ing in renal mesangial cells. Although research of the past two
decades has greatly advanced our understanding of the role of S1P
and S1P/SIP receptor signaling in the pathogenesis and/or treat-
ment of kidney diseases, more studies are needed to obtain a better
and more detailed understanding of their physiological and patho-
physiological significance in vivo. Certainly, targeting S1P/S1P
receptor signaling pathways may represent a novel strategy to treat
renal diseases.

SPECIAL CONSIDERATIONS FOCUSING ON THE ACTIN
CYTOSKELETON IN RENAL DISEASE

The kidney glomerulus is a highly specialized structure ensuring
the selective ultrafiltration of plasma so that essential proteins are
retained in the blood (3). Podocytes are glomerular epithelial cells
consisting of a cell body, major processes, and FP. FP from neigh-
boring cells are bridged by a 40-pum wide extracellular structure
known as the SD (123, 124). Podocyte injury is an important fea-
ture of several renal diseases, including FSGS and DKD, in which
independent of the underlying disease, a reorganization of the FP
structure with fusion of filtration slits and apical displacement of
the SD occurs (3, 125, 126). The SD is also required to control
actin dynamics, response to injury, endocytosis, and cell viabil-
ity. These observations make actin the common denominator in
podocyte function and dysfunction (127, 128). Regulation of the
podocyte actin cytoskeleton is therefore of critical importance for
sustained function of the glomerular filter (129, 130). The con-
nection of the actin cytoskeleton to the SD is mediated by several
podocyte proteins such as CD2AP, Nephrin, ZO-1, and Podocin
(131-134). Lipid rafts in podocytes are critical for the dynamic
functional organization of the SD. Nephrin is partially associ-
ated with podocyte lipid rafts and co-immunoprecipitates with
a podocyte specific 9-O-acetylated ganglioside. Injection of an
antibody against the 9-O-acetylated ganglioside causes morpho-
logical changes of the filtration slits, resembling FP effacement
(135) further underlining the important of intact lipid rafts and
sphingolipids in the organization of the SD. Other sphingolipids
such as S1P have also been implicated in cytoskeletal remodel-
ing. S1P was shown to induce rapid reorganization of the actin
cytoskeleton resulting in stress-fiber formation in 3T3 fibroblast,
which was accompanied by transient tyrosine phosphorylation
of focal adhesion kinase (FAK) and of the cytoskeleton-associated
protein paxillin in association with RhoA activation in 3T3 fibrob-
lasts (136). In renal mesangial cells, the serine/threonine protein
kinase LIM kinase-1 (LIMK-1) was identified, which is involved in
the regulation of cytoskeletal organization, as a ceramide-induced
protein (137). Shiga toxin is a bacterial toxin that induces intracel-
lular signals in a manner that is dependent on glycolipid-enriched
membrane domains, or lipid rafts. Shiga-toxin-mediated intra-
cellular signals were shown to induce cytoskeleton remodeling
in renal tubular epithelial carcinoma cells (138). VEGF and its
receptors, FLK1/KDR and FLT1, are key regulators of angiogene-
sis. However, recently a new role for FLT1, i.e., the soluble form of
FLT, sFLT has been described in podocytes where it binds to the gly-
cosphingolipid GM3 in lipid rafts, promoting adhesion, and rapid
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actin reorganization (139). Taken together, these studies under-
line the important function of sphingolipids in the formation of
lipid rafts in podocytes thus contributing to the maintenance of a
functional SD under physiological conditions.

CONCLUDING REMARKS

Sphingolipids play an important role in modulating podocyte
function in glomerular disorders of genetic and non-genetic ori-
gin. Several genetic diseases are characterized by genetic muta-
tions in genes that code for enzymes involved in the sphingolipid
metabolism and are characterized by the accumulation of sphin-
golipids and sphingolipid metabolites in glomerular cells resulting
in glomerular pathology. Thus, targeting sphingolipid metabolism
in glomerular disease may prove beneficial in the treatment of pro-
teinuric kidney diseases with glomerular involvement. Enzyme
replacement therapy has proven to ameliorate disease progres-
sion in sphingolipid associated disorders of genetic origin such as
Gaucher and Fabry disease. However, less is known about sphin-
golipid associated disorders of non-genetic origin. While ManNAc
and rituximab are promising available therapeutic strategies for
sphingolipid associated disorders of non-genetic origin, addi-
tional therapeutic strategies specifically targeting proteins such
as SMPDL3Db remain to be developed. Because sphingolipidoses of
non-genetic origin seem to be more complex, additional research
needs to be completed in order to elucidate the exact mecha-
nisms by which sphingolipids cause injury to renal cells and thus
contribute to the pathology of glomerular diseases.
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INTRODUCTION

Diabetic nephropathy (DN) is the most common cause of the end-
stage renal disease (ESRD) (1). The glomerular changes in DN are
characterized by excessive accumulation of extracellular matrix
(ECM) with thickening of glomerular and tubular basement
membranes and mesangial expansion, which ultimately progress
primarily to glomerulosclerosis and secondarily to tubulointersti-
tial fibrosis. The various cell types involved include glomerular
endothelial cells, mesangial cells, podocytes, and tubular epithelia,
which are all targets of hyperglycemic injury. However, accumulat-
ing evidence suggests that the extent of injury and loss of podocytes
is a major prognostic determinant in both, type I and type II DN
(2-6). As the terminally differentiated podocytes are believed to
play a critical role in maintaining the integrity of the glomerular
filtration barrier, effaced podocytes may contribute to the devel-
opment of albuminuria, a hallmark of DN. Although primarily
structure proteins were thought to be the key elements that com-
pose the slit diaphragm initially, it has become clear that the slit
diaphragm protein complex is a highly dynamic functional pro-
tein complex and is able to initiate cascades of signaling pathways
that affect podocyte function (7). More recent data indicate that
podocytes express receptors for many circulating hormones and
growth factors, which also suggest that a more complex cross-talk
between the kidney and other organs affected by diabetes may
occur in health and disease (8).

Among various signaling kinases, the protein kinase C (PKC)
family seems to play a critical role in the pathogenesis of DN (9).
The activation of PKCs in the kidney is a well-known pathway
of the diabetic milieu. The PKC family is involved in a variety
of signal transduction pathways, cell proliferation, differentiation,
cell cycle, and apoptosis. However, the role of PKCs on podocytes
in DN has not yet been fully defined. This present review will
give an overview of the general role of PKCs and summarize the

out the differential roles of classical, novel, and atypical PKCs in podocytes. Some PKC
isoforms are indispensable for proper glomerular development and slit diaphragm mainte-
nance, whereas others might be harmful when activated in the diabetic milieu. Therefore,
some might be interesting treatment targets in the early phase of diabetes.

Keywords: proteinuria, diabetic podocytopathy, glomerulosclerosis, nephrin endocytosis, effacement

recent research into the regulatory role of PKCs in podocytes under
diabetic conditions.

PKC SUBFAMILIES AND ISOFORMS

All PKC isoforms contain a highly conserved catalytic domain
and a regulatory domain. The catalytic domain consists of
several motifs and is essential for the ATP/substrate-binding
and catalysis, whereas the N-terminal regulatory domain con-
tains an auto inhibitory pseudo-substrate domain and two dis-
crete membrane targeting modules, C1 and C2. The sequence
of pseudo-substrate contains an alanine in place of the ser-
ine/threonine phospho-acceptor site, but otherwise resembles a
PKC substrate (10).

Protein kinase C isoforms are subdivided into three subfam-
ilies based on differences of structure in their N-terminal regu-
latory domain. The isoforms «, BI, BII, and y belong to conven-
tional PKCs (cPKCs). The regulatory domains of cPKCs contain
a C1 domain that functions as diacylglycerol (DAG)/phorbol
12-myristat 13-acetat (PMA) binding motif and a C2 domain
that binds anionic phospholipids in a calcium-dependent man-
ner (10). The novel PKCs (nPKCs3, €, 1, and 0) also have two
C1 domains and a C2 domain. The nPKC C2 domains lack the
critical calcium-coordinating acidic residues, which is the distinct
difference between cPKC and nPKC. The nPKCs can be maxi-
mally activated by agonists that promote DAG accumulation or by
PMA, but they are insensitive to calcium. Atypical PKCs (aPKCs,
¢, and M) lack a calcium-sensitive C2 domain; however, they con-
tain an atypical C1 domain, which binds PIP3 or ceramide, but
not DAG or PMA. The activity of aPKCs is primarily regulated
by protein—protein interaction and phosphorylation catalyzed by
phosphoinositide-dependent kinase-1 (PDK-1). Although a few
PKC isoforms are expressed in a tissue-specific manner, most are
ubiquitously expressed.
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REGULATION OF PKCs

Unless it is post-translationally or co-translationally phosphory-
lated, PKCs are incapable of being activated by DAG or other
cofactors (11, 12). PKC is translated as a catalytically inactive pro-
tein, is converted into an active enzyme by an initial phosphate
addition and then into a mature form by further phosphorylation
(11, 13, 14). In addition to phosphorylation on serine and thre-
onine residues, PKCs also undergo phosphorylation by tyrosine
kinases. PKCs are regulated by two sequential and equally critical
mechanisms: phosphorylation triggered by PDK-1 and binding
to DAG and/or other cofactors such as phosphatidylserine (PS)
or phorbol ester (PE). Each mechanism regulates the structure,
subcellular localization, and function of PKCs (15).

As a consequence of increased glycolytic flux, chronic hyper-
glycemia elevates the de novo synthesis of DAG and thusleads to an
increased activation of DAG dependent classic and novel PKC iso-
forms in cultured bovine aortic endothelial cells and smooth mus-
cle cells (16). Furthermore, high-glucose induced cellular levels
lead to an increased generation of advanced glycation end products
(AGEs), which initiate several signaling events by activating PKC,
MAP kinase, and transcription factors such as nuclear factor-kB
(NF-kB). This would increase the activity of various growth fac-
tors, such as TGF-f, and thereby alter expression of ECM proteins
(17). In addition, under high-glucose conditions PKC is activated
by higher concentrations of reactive oxygen species (ROS) gener-
ated following AGE:RAGE (AGE receptor) interactions (15, 18).
In turn, the ROS are generated via NADPH-oxidase activated by
PKC, ROS/PKC therefore can act in a cyclical manner to activate
one another (19).

CONVENTIONAL PKCs IN DIABETIC NEPHROPATHY

Among all the PKC isoforms, the role of PKCu in the pathogenesis
of DN has been investigated intensively, and several studies have
demonstrated that PKCa-deficient mice show a better outcome
after streptozotocin (STZ) induced diabetes with less proteinuria
and preserved nephrin expression (20, 21). Studies from our group
underline the involvement of PKCa in proteinuria development
in DN. The expression of PKCa in podocytes of patients with DN
was increased. Mice were treated after STZ-induced diabetes with
the synthetic PKCa inhibitor (GO6976), which prevented pro-
teinuria development and led to preserved nephrin expression.
Furthermore, we could show a central role for PKCa in endocy-
tosis of the slit diaphragm component nephrin (22, 23). Quack
et al. further concluded that proteinuria of diabetic mice is as a
result of increased endocytosis of nephrin, which is mediated by
a complex consisting of PKCa, protein interacting with ¢ kinase-1
(PICK1), and beta-arrestin2. They found rising glucose levels go
along with increased binding of beta-arrestin to nephrin in vitro
as well as in in vivo, but only with preceding PKCo phosphory-
lating activity on nephrin. This fact and the indispensability of
PICK1 suggest PKCa and PICK1 as possible drug targets in early
stages of DN (23). These studies show that expression of PKCa
is regulated by glucose concentration in the external milieu of
the podocyte and that PKCa is directly involved in the mainte-
nance of the slit diaphragm. High levels of PKCa in podocytes
led to enhanced endocytosis of nephrin and instability of the slit
diaphragm.

In addition, Menne and colleagues demonstrated that the high-
glucose induced downregulation of nephrin is probably caused
by the PKCo mediated reduction of the transcriptional factor
Wilms tumor 1 (WT-1), which has previously been described as a
directly interacting binding partner of the nephrin promoter (24,
25). These findings are consistent with earlier studies, suggesting
one of the PKC isoforms might be pivotal for the regulation of
nephrin transcription and expression in podocytes (26), but not
for CD2AP and Podocin as they remain at levels similar to those
in non-diabetic kidneys (27).

Langham et al. showed that in diabetic patients treated with
perindopril, an ACE inhibitor, nephrin levels preserved resem-
bling those of non-diabetic subjects (28) and subsequently could
be one factor contributing to the anti-proteinuric effects of ACE
inhibitors. Another study suggests that the AGEs, which can be
inhibited by aminoguanidine, are also implicated in the downreg-
ulation of nephrin in diabetes (29). Interestingly, several groups
could demonstrate the reduction of PKC activity under the treat-
ment with ACE inhibitors and aminoguanidine in diabetic subjects
that could explain the nephrin protective effects (30, 31).

Most previous studies with specific PKCB inhibitor ruboxistau-
rin (LX333531) in vivo and in vitro indicated that PKCB isoform
is primarily responsible for the high-glucose-induced renal effects
in diabetes (32-36). Meier et al. tested this hypothesis by inducing
DN in PKCP deficient mice and did not find a significant pre-
ventive effect of PKCB deficiency on albuminuria. In contrast to
non-albuminuric diabetic PKCa ™'~ mice, the loss of the basement
membrane proteoglycan perlecan and the podocyte slit diaphragm
protein nephrin were not prevented in the PKCB ™~ mice under
diabetic conditions (20, 37). However, the hyperglycemia-induced
renal and glomerular hypertrophy as well as increased expression
of ECM proteins was reduced in PKCP deficiency diabetic mice.

In summary, the two important physiological features of DN,
renal hypertrophy and albuminuria, are regulated through differ-
ent PKC isoforms; PKCa is involved in the development of albu-
minuria and maintenance the glomerular filtration barrier struc-
ture, whereas the PKCB-isoform contributes to hyperglycemia-
induced renal fibrosis.

Another study by Menne et al. combined the findings about
PKCa and PKCP and demonstrated that a dual inhibition of both
isoforms has a synergistic effect and is capable of preventing the
development of experimental DN in streptozocin-induced dia-
betic mice (38). Blocking both isoforms has a beneficial effect
on the development of renal hypertrophy and albuminuria in
mice after 8 weeks of diabetes. A pharmacological approach with
CGP41252, an inhibitor of PKCa and PKCP showed that the
occurrence of albuminuria could be avoided and preexisting albu-
minuria could be diminished in both type I and type II diabetic
mice (38). But the treatment had little impact on the develop-
ment of renal hypertrophy. Higher doses treatment also increased
mortality.

ESSENTIAL ROLE OF NOVEL AND ATYPICAL PKCs

Only little is known about PKCe in renal function, especially about
its role in podocytes, although several previous studies showed
increased expression and activation of PKCe isoform in experi-
mental DN (39, 40). Meier et al. investigated the functional role of

www.frontiersin.org

November 2014 | Volume 5 | Article 179 | 71


http://www.frontiersin.org
http://www.frontiersin.org/Diabetes/archive

Teng et al.

PKC in diabetic glomerulopathy

PKCe in renal physiology using PKCe-knockout mice and found
a renal phenotype with an elevated occurrence of tubulointersti-
tial fibrosis and glomerulosclerosis, whereas a systemic profibrotic
phenotype was not observed (41). Moreover, they demonstrated
an increased level of albuminuria in knockout mice whereas
the kidney/body ratio remained normal in comparison to non-
diabetic wild type mice, indicating that PKCe is probably less
implicated in development of renal hypertrophy. Experiments on
diabetic mice further showed that knockout of PKCe can exac-
erbate the renal phenotype with a significantly increased urinary
albumin/creatinine ratio and expression of ECM proteins. These
data suggest that a rising level of PKCe has a protective function
in kidney injury, rather than inducing profibrotic changes.

The atypical isoforms PKCA and PKCu are both highly
expressed in podocytes. Although it is not clear whether both iso-
types perform distinct roles in the cell, aPKCs are well-known to
be important in the establishment of cell polarity (42, 43). They
form an evolutionarily conserved complex consisting of aPKC and
PAR3 and PARG6, two PDZ domain containing scaffold proteins
(44). Studies showed that the Par3—Par6—aPKC complex inter-
acts with nephrin—podocin through the direct connection of Par3
to nephrin, an essential structural component for the mainte-
nance of integrity of the glomerular filter as well as for the signal
transduction (45). Interestingly, our own studies of the glomeru-
lar development in regard to the Par polarity complex and slit
diaphragm molecules show that the PAR3—PAR6—aPKC\ com-
plex translocates together with other tight junction proteins like
ZO-1 from the apical to the basolateral side of the cell preceding
the targeting of slit diaphragm components such as nephrin and
podocin to the basal membrane, development of foot processes,
and the construction of slit diaphragms (46).

The very recent study of Satoh and colleagues shows the neces-
sity of aPKC in the exocytosis of newly produced nephrin and
its localization on the surface of podocytes (47). This finding
could also partially explain the diminished nephrin expression in
proteinuria patients with diabetes (48). Under high-glucose condi-
tions, activation of aPKC presents a protective effect on the nephrin
expression (48).

The activation of aPKC is required for the insulin-induced glu-
cose transport and thus defective aPKC activation in muscle and
adipocytes has been shown previously in type II diabetic rats, mon-
keys, and human beings, which leads to a disturbed glucose uptake
into muscle and the whole body glucose transfer (49). The knock-
out of the other isoform PKCg has no specific renal phenotype
but seems to be able compensate for partial functions of aPKC\
loss as the double-knockout leads to glomerular developmental
defects with no secondary foot processes (50). This is most likely
because of the regulatory cytoskeletal functions of aPKCs with
direct influence on small GTPase activation of aPKCs in podocytes
(51). Nevertheless, the role of aPKC in DN still remains unclear.

PKC UP-REGULATED GROWTH FACTOR EXPRESSION IN
DIABETIC NEPHROPATHY

Podocytes are the major site of vascular endothelial growth factor
(VEGF) production in the human kidney (52), and the expres-
sion of VEGF is increased in podocytes in diabetic rats and
human beings (53, 54). Thus, the up-regulation of VEGF plays

a critical role in the progression of DN. Hoshi et al. have shown
that under high-glucose conditions, VEGF expression was up-
regulated mediated through activation of PKC and extracellu-
lar signal-regulated kinase (ERK) in podocytes (55). PKC and
ERK are known to regulate activator protein-1 (AP-1) activation
(56-58), which promotes the binding of AP-1 to the promoter
region of the VEGF gene (59, 60). In addition, AGEs upregu-
late VEGF mRNA levels through transcription factors such as
NF-kB and AP-1. AGEs are also able to activate PKCs, which fur-
ther increase the expression of VEGE. Although VEGF is required
for normal glomerulogenesis and essential for maintenance of
glomerular filtration barrier, podocyte-specific overexpression of
VEGF;64 or VEGF;45 isoform in animals leads to structural and
functional renal changes similar to those abnormalities seen in
DN, including proteinuria, glomerular hypertrophy, glomeru-
lar basement membrane thickening, mesangial expansion, loss
of slit diaphragms, and podocyte effacement (61, 62). In DN,
the activation of TGF-B1 has been demonstrated to promote
podocyte apoptosis and the development of glomerulosclerosis.
A reduced expression level of the profibrotic cytokine TGF-B1
was detected in diabetic PKCB~/~ mice, while the alteration
was not observed in diabetic PKCoa ™/~ mice (20). This obser-
vation suggested that PKCp isoform is more important in the
up-regulation of TGF-p and for the development of glomeru-
lar fibrosis under diabetic conditions, whereas PKCo shows its
critical role in the integrity of glomerular filtration barrier (37).
However, PKCa plays a key role in the signaling response after
stimulation with TGF-B1. An enhanced and prolonged activation
of PI3K/AKT and ERK1/2 as well as a reduced proapoptotic signal-
ing via p38MAPK in PKCa-knockout podocytes compared to wild
type podocytes was detected after TGF-B1 treatment, which indi-
cated the involvement of PKCa in the TGF-B mediated apoptosis
(63).

Of note, deletion of PKCe signaling not only leads to increased
expression of TGF-B1 but also induces activation of the TGF-p1
signaling pathway in glomeruli (41). PKCt might also mediate a
high-glucose-induced increase in TGF-f receptor II (TGF-BRII)
promoter activity, which leads to the up-regulation of TGF-BRII
and fibronectin (64).

PKC REGULATED STRUCTURE PROTEINS IN PODOCYTES
P-cadherin as member of the classical cadherins, a superfamily of
glycoproteins, is known to be a basic scaffold for the glomerular
slit diaphragm (65). Xu et al. have first demonstrated decreased
expression of P-cadherin mRNA and protein in experimental dia-
betic glomeruli and in high-glucose stimulated podocytes, which
suggests that a potential role for P-cadherin loss in the devel-
opment of proteinuria in early DN (66). They also found that
PKC inhibitors could ameliorate the decrement of P-cadherin in
podocytes under high-glucose conditions. Thus, activation of PKC
regulated pathways seems to be involved in the regulation of P-
cadherin expression and contributes to the disruption of podocyte
integrity (66).

Nevertheless, it seems likely that the molecular changes of
the slit diaphragm complex, but not one single slit diaphragm-
associated molecule contribute to the pathogenesis of glomerular
filtration barrier in DN. P-cadherin, a-, B-, and y-catenin, and
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formation, cell polarity, and nephrin exocytosis. PKCe might be involved in
actin remodeling via small GTPases and might orchestrate cell adhesion
and cell-cell contact formation.

ZO-1 are described to compose adherens junctions at the slit
diaphragm and establish the link with the actin cytoskeleton
(65, 67). However, the role and regulation of $-catenin with P-
cadherin and actin cytoskeletal proteins have not been thoroughly
explored. In the situation of the podocyte injury induced by high
glucose, B-catenin will be released from the destruction com-
plex because of the activation of the Wnt-pathway. Afterwards
B-catenin translocates into the nucleus to activate the down-
stream genes via the aggregation of a transcriptional complex with
TCF/LEF, which leads to proteinuria and glomerulosclerosis (68,
69). Several groups demonstrated that PKC activation phospho-
rylated N-terminal serine residues of B-catenin, which promoted
p-catenin degradation (70, 71). In contrast, our ongoing work
was focused on several PKC isoforms, whose activation is able
to dephosphorylate p-catenin to prevent f-catenin from degra-
dation. It is still unknown, whether this process is protective for
the high-glucose-induced cell adherens junction reduction. Nev-
ertheless, PKC activation may be a novel mechanism in regulating
f-catenin in glomerular injury, which will be further investigated
by our laboratory.

CONCLUSION

Podocyte injury or podocyte loss is a hallmark for the pathogene-
sis of DN. Based on the above described findings, PKC activation
seems to be the most critical pathway involved in the progression
of glomerular injury. Obviously, there is a fine balance between
activation and inactivation of the different PKC isoforms and
their cross-talk involving foot process cytoskeletal architecture,
cellular junction formation, and orchestration of turnover and

surface expression of slit diaphragm components (Figure 1).
Therefore, PKCs and their involved pathways are potential thera-
peutic targets in podocytes to prevent the progression of diabetic
glomerulopathy.
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Diabetes mellitus (DM) is the most common cause of chronic kidney disease and end stage
renal disease. New onset diabetes mellitus after transplant (NODAT) has been described
in approximately 30% of non-diabetic kidney-transplant recipients many years post trans-
plantation. DM in patients with kidney transplantation constitutes a major comorbidity, and
has significant impact on the patients and allografts’ outcome. In addition to the major
comorbidity and mortality that result from cardiovascular and other DM complications,
long standing DM after kidney-transplant has significant pathological injury to the allograft,
which results in lowering the allografts and the patients’ survivals. In spite of the cumula-
tive body of data on diabetic nephropathy (DN) in the native kidney, there has been very
limited data on the DN in the transplanted kidney. In this review, we will shed the light on
the risk factors that lead to the development of NODAT. We will also describe the impact
of DM on the transplanted kidney, and the outcome of kidney-transplant recipients with
NODAT. Additionally, we will present the most acceptable data on management of NODAT.
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INTRODUCTION

As the epidemic of diabetes mellitus (DM) is growing, diabetic
nephropathy (DN) remains the leading cause of end stage renal
disease (ESRD) in the American population [US Renal Data Sys-
tem (USRDS) data 2012]. DN and ESRD as its consequence, poses
a major healthcare problem especially in developed countries, and
as such it represents a great financial burden to the society. In the
United States, over 21 million people, or 7% of the general pop-
ulation, are estimated to have diabetes. To date, despite aggressive
research conducted in the early diagnosis and treatment of DN,
the vast majority of diabetic patients eventually progress to ESRD.
For these patients, either dialysis or renal transplantation remain
the only options of survival.

Renal transplantation has been considered the therapy of choice
in suitable ESRD or pre-ESRD patients since it confers a better sur-
vival benefit to these patients compared to dialysis (1-3). Despite
renal transplantation addressing the problem of imminent renal
failure, DM and DN remain prevalent among kidney-transplant
patients leading in some cases to allograft loss and contributing
to overall patient’s mortality. DM may represent a sequela of the
preexisting condition leading to ESRD or can develop as de novo
after kidney or any other solid organ transplantation in transplant
recipients.

Diabetic nephropathy was the etiology of ESRD in approxi-
mately 23% of kidney-transplant recipients in the United States
in 2008 (4). These numbers unfortunately continue to grow as the
number of diabetic patients in the general population increases.

NEW ONSET OF DIABETES MELLITUS AFTER
KIDNEY-TRANSPLANT

The incidence of new onset diabetes mellitus after transplant
(NODAT) is variable, ranging between 10 and 46% depending

on the study design and the definition of NODAT (5-7). More
specifically, NODAT has been reported to occur in 4-25% of renal
transplant recipients, 2.5-25% of liver transplant recipients, 4—
40% of heart transplant recipients, and 30-35% of lung transplant
recipients (8—11). In order to establish more precise diagnosis of
NODAT, international consensus guidelines defined the criteria
for NODAT and these include the following: symptoms of diabetes
and random plasma glucose >200 mg/dL (11.1 mmol/L), fasting
plasma glucose >126 mg/dL (7.0 mmol/L), and 2-h plasma glu-
cose >200 mg/dL (11.1 mmol/L) during an oral glucose tolerance
test (8). If at any time point either of these criteria in post trans-
plant patient is met, the diagnosis of NODAT can be established.
Levels of glycosylated hemoglobin Alc are unreliable marker of
NODAT during the first three to six post transplant months, given
the fact that many chronic kidney disease (CKD) stage 5 and ESRD
patients are anemic at baseline when receiving a kidney-transplant.
Many patients undergo renal and other solid organ transplan-
tation, hence only a subgroup of patients will develop NODAT.
It remains poorly understood what predisposes this subgroup of
patients to the development of NODAT. The literature describes
various modifiable and non-modifiable risk factors for develop-
ment of NODAT. Non-modifiable risk factors include age, race,
genetic background, family history of diabetes, and previous glu-
cose intolerance. Modifiable risk factors are obesity, hepatitis C
virus (HCV), cytomegalovirus infections, and immunosuppres-
sive drugs (12, 13). The risk of NODAT development increases
with time from transplantation. Therefore, early detection and
prompt action are essential in reducing the risk of NODAT and its
complications (14).

Among the non-modifiable risk factors age is considered the
strongest risk factor for development of NODAT (6, 12, 15). A
study by Cosio et al. (7) that included 2078 allograft recipients,
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showed that individuals older than 45 were 2.9 times more likely to
develop NODAT. Data from the USRDS showed that first kidney-
transplant recipients with ages between 45 and 59 years had a
relative risk (RR) for NODAT of 1.9 (95% confidence interval
(CI) 1.73-2.09; P < 0.0001), whereas, individuals >60 years had a
risk of 2.6 (95% CI 2.32-2.92; P < 0.0001) (12, 15). Age increased
the risk for development of diabetes 1.5-fold for every 10-year
increase in age (12, 16).

RISK FACTORS OF NODAT

Obesity represents a modifiable risk factor and has consistently
been shown to be strongly associated with development of NODAT
(6,15,17). Data from the USRDS revealed that obese patients (BMI
>30kg/m?) have an RR for NODAT of 1.73 (95% CI 1.57-1.90;
P < 0.0001), this being, along with age, one of the most consistent
risk factors (6, 12). The molecular mechanisms of obesity have
been studied in detail in the non-transplant population where
chronic inflammatory markers synthesis is upregulated. Adipose
tissue is known to produce adipocytokines, including leptin, tumor
necrosis factor alpha (TNF-a), interleukins, and adiponectin (18,
19). Activation of the TNF-a system has been associated with
insulin resistance through the generation of defects in the phos-
phorylation of the receptor and decreasing the expression of
insulin-sensitive glucose transporters. Induction of IL-6 synthe-
sis has been associated with alterations in glucose tolerance and
is possibly a predictor of DM2 (19, 20). Adiponectin is a 30-kDa,
collagen-like protein synthesized by adipocytes. High adiponectin
concentrations have been associated with an independent reduc-
tion in the risk of developing type 2 DM in a healthy population
(19, 21). In transplant recipients, a low pre-transplant serum con-
centration of adiponectin was described as an independent risk
factor for the development of NODAT (22). A recent study found
that for every 1 pg/mL decrease in adiponectin concentration, the
risk of developing NODAT is increased by 13% (19).

Race also plays an important role with respect to NODAT
development. Even though most of the transplant centers through
out the world expose their patients to similar immunosuppres-
sive induction and maintenance protocols, African American and
Hispanic patients appear to have a significantly higher risk for
development of NODAT compared to Caucasians. Likely, genetic
polymorphisms among Black and Hispanic transplant recipients
allow for more common disease prevalence compared to their
Caucasian counterparts. These polymorphisms remain a subject
of research, however precise description is lacking in the transplant
literature.

Additionally, infections are also described as culprits of
NODAT. Transplanted patients at baseline are more susceptible
to infections than the general population. A chronic HCV infec-
tion (either acquired peri-operatively from the donor or present
in the recipient at the time of transplantation), especially in a
setting of uncontrolled viremia, poses a risk factor for NODAT
development. The USRDS registry confirmed that the 1-year inci-
dence of NODAT in HCV-positive patients at transplantation was
significantly higher compared to the HCV-negative patients (25.6
vs. 15.4%; P < 0.0001) (6), clearly demonstrating higher risk for
NODAT development in HCV carriers. Recent basic science stud-
ies have demonstrated that the HCV elicits an apoptosis-like death

of pancreatic beta-cells through endoplasmatic reticulum stress-
involved, Caspase 3-Dependent Pathway (23). Interferon has been
the drug of choice for treatment of hepatitis C infection in the non-
transplant population for several decades. Unfortunately, its use
in the HCV infected transplant patients has been widely avoided
due to its propensity to elicit acute rejection in the allograft. The
novel drugs (protease and nucleotide analog inhibitors) recently
released on the market for treatment of HCV infection in non-
transplanted patients are still lacking official FDA approval in the
transplant cohort. Their use in this cohort has been strictly off
label and transplant center dependent. Thus, their prime time for
this clinical indication is likely to come in the near future. It would
be interesting to see if this will have a positive impact on decreasing
the incidence of NODAT in the transplant recipients.

IMMUNOSUPPRESSION DRUGS

In addition to the above mentioned factors influencing NODAT
development, several immunosuppressive agents that are com-
monly used in the transplant arena have been noted to have
diabetogenic potential. Herein, commonly used drugs include glu-
cocorticoids, calcineurin inhibitors (CNIs) including tacrolimus
(TAC) and cyclosporine (CYC), as well as the mammalian target
of rapamycin (mTOR) inhibitors (sirolimus and everolimus). The
diabetogenic effect of all of these drugs has been explored in detail
and their effect on development of NODAT has been elucidated
in several major studies.

Glucocorticoids, as the oldest immunosuppressive agents, have
a strongest diabetogenic potential, which is dose dependent. The
predominant factor for causing PTDM by corticosteroids seems
to be the aggravation of insulin resistance, however, several studies
have displayed deleterious effects on insulin secretion and beta-
cells apoptosis (24). The precise mechanisms of glucocorticoid-
induced insulin resistance are not well understood. In vivo and
in vitro animal studies demonstrate initiation of glucocorticoid
related insulin signaling cascade in skeletal muscles, resulting in
reduced glucose uptake and glycogen synthesis (25, 26). In vitro,
the effect of glucocorticoids on B-cell lines has been studied in
detail. Glucocorticoids were shown to reduce the expression of
GLUT 2 and glucokinase, thereby impairing glucose-stimulated
insulin secretion (24, 26). Further, Dexamethasone was shown
to stimulate transcription of serum and glucocorticoid-inducible
kinase 1, upregulating the activity of voltage-gated K™ channels
and leading to reduced Ca®* entry through voltage-gated Ca>*
channels with resultant decreased insulin release (26, 27). In iso-
lated rat islets, dexamethasone decreases the activation of protein
kinase C through inhibition of the diacylglycerol-phospholipase
C pathway (26, 28).

Additionally, there is some conflicting data regarding the ben-
efit of early corticosteroid withdrawal vs. steroid continuation
protocols with respect to NODAT manifestation.

A large randomized controlled study found that early steroid
withdrawal does not confer any significant advantage compared to
steroid continuation, with the remark that fewer patients with early
steroid withdrawal required insulin for NODAT at 5 years [4/107
(3.7%) vs. 10/86 (11.6%), P =0.049] (29). On the other hand,
large retrospective study involving more than 25,000 transplant
recipients reported significant benefits of early steroid withdrawal
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when compared to a steroid-containing regimen with respect to
NODAT. The cumulative incidence of NODAT within 3 years
post-transplant was 12.3% in steroid-free vs. 17.7% in steroid-
containing regimens, P < 0.001. Overall, steroid-containing reg-
imens carried a 42% increased risk for NODAT at the time of
hospital discharge (30).

Calcineurin inhibitors are also commonly prescribed drugs in
the transplant arena. Both CYC and TAC administration corre-
lates strongly with NODAT development, however, TAC appears
to have more pronounced diabetogenic effect as demonstrated in
prospective and retrospective studies (31, 32). This was observed in
kidney, heart, liver, and lung transplants (24). Interestingly, some
of the basic science studies involving these agents are not fully
supportive of these clinical findings (33).

Calcineurin inhibitors induce NODAT by variety of mecha-
nisms, including decreased insulin secretion and a direct toxic
effect on the pancreatic beta-cells. The effect on beta-cells sur-
vival implicates the direct effect of CNIs on the nuclear factor
of activated T-cell (NFAT) signaling. CNIs regulate the dephos-
phorylation of (NFAT) protein and CREB (cAMP-responsive
element-binding transcription factor) activity-2 (TORC2). The
dephosphorylation of these proteins regulates several target genes
[insulin, Glut2, (pancreatic and duodenal homeobox 1 (Pdx-1),
insulin receptor substrate-2 (Irs2), cyclin D1, cyclin D2, cyclin-
dependent kinase 4 (CDK4), etc.], which are critical in B-cell
survival, replication, and function. TAC binds intracellularly to
FK506-binding protein 1B (FKBP1B) before docking in the cal-
cineurin binding site (Cnb1) of calcineurin, thus inhibiting cal-
cineurin and its downstream pathways and decreasing 8-cell repli-
cation and survival (26). Moreover, CYC induces inhibition of cal-
cineurin activated leucine zipper-bearing-kinase, leading to beta
cell apoptosis (34). Further, mitochondria play a key role in the
insulin secretion mainly by providing ATP supply. CYC binds read-
ily to cyclophilin D in the mitochondrial permeability transition
pore and blocks the opening of this channel on the mitochondrion
and thereby reduces the cytoplasmic free-Ca?* concentration thus
interfering with glucose-stimulated insulin secretion (26, 35).

Finally, even though with less frequency, mTOR inhibitors
continue to be used among transplant patients despite clinical evi-
dence of their use being associated with greater risks of allograft
failure and recipient death compared with a CNI-based regimen
(36). Additionally, mTOR inhibitors have been associated with sig-
nificant risk for NODAT development, especially in combination
therapy with TAC, thus with a tendency of sirolimus contributing
more to the NODAT development rather than TAC (37).

The effects of sirolimus on the function and survival of B-cells
appears paradoxical based on animal studies and vitro studies with
cell lines or human islets. In vitro sirolimus is noted to increase the
insulin content in human islet cells (38) as well the secretion in
both basal (50%) and stimulated (40%) states in mini pigs in vivo
(39). On the other hand, additional in vitro studies have shown that
sirolimus may facilitate the opening of ATP sensitive potassium
channels thereby impairing the insulin secretion (40) in addition
to suppressing the glucose-stimulated insulin secretion via direct
inhibition of Krebs cycle and decrease of mitochondrial ATP pro-
duction (41). Further, there is convincing evidence that sirolimus
may disrupt regeneration and proliferation of islets, most likely via

direct inhibition of the mTOR complex 1 (mTOR C1) signaling
and its downstream regulatory effect on cyclin-dependent kinase
4, ultimately leading to reduced cyclin D2 and D3, which are crit-
ical regulators of B-cell cycle, proliferation, and mass (38, 42). In
summary, the effects of sirolimus on insulin secretion remain the
subject of further investigation.

There are no data so far to indicate that mycophenolate and
azathioprine are involved in the development of NODAT.

DIABETIC NEPHROPATHY AFTER KIDNEY-TRANSPLANT
Diabetic nephropathy occurs in the transplanted kidney after
approximately 5.9 years (43), in patients with pre-transplant DM
and those who develop NODAT. In a study of 58 kidney-transplant
recipients, 74.1% had history of DM before kidney transplan-
tation and 25.9% had NODAT, of those whom DN histologic
findings developed, 69.6% were in patients with history of DM and
30.4% were in NODAT patients. The time from transplantation to
the development of DN was slightly longer in NODAT patients
(6.68 = 3.86 vs. 9.93 £ 3.07 years, P = 0.05); however, as expected,
the duration of diabetes was similar in the two groups at the time
of histologic findings of DN (6.68 £3.86 vs. 5.90 & 3.13 years,
P =0.66) (43).

The pathological findings of DN post kidney transplantation
are in most part similar to those of typical DN in native kidneys.
Thickening of GBM and the tubular basement membrane consti-
tutes the first sign of DN. Mesangial matrix expansion develops
later on. The extracellular matrix accumulates over time and forms
nodular mesangial changes that gradually lead to the compression
of the associated glomerular capillaries resulting in glomeru-
lar sclerosis and obliteration of capillary lumina. Hyalinosis in
the afferent and efferent arteriolar occurs simultaneously with
the glomerular lesions leading also to tubulointerstitial chronic
changes (44). DN in the transplanted kidney, however, frequently
associate with vascular and tubulointerstitial changes caused by
allograft rejection, viral infection, or CNI nephrotoxicity, which
differentiates it from the DN in the native kidney.

In spite of the extensive data on the pathways that lead to DN in
the native kidney, there is still a paucity of such data on DN after
kidney transplantation. Although, we believe that the same mech-
anisms lead to DN in native kidney contribute to the development
of post transplant DN, there have been no studies confirming
these mechanisms in the transplanted kidney. However, there are
few pathways that have been described in the initiating and devel-
oping of DN; these may have some significance in the transplanted
kidney. Herein, will discuss two of these pathways.

Recently, there have been major changes in our understanding
of DN development in the native kidney, with a major focus on the
podocyte as the initial site of injury (45), which leads later to the
progression of the classic changes of diabetic nodular glomerular
sclerosis and interstitial fibrosis.

In a recent study by Fiorina et al., the investigators described
the role of podocyte B7-1 in the podocyte injury that results from
hyperglycemia (46). The authors found that B7-1 upregulation
was induced by hyperglycemia; this upregulation was found to
be mediated by activation of the 110-kDa catalytic PI3Ka sub-
unit. Furthermore, the addition of CTLA4-Ig such as abatacept
prevented cytoskeleton disruption and adhesion in podocytes that
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were exposed to hyperglycemia in vitro (46). This data can be of a
significant importance in kidney transplantation field. Belatacept,
a newer CTLA4-Ig with higher affinity to B7-1 has been approved
recently as a maintenance immunosuppressive therapy in kidney-
transplant. Hence, it will be of a great interest to evaluate the effect
of belatacept in preventing the developing of DN after kidney
transplantation.

A second pathway that has been described as a possible con-
tributor to the development and progression of DN in the native
kidney is the mTOR. Recent studies suggested that the mTOR
pathway of the podocytes plays an important role in the under-
lying mechanisms of the progression of glomerular diseases (47)
and DN (48). In a recent data by Godel et al., the investigators
confirmed that mTOR complex (mTORC) 1 and 2 have crucial
roles in the podocyte function. Deletion of mouse podocytes
mTORC 1 and 2 induced significant proteinuria and lead to
the progression of glomerulosclerosis (48). On the other hand,
patients with DN have a significant activation of the podocytes
mTOR that associated with early glomerular hypertrophy and
hyperfiltration (48). Therefore, there is a potential utilization
of mTOR inhibitors such as rapamycin in the prevention of
developing DN. Rapamycin has been in use for many years as
a maintenance immunosuppressant to prevent kidney-transplant
rejection.

A third pathway implies the role of circulating factors that are
known to be involved in causing proteinuria. For example, cir-
culating soluble urokinase plasminogen activator receptor uPAR
(suPAR) that is known as one of the culprits in native and recur-
rent Focal and Segmental Glomerulosclerosis (FSGS) has recently
been shown to play an active role in patients with DN (49). There,
increased suPAR serum levels cause podocyte apoptosis through
its association with acid sphingomyelinase-like phosphodiesterase
3b (SMPDL3Db) on podocytes. Additional clinical studies further
support this concept showing that suPAR is a predictor of protein-
uria in patients with DM (50). The neutralization of suPAR may
thus be a novel approach to treat DN in the native and possibly
also in the transplanted kidney.

MANAGEMENT OF NODAT

The management of NODAT requires a multifaceted approach
given that this condition affects multiple organs other than the
allograft itself. Other than extensive counseling of pre-transplant
patients regarding the higher odds of developing NODAT (espe-
cially in high risk groups, as outlined above) and recommenda-
tion for implementation of general pre-transplant measures (like
weight loss, physical activity, and dietitian referral), most of the
transplant centers in the United States have abandoned the screen-
ing of transplant recipients with oral glucose tolerance test as this
would possibly affect the candidacy for transplantation. Post trans-
plantation screening for NODAT is, however, recommended for
all solid organ recipients. Namely, most of the transplant centers
would screen the recipients after transplant with weekly fasting
glucose testing in the first month after transplantation and con-
tinue screening at 5, 6, and 12 months. After this period even
though the risk of NODAT is somewhat lower, at least yearly
testing with either glycosylated hemoglobin or fasting glucose is
recommended.

Early diabetes specialist referral, adequate glycemia control as
well as treatment of comorbid conditions remain the backbone
of medical approach to this condition. Further, good control of
glycemia may even decrease the risk for rejection (51). In patients,
who develop DN with overt micro and macroalbuminuria, strict
glycemia control in addition to the use of angiotensin inhibitors
and statins remains strongly recommended. In transplant patients
other than the aforementioned measures extrapolated from the
general population, the benefit of decreasing immunosuppres-
sion with respect to NODAT prevention and treatment should
be carefully weighted against the risk of provoking a rejection
in the allograft. Switching from one class of immunosuppressive
medication to other should be individualized since the more dia-
betogenic transplant medications may have other advantages to
the longevity of the allograft compared to their competitors.

OUTCOME OF KIDNEY-TRANSPLANT RECIPIENTS WITH
NODAT

Even though the two main causes of kidney-transplant loss are
chronic allograft nephropathy and death with a functioning allo-
graft, NODAT is strongly associated with impaired patient survival
(6,52) as well as increased cardiovascular mortality (52, 53). Stud-
ies demonstrate that kidney-transplant recipients with NODAT
are at a two- to three-fold increased risk of fatal and non-fatal car-
diovascular disease events as compared with non-diabetic patients
(53, 54). In addition, large retrospective registries have concluded
that NODAT is a strong, independent predictor of global mortality,
graft failure, and death-censored graft failure (6).

The mechanism by which NODAT influences the allograft sur-
vival is not well understood, other than predisposing patients to
recurrent infections and acute rejection especially when attempts
are made to decrease immunosuppression in order to minimize
the diabetogenic effect of medications like TAC. In addition to
this, NODAT likely contributes to recurrence of DN in the allo-
graft. Similar to the general population, diabetic complications are
also commonly encountered in patients with NODAT including
ketoacidosis, neurologic, and ophthalmic complications as well as
recurrent hypoglycemia and shock (55).

SUMMARY

In summary, NODAT is a common and serious condition that
affects the overall health and the survival of a transplant recipient.
Inability to control NODAT is associated with significant allograft
failure as well as overall transplant recipient morbidity. Strenuous
efforts must be undertaken to minimize its detrimental effect on
the comorbid conditions that develop as a consequence of NODAT.
We are looking forward to newer transplant protocols and med-
ications that do not have the diabetogenic side effects of the ones
currently used among the transplant patients and many such are
currently underway.
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Diseases affecting the glomerulus are the
most common cause of end-stage kidney
disease in developed countries (1). These
disorders are characterized by significant
proteinuria, and the level of proteinuria
is an independent risk factor for disease
progression (2). Podocytes are thought to
play a key role in the pathogenesis of
glomerular diseases (3, 4). The impor-
tance of podocytes in glomerular diseases
is highlighted by genetic studies, which
have identified mutant podocyte proteins
that cause familial forms of nephrosis (5).
Because podocytes are terminally differen-
tiated cells with little capacity for repli-
cation, their ability to compensate for
podocyte loss is limited (3). A component
of current therapy is, therefore, focused
on reducing podocyte injury by decreasing
systemic blood pressure (BP) and inhibi-
tion of the renin—angiotensin system (2, 6).

Historically, the immune system was
thought to play a significant role in
non-genetic forms of nephrosis includ-
ing acquired diseases such as minimal-
change disease (MCD) and focal segmental
glomerulosclerosis (FSGS) (7). As a result,
corticosteroids and CNIs are often used
to treat these disorders (6). Indeed, the
response to steroid therapy is an impor-
tant prognostic indicator for both MCD
and FSGS (8, 9). Recent studies, however,
suggest that these agents may have actions
that are independent of their immunosup-
pressive properties. For example, while not
auniversal finding (10, 11), steroids and/or
CNiIsare reported to induce partial or com-
plete remissions of proteinuria in a subset
of patients with genetic forms of nephrosis
(7, 11, 12). Although we acknowledge that
these reports have significant limitations,
the data support the concept that that

steroids and/or CNIs may have benefi-
cial effects unrelated to their immuno-
suppressive actions. Similarly, CNIs inhibit
death of cultured podocytes after apop-
totic stimuli despite the absence of immune
effector mechanisms in the tissue culture
model (13, 14). Moreover, genetic activa-
tion of the CN effector NFAT (nuclear
factor of activated T cells) in podocytes
promotes proteinuria, glomerulosclerosis,
and a decrease in podocyte numbers in
mice despite restricting the experimen-
tal manipulation to glomerular podocytes
(15).

As shown in Figure 1, non-
immunological actions of CNIs can
be broadly divided into effects on the
podocyte cytoskeleton and effects on
podocyte survival. A seminal observa-
tion was that the actin-associated protein
synaptopodin (SYN) was phosphory-
lated by either protein kinase A (PKA)
or calcium/calmodulin-dependent protein
kinase II (CaMKII). Phosphorylation of
SYN provided a docking site for 14-3—
3 proteins and prevented degradation of
SYN by the cysteine proteinase cathepsin
L (16). Dephosphorylation of the 14-3-3
docking site by calcium sensitive phos-
phatase CN promoted SYN degradation.
This group further demonstrated that SYN
competitively antagonized ubiquitination
of Rho A by Smurfl (SMAD specific E3
ubiquitin protein ligase 1), and promoted
Rho A activation and stress fiber formation
(17). While Rho A activity is also stimu-
lated by calcium-dependent mechanisms
(18, 19), the SYN dependence of these
effects appeared relevant to glomerular
diseases because expression of a degrada-
tion resistant SYN in podocytes protected
mice from proteinuric stimuli (16). In

this scenario, CNIs promote a podocyte
phenotype that is resistant to the develop-
ment of proteinuria by stabilizing the actin
cytoskeleton.

CNIs also protect podocytes from apop-
totic stimuli (13, 14). At least one mech-
anism is dependent on gene transcription
induced by NFAT (13, 14). NFAT transcrip-
tion factors were originally discovered in
cells of the lymphoid lineage, but abun-
dant evidence indicates that NFAT iso-
forms are expressed in non-immune cells
with some family members expressed ubiq-
uitously (20). In quiescent cells, NFAT
isoforms are phosphorylated and located
in the cytoplasm (20). CN dephosphory-
lates NFAT, which permits translocation to
the nucleus and stimulation of gene tran-
scription. In cultured podocytes, expres-
sion of a constitutively active CN con-
struct causes apoptosis, and this apop-
totic effect is blocked by the pharmaco-
logic CNI FK506 as well as by a pep-
tide inhibitor of CN termed VIVIT (13).
Similarly, hyperglycemia induces nuclear
localization of NFAT isoforms as well as
promotes apoptosis of cultured podocytes,
and this apoptotic effect is also attenu-
ated by VIVIT (14). Moreover, CN activ-
ity is enhanced in kidneys of diabetic
rodents (13, 21), and treatment with
FK506 attenuates hyperglycemia-induced
podocyte apoptosis in diabetic mice (13).
Because VIVIT specifically inhibits CN-
dependent NFAT activation (22), these
data suggest that CN causes podocyte
apoptosis by mechanisms that require
NFAT mediated gene transcription. In
this regard, TRPC6 (transient receptor
potential channel C6) is an important
gene target of NFAT transcription factors
(23). Indeed, gain-of-function mutations
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FIGURE 1 | CN activation destabilizes the actin cytoskeleton and
causes podocyte apoptosis. Phosphorylation of SYN is mediated by PKA
and CamKIl. Phosphorylated SYN promotes 14-3-3 binding, which protects
SYN from degradation by cathepsin L. SYN also binds Rho A, and
competitively inhibits binding of Rho A to the ubiquitin ligase Smurf1, which
prevents targeting of Rho A for proteasomal degradation. Binding of Rho A
to SYN activates Rho A (GTP bound Rho A) and, in turn, induces stress fiber
formation and stabilizes the podocyte cytoskeleton. CN dephosphorylates

Degradation

gene transcription.

the 14-3-3 docking site in SYN and promotes SYN degradation by
cathepsin L. In the absence of SYN, Rho A is targeted for proteosomal
degradation, which reduces stress fiber formation and destabilizes the actin
cytoskeleton. CN also promotes podocyte apoptosis by dephosphorylation
of either NFAT isoforms, Drp1 or BAD. This apoptotic effect is mediated
both directly by Drp1- or BAD-dependent activation of mitochondrial
apoptotic pathways, as well as indirectly by stimulation of NFAT-dependent

Gene
Transcription
of TRPC6

in TRPC6 cause FSGS (24, 25). TRPC6
is also up-regulated in primary glomeru-
lar diseases (26) and over-expression of
TRPC6 in podocytes causes proteinuric
kidney disease (27). Thus, TRPC6 may
be an important downstream gene tar-
get of CN signaling in glomerular disor-
ders. In contrast, one study reported that
CNIs induced podocyte apoptosis (28).
This report, however, is controversial, and
we and others (7) have not been able to
reproduce this observation.

As shown in Figure 1, other mech-
anisms of CN-mediated podocyte apop-
tosis include induction of mitochondrial
fragmentation by Drpl (dynamin related
protein 1) as well as activation of the
apoptosis inducing Bcl-2 family member
BAD (Bcl-2 associated death promoter).
Drpl is phosphorylated and inhibited by

PKA (29); BAD is phosphorylated by
Akt, which causes sequestration of BAD
by 14-3-3 proteins and inhibits apopto-
sis (30). CN dephosphorylates both pro-
teins and induces apoptotic cell death
through the mitochondrial pathway (29,
30). Both Drp1 and BAD have been impli-
cated in the pathogenesis of glomerular
diseases by promoting podocyte apoptosis
(31-33), with the extent of apopto-
sis presumably dependent on the rela-
tive activities of CN and the relevant
kinases. Based on these observations as well
as the NFAT-dependent apoptotic effects
described above, we speculate that CNIs
might be useful therapies for attenuating
podocyte apoptosis in diseases with either
enhanced CN activity or in diseases asso-
ciated with reduced activity of the relevant
kinase.

In summary, CNIs may have impor-
tant beneficial effects for both the podocyte
cytoskeleton and podocyte viability. These
agents attenuate podocyte apoptosis as well
as promote a podocyte phenotype that
is resistant to the development of pro-
teinuria. The beneficial effects of CNIs
may be mediated by mechanisms that
are independent of the immune sys-
tem. Given the potential role of CN
in diverse glomerular diseases, the use
of CNIs might be useful for a broader
range of kidney disorders. We acknowl-
edge that CNI nephrotoxicity is a concern
(34), but the development of more spe-
cific agents with fewer off-target effects
(35, 36) may be an effective strategy for
expanding the use of CN inhibition to
a broader range of glomerular disease
processes.
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Diabetes represents a major threat to public health and the number of patients is increasing
alarmingly in the global scale. Particularly, the diabetic kidney disease (nephropathy, DN)
together with its cardiovascular complications cause immense human suffering, highly
increased risk of premature deaths, and lead to huge societal costs. DN is first detected
when protein appears in urine (microalbuminuria). As in other persisting proteinuric dis-
eases (like vasculitis) it heralds irreversible damage of kidney functions up to non-functional
(end-stage) kidney and ultimately calls for kidney replacement therapy (dialysis or kidney
transplantation). While remarkable progress has been made in understanding the genetic
and molecular factors associating with chronic kidney diseases, breakthroughs are still
missing to provide comprehensive understanding of events and mechanisms associated.
Non-invasive diagnostic tools for early diagnostics of kidney damage are badly needed.
Exosomes — small vesicular structures present in urine are released by all cell types along
kidney structures to present with distinct surface assembly. Furthermore, exosomes carry
a load of special proteins and nucleic acids. This “cargo” faithfully reflects the physiological
state of their respective cells of origin and appears to serve as a new pathway for down-
stream signaling to target cells. Accordingly, exosome vesicles are emerging as a valuable
source for disease stage-specific information and as fingerprints of disease progression.
Unfortunately, technical issues of exosome isolation are challenging and, thus, their full
potential remains untapped. Here, we review the molecular basis of exosome secretion
as well as their use to reveal events along the nephron. In addition to novel molecular
information, the new methods provide the needed accurate, personalized, non-invasive,

and inexpensive future diagnostics.

Keywords: exosomes, extracellular vesicles, urine, diabetic nephropathy, podocyte

BACKGROUND

Diabetes, chronic kidney disease (CKD), and cardiovascular dis-
ease (CVD), [DCC] are significant causes of morbidity and excess
mortality and with an alarmingly increasing global trend. Together,
they constitute the DCC-disease complex that accounts for major

Abbreviations: Alix, ALG-2 interacting protein; AMBP, alpha-1-micro-
globulin/bikunin precursor; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]
-1-propanesulfonic; CHMP4C, charged multivesicular body protein 4C; CKD,
chronic kidney disease; CR1, complement receptor 1; CVD, cardiovascular diseases;
DCC, diabetes chronic complications; DN, diabetic nephropathy; DNA, deoxyri-
bonucleic acid; DPPIV, dipeptidyl peptidase IV; DTT, dithiothreitol; ESCRT, endo-
somal sorting complex required for transport; EV, extracellular vesicles; GPI, gly-
cosylphosphatidylinositol; HD, hydrostatic dialysis; HRS, hepatocyte growth factor-
regulated tyrosine kinase substrate; HSA, human serum albumin; ILV, intraluminal
vesicles; LBPA — lysobisphosphatidic acid; miRNA, micro ribonucleic acids; MLL3,
histone-lysine N-methyltransferase; MVB, multivesicular body; MWCO, molecular
weight cutoff; NEP, nephrilysin; Oli-neu cells, oligodendroglial cell line; PLP, prote-
olipid protein; Pmel17, melanosomal protein; RCFE, g —relative centrifugal force; SEC,
size exclusion chromatography; siRNA, silencing ribonucleic acids; STAM1, sig-
nal transducing adapter molecule 1; THP, Tamm-Horsfall protein; TSG101, tumor
susceptibility gene 101; UMOD, uromodulin; VDACI, voltage-dependent anion-
selective channel protein 1; VPS4B, vacuolar protein sorting 4 homolog B; VTAIL,
vacuolar protein sorting-associated protein; WT-1, Wilm’s tumor-1 protein.

human suffering and already more than 15% of the economic bur-
den on all Healthcare systems (1, 2) Consequently, there are ever
increasing academic, industrial, and societal investment needs in
combating this worsening epidemic.

The DCC complex shares key symptoms (e.g., microalbumin-
uria, high cholesterol, and elevated blood pressure) and risk factors
(e.g., genetic traits, exercise, and dietary deficiencies) (3, 4). Many
lines of evidence show that an early common denominator for
DCC diseases is malfunction of the kidney (glomerular) filtration
barrier and, particularly, its epithelial component, the podocyte.
Recent milestone discoveries have revealed molecules, mecha-
nisms, and pathways of the podocyte, which associate directly with
in the onset and progression of the disease (5, 6).

The alarming statistics of DCC highlights the importance
of understanding the molecular and cellular pathways thereof.
Important advances in understanding the mechanisms leading to
the loss of kidney function have been made. Accordingly, abnor-
mal glucose level is known to distort several molecular pathways
like the renin—angiotensin system (RAS), inflammatory cytokines
(transforming growth factor f (TGF-) and tumor necrosis factor-
o (TNF-a)), protein kinase C (PKC), and the Janus kinase pathway
and, oxidative stress mediators, such as nicotinamide adenine
dinucleotide phosphate oxidase (NADPH oxidase). All of these
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have been associated with pathogenesis of diabetic nephropa-
thy (DN) [for dedicate review see Ref. (7-9)] while, the clinical
management of patients to protect the kidney function in dia-
betes are not satisfactory (10, 11). Therefore, more accurate early
diagnostics and better disease management is needed.

A key consideration relates to the availability of clinically rel-
evant biomarkers for personalized disease management. Notably,
the value of albumin excretion rate to urine, presently an impor-
tant indication of CKD, is decreased by the following observations.
First, diabetic patients presenting with microalbuminuria already
show advanced damage in kidney filtration barrier associated with
disease progression (10, 11). Second, one-third of diabetic patients
developed diabetic kidney damage (nephropathy; DN) soon after
the onset of microalbuminuria, and this was not dependent on
the presence of relevant proteinuria (12). Finally, the albumin
assay methodology in use has shown serious flaws for the presence
of fragmented and biochemically modified albumin (12). Fur-
thermore, up to 10% of general public shows occasional albumin
leakage into urine.

EXTRACELLULAR VESICLES: BIOGENESIS, CLASSIFICATION,
AND FUNCTIONS

Extracellular vesicles (see Figure 1) are spherical structures com-
posed with a lipid bilayer carrying a cargo of proteins and nucleic
acids, released by cells into extracellular space. This term comprises

different classes of particles, which had been assigned by van der
Pol and colleagues into three major groups: exosomes, microvesi-
cles (MV), and apoptotic bodies (13). This classification subjects
all membrane derived vesicles (shed vesicles, exosome-like vesi-
cles, membrane particles, ectosomes, and retrovirus vesicles) into
one group and endosomal pathway derived exosomes into other
group. The distinction is not perfect as viruses can hijack Multi-
vesicular Body (MVB) pathway and occur also inside of exosomes
(14). Apoptotic blebs constitute a separate class as their presence is
not associated with a continuously living cell, but with programed
cell death process. Although more comprehensive classification
based e.g., on size, density, sedimentation force, or vesicle-group
specific biomarkers exists, these properties also overlap between
EVs populations (15).

Biogenesis of exosomes includes inward budding of vesicles into
endosomal lumen to become MVBs fusing with the cell mem-
brane and simultaneously releasing exosomes into extracellular
space (Figure 1) (16). Unlike the vesicles shedding directly from
cell membrane, exosomes contain distinct cargo, closely mirroring
the inner compartments of their cells of origin.

Frequently presented exosome diameter ranges from 40 to
100 nm and up to 150 nm (13, 15, 17). Unfortunately, this wide
range includes a variety of other EV classes and cannot be con-
sidered as a solid identifier. The well-characterized pathway of
exosome biogenesis includes proteins of the ESCRT complex (the
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FIGURE 1 | Exosomes biogenesis; (A) multivesicular body formation; intraluminal vesicles formation pathway based on: (B) ESCRT complex
involvement, (C) transformation of sphingomyelin into ceramide, and (D) triggered by phospholipid lysobisphosphatidic acid (LBPA) in acidic pH.
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endosomal sorting complex required for transport), which is also
shared by lysosomal pathway of degradation. Ubiquitinated pro-
teins are recruited by proteins of this complex and clustered in
intraluminal vesicles (ILV, future exosomes) within an endosome
to yield MVB (16).

Proteins associated with this pathway are grouped into four
main complexes (ESCRT-0, -1, -II, and -III) and a class of accessory
components (ALIX). ESCRT-0 is built by STAM1 and Hrs, which
recognize the clathrin presence on the surface of early endosome as
well as the ubiquitin on degradation-directed proteins. Hrs inter-
act with Tumor susceptibility gene 101 (TSG101), an ESCRT-I
protein and thus hires this complex. Together with ESCRT-II,
ESCRT-I is responsible for membrane deformation into buds,
whereas, ESCRT-III recruited by ALIX is required for scission of
the bud neck. For more detailed description, the recent compre-
hensive reviews of ESCRT machinery and role of each protein (16,
18, 19) should be consulted.

This pathway clearly describes the mechanism of directing and
anchoring protein cargo into ILV as well as the vesicle formation.
Interestingly, considering importance of ESCRT machinery in exo-
some biogenesis, only 7 from 23 of ESCRT genes after silencing
in HeLa-CIITA-OVA cells presented significant influence on this
pathway. Furthermore, knock-down of four of these (ESCRT-III
complex proteins CHMP4C, VPS4B, VTAI, and ALIX) induced
increase in exosome release (20). Thus, alternative pathways of
ILV formation have been proposed. Trajkovic and colleagues
described a ceramide-dependent process of ILV inward budding
in mouse oligodendroglial cell line (Oli-neu cells) (21). In these
cells, ceramide is taken from microdomains of early endosomal
membranes by the action of sphingomyelinases and lead to fusion
of microdomains into larger domains favoring a domain-induced
budding. However, the study was focused on membrane traffick-
ing of the proteolipid protein (PLP) and thus do not describe the
mechanism of cargo entrapping in ILVs. This pathway seems to
yield the vesicles for extracellular release as the PLP is found in exo-
somes. Alternative pathway suggests a role for lysobisphosphatidic
acid (LBPA) in ILV formation. However, lack of LBPA in released
vesicles may indicate the determination of lysosomal degrada-
tion pathway or different mechanism of ILV formation in which
LBPA is involved indirectly (18, 22). Another ESCRT-independent
pathway is suggested by Theos et al. (23). In their publication,
a ubiquitin-independent mechanism of directing cargo into ILV
was postulated using the melanosomal protein Pmell7 as a thus
contrasting the proposed ceramide or LBPA pathway.

In the literature, there is disagreement over the next steps
after ILV formation within the MVBs. Accordingly, fusion with
lysosome/proteasome before directing the MVB to the plasma
membrane has been proposed. This could explain the presence
of a variety of lysosome specific proteins (proteasome subunits,
cathepsin E and B, kallikrein 1, DPPIV, lipoprotein lipase, prolyl
4-hydroxylase, transmembrane protease, serine carboxypeptidase
I, and lysosomal-associated membrane protein 1 and 2) within
EVs. On the other hand, urinary extracellular vesicle (UEV) pro-
tein databases contain a number of molecules of apoptotic blebs
(e.g., histones) and MV in general (e.g., cholesterol and diacyl-
glycerol) (24, 25). This suggests that any EV populations may
in fact be highly heterogeneous. This raises a real need to better

define exosomes as those in diameter <100 nm recovered in pellet
200,000 g.

Term “microvesicles” includes all structures budding directly
from the cell membrane by rearrangement of the lipid bilayer,
especially in phospholipid distribution and with help of cytoskele-
tal proteins (26). Full mechanism of vesicles budding from plasma
membrane is not well known. Nonetheless, direct involvement of
some ESCRT machinery proteins like TSG101 into process of vesi-
cle shedding not related with hijack performed by viruses has been
presented. Those results are coming from mammalian cell cultures
(HeLa, HEK293T, and A549) and from C. elegans embryos, sug-
gesting more wide-spread mechanism (22, 27). This once again
raises the question whether TSG101 is suitable as exosome-specific
marker.

Apoptotic bodies are released into extracellular space as the con-
sequence of apoptosis — the programed cell death. Their diameter
range varies from 20-500 nm to 1,000-5,000 nm (15, 28). In this
biological process, activated by p53 and caspases, the apoptotic cell
is splitting into multiple apoptotic blebs, which are autolyzed by
release of lysosomal content or phagocytozed without inflamma-
tory reaction (29). DNA degradation in the nucleus is characteris-
tic for this process and, thus, histones associated with nucleic acid
can be used as biomarkers for apoptotic blebs. However, a great
number of histone fragments have also been found in exosomes
(24, 25).

International Society for extracellular vesicles (EVs) empha-
sized in 2012 that most EV preparations are heterogeneous and
also contain membrane budding vesicles and apoptotic bodies.
Thus, an urge for standardized protocol has been expressed (30).

Importance of exosomes increased after discover of their role
in cell-to-cell communication. Although it is a function reserved
for exosomes, there are also publications describing membrane
derived vesicles as a special type of messengers (15) Thus, vesi-
cles released by one cell, can be taken up by other distal cell (31)
and the respective contents recognized as useful and important
message (32). Of special note is that microRNAs of vesicle cargo
can directly affect processes in the target cell by silencing specific
genes. Moreover, vesicles can transport not only to neighboring
cells but also on relatively long distance (33). It is intriguing to
speculate that in the special case of kidney nephrons, substantial
distant communication between the epithelial cells can take place
(see Figure 2). This distant signaling is used by healthy donor-cells
as well as cancer cells, making it an efficient benefit for cancer pro-
gression and tumor expansion (32). On the other hand, promising
data are presented on using vesicles as treatment of human cells
invitro. Silencing RNAs (siRNAs) were thus introduced into recov-
ered exosomes, and exposed to HeLa and HT1080 cells in vitro,
efficiently silencing targeted genes (34).

Thus, being EVs carrier of information a relative long list of
functions has been attributed to them depending on the cell
(tissue) type specificity. Characterization of exosomes secreted
from B-lymphocytes and dendritic cells showed that these vesicles
may carry the full set of proteins to induce an immunoresponse
(35-37). Moreover, EVs isolated from various body fluids and
stored blood can induce the production in vitro of inflammatory
cytokines like interleukin (IL)-1, tumor necrosis factor o (TNF-a),
IL-23a for example (38, 39). In addition to exosomes, also MV have
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FIGURE 2 | Schematic picture of the urogenital route with one nephron
and bladder. Bowman's capsule (BC), proximal convoluted tubule (PCT), loop
of Henle (LH), distal convoluted tubule (DCT), collecting duct (CD), and
bladder (BL). List of specific biomarkers for each nephron segment are
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presented in frames. WT-1, Wilm's tumor 1; CR1, complement receptor 1;
AQP1, aquaporin 1; SGLT2, sodium-glucose linked transporter 2; CA-IV,
carbonic anhydrase |V; THR Tamm-Horsfall protein; KSP-cadherin, kidney
specific cadherin; AQP2, aquaporin 2.

been proposed to serve as mediators of inflammation (40). Inter-
estingly, MV concentration increases in diseases involving vascular
and microvascular organ injury like diabetes (41-43). In addition
to inflammation, MVs may regulate e.g., the endothelial produc-
tion of reactive oxygen species as mediated by NADPH oxidase (44,
45). Conversely, exosomes released by cells under oxidative stress
can induce neighboring cells to have a higher resistance to ROS,
therefore becoming more tolerant to the damage of oxidative stress
(46). Interestingly, very recently Gildea and colleagues (47) showed
that in their in vitro model of exosomes, cell communication
between proximal and distal tubules, proximal exosomes could
induce distal and proximal duct cells to limit ROS production after
stimulation with a dopamine receptor agonist. Thus, not only this
report reinforces the concept of cell-to-cell communication and
consequently modulator of signal pathway but also extends it to a
new level: nephron segment-to-segment communication.

URINARY VESICLES AS POTENTIAL SOURCE FOR
BIOMARKERS

One of the first publications describing vesicles in the urine dates
back to 1987 when Wiggins et al. described the presence of lipid
MYV with procoagulant activity (48) in urine of rabbits in nephro-
toxic nephritis. This was followed by series of reports by Scher-
berich (49) to describe shedding of membrane — bound enzymes
in a vacuolar membrane morphology (50-500 nm in diameter)
from the proximal tubule in patients with kidney injury after

administration of potentially nephrotoxic drugs. Later on Pascual
et al. characterized vesicles carrying complement receptor 1 (CR1)
in urine unequivocally shown to originate from the podocyte
(50). Consequently, these were proposed as markers of podocyte
injury. However, the interest and follow-up remained low until
the first comprehensive description of exosomes in healthy urine
by Pisitkun et al. (51). This publication can be considered the
milestone in the UEV field, opening possibilities for accurate cell
type-specific molecular changes in nephrology and urology.

The unprecedented characterization of the vesicle associated
proteins and protein fractions (apparently due to enzymatic degra-
dation within urine) using especially advanced mass spectrometry
certainly laid a solid basis for their potential applications in clini-
cal diagnostics and disease follow-up and, consequently, brought
UEVs to a wider public awareness. Since then the number of publi-
cations exploring urinary exosomes and/or other MV have rapidly
and exponentially increased. Furthermore, in addition to focus
strictly on exosomes, other types of vesicles have been described
in urine including, among others, exosome-like vesicles (52) and
shedding vesicles (53). Notably, all the UEV subsets have their dis-
tinct intracellular secretory pathways. These are also reflected in
the more or less carefully defined isolation protocols, respectively,
while their distinct potential for diagnostics-disease management
largely overlaps. This emphasizes the need to establish robust
protocols to enable UEVs isolation and analysis in toto for such
purposes.
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Proteomic profiling of UEVs has identified a surprising num-
ber, abundance, and distinct character of proteins originated from
cells all along the nephron epithelium: from the visceral glomeru-
lar epithelial cell (podocyte) to the proximal tubule, thick ascend-
ing limb of Henle, distal convoluted tubule, and the collecting duct
(54-58). Additionally, mass spectrometry analysis has described
amino acid sequences originating of proteins of the lower part of
the genitourinary path including the urinary bladder and prostate
gland (51, 52, 54-58).

Consequently, analysis of urinary exosomes has proven to be
an attractive, non-invasive approach to the physiological state
of epithelial cells of distinct origin. This clearly offers a true
opportunity for future “fluid biopsy” to complement — or up
to replacing — information from the invasive kidney biopsies or
cystoscopy.

Accordingly, Prunotto et al. (59) were recently able to pinpoint
biomarkers and follow the physio-pathological state of specific
cell types by enriching and characterizing vesicles released specif-
ically from the podocyte. Interestingly, their almost 1,200 protein
identifications discovered 14 previously unidentified urinary pro-
teins. Many of these were subsequently classified (by gene ontology
analysis) as brain-specific proteins whose expression in the kidney
was then confirmed. Unless these specific proteins are from vesi-
cles gaining direct passage through the kidney glomerular filter,
this evidence highlights, once again, similarities between podocyte
and set of neuron specific proteins (60). Thus, it seems obvious
that exosomes (together with the other vesicular structures found
in the urine) will genuinely offer an interesting new approach
to dig into the distinct nephron segment-specific molecules and
detect changes induced by disease processes (61).

In addition to proteins, UEVs carry a wide range of genetic
information molecules like mRNA — encoding proteins native to all
nephron regions and, especially small RNA (62, 63) species. While
the few targeted methods may show promise of better RNA yields
(64-66), in general methods for RNA isolation also need serious
optimization. Interestingly, the lipid-bilayered UEVs appear to be
protected of the ubiquitous RNases, suggesting that UEVs do have
a true physiological role in downstream signaling.

While the finding of the variety of viable RNA species in UEVsis
intriguing, the full meaning of this needs to be better understood.
It is interesting to speculate again a role for special downstream
modulation as a form for distant cell-to-cell communication and,
hence, for biomarkers and targets for treatment.

Recently, CD2AP (of the podocyte) specific mRNA has been
proposed as biomarker of kidney disease (67). Among the 194
microRNA species thus far reported from exosomes, 45 had
appeared to present with significant association to blood pressure
modulation (68). Similarly, microRNA-29¢ in UEVs correlates
with renal function and degree of general fibrosis thus emerg-
ing as a potential urinary marker of renal fibrosis. Barutta and
colleagues recently showed that the expression of miR-130, miR-
145, miR-155, and miR-424 were significantly alterated in type 1
diabetic patients with incipient DN (69). This result deserves full
validation and additional studies. Finally, in addition to RNA and
miRNa, UEVs may serve as carriers of mitochondrial DNA, which
has shown to be significantly decreased in DN patients (70) to sug-
gest that an altered bioenergy supply of kidney cells may promote

ROS production and localized inflammation both contributing to
progress of renal damage [reviewed in Ref. (71)].

For DN, considerable advances have been achieved with bio-
markers derived from UEVs. Accordingly, Wilm’s tumor-1 (WT-1)
protein expression appears to increase with the decline of the
renal function in DN (72). Interestingly, urinary WT-1, most likely
derived from the podocyte, may thus qualify as a simple marker of
podocyte injury rather then a specific marker of DN (73-75).

The amount and activity of dipeptidyl peptidase IV
(DPPIV/CD26) in urinary MV coming from proximal tubule cells
was shown to positively correlate with progression of DN in type
2 diabetic patients (76) suggesting an early tubular impairment,
which may be considered an early marker of renal damage even
before the onset of albuminuria.

Zubiri and colleagues (77) carried out a proteomic quanti-
tative analysis on urine samples from DN patients in advanced
disease stages (CKD stages III-V). A panel of three poten-
tial proteins were included: protein fragment of alpha-1-
microglobulin/bikunin precursor (AMBP), isoform 1 of histone-
lysine N-methyltransferase (MLL3), and voltage-dependent
anion-selective channel protein 1 (VDACI1). These showed dif-
ferential expression in the samples studied. If verified in larger
sample sets, this represents still another promising finding of UEVs
as biomarkers.

Finally, very recently in the animal models of DN an increase
of MV secreted from podocytes before the onset of albuminuria
(78) was reported. This finding highlights the potential of MV and
other UEV:s as early markers of glomerular injury.

Furthermore, changes in WT-1 were seen in DN (72), focal
segmental glomerulosclerosis, and in minimal change nephropa-
thy (73, 74). Studies performed in other kidney diseases like IgA
nephropathy and thin basement membrane nephropathy (TBMN)
(79) have identified four candidate proteins (aminopeptidase N,
vasorin, ceruloplasmin, and al anti-trypsin) associated to UEVs,
which appear differently expressed in disease. Among the four
protein candidates ceruloplasmin showed highest sensitivity and
specificity to distinguish IgA from TBMN. However, for full
verification more samples are needed.

Several candidate biomarkers proposed have not followed yet.
For example, Fetuin-A has been proposed as predictive biomarkers
for acute kidney injury (80) while no further evidence to validate
the original finding has been presented. Similarly, aquaporin-1
(AQP-1) was presented as a novel specific urinary biomarker to
follow-up ischemia reperfusion injury (81) while further studies
are needed for validation.

METHODS FOR EXTRACELLULAR VESICLE AND URINARY
EXTRACELLULAR VESICLE ISOLATION

Although the number of publications describing a variety of pro-
tein and RNA based potential disease biomarkers is still increasing,
there is no consensus of standard protocols for EV isolation.

In most studies of UEVs, the method of differential centrifu-
gation is used for their isolation with the aim to obtain enriched
exosomal fraction. However, minor technical variability is often
described, which may lead to significant impact on final results
(82). Notably, there is no agreement in cell and cell debris removal
from either cell culture media or from biofluids. Some studies use

www.frontiersin.org

September 2014 | Volume 5 | Article 149 | 89


http://www.frontiersin.org
http://www.frontiersin.org/Diabetes/archive

Musante et al.

Extracellular vesicles from podocytes

centrifugations with low different relative centrifugal forces (RCF)
(lower than 10,000 g) whereas, others prefer direct approach with
force over 16,000 g for cell debris and apoptotic bleb removal
(29, 37). Unfortunately, little systematic analytics of the discarded
fractions have been published.

Still another point of inconsistency is the ultracentrifugation
step in which forces achieved may vary from 100,000 ¢ up to
200,000 g In this respect, it is important to note that Thery and
colleagues could show that sedimentation point for most types of
vesicles may range between 100,000 and 200,000 g and highlighted
that obtained fractions are heterogeneous (37).

Relative centrifugal force (g) given in most publications is
describing only force applied on the bottom of vial. Lack of tech-
nical information like type of rotor (fixed angle or swing bucket),
diameter, volume, and viscosity of the sample do not allow esti-
mated the force affecting upper part of media/biofluid. This leads
to variable yield obtained from similar type of samples, which may
cause challenges in downstream applications (83) of the material
isolated.

In some studies, ultrafiltration is applied between differential
centrifugation steps. Here also lack of standardization leads to use
special filter device with varying porous filter from 0.1 or 0.2 um
up to 0.8 wm (26, 29, 30) and the appropriate moment for use
(after low force centrifugation step or directly before ultracen-
trifugation). Additionally, little systematics has been devoted to
lost yield caused by clogs of the filter membrane or variability of
exosome size (82). In terms of membrane-derived vesicles, removal
at this step is questionable as size of these structures vary from 20
up to 1,000 nm (30, 37), and we do not know if particular disease
can have impact on their size distribution.

Lately, commercial products for exosome enrichment have been
released (ExoQuick®System Biosciences and Total exosome isola-
tion reagent ®Invitrogen), which allow to omit the ultracentrifuga-
tion step (84). It is worth to emphasize that regardless the product
names, they are enriching heterogeneous populations of vesicles
but their use carry also disadvantages. They are cost-efficient only
for very concentrated samples like plasma and, furthermore, these
methods are poorly applicable for diluted biofluids (e.g., urine).
Additionally, they may cause co-precipitation of most abundant
soluble proteins in media/biofluid and thus are not suitable for
protein profiling using Mass Spectrometry.

Methods for isolation of UEV are mainly based on differential
centrifugation with some modification due to the intrinsic and
peculiar characteristics of urine as sample. The first subfraction
was reported by Pisitkun et al. (51) while detailed analysis of their
efficiency, specificity for the targeted fractions has not been sys-
tematically studied. Moreover, efficiency of these methods so as
not to lose valuable UEV fractions remains to be defined. Further-
more, as stated above, the true practical importance of obtaining
highly pure subpopulations still remains elusive. A major reason
for this is that while the intracellular pathways in the formation of
various vesicle classes have been well established (20), their con-
tents indiscriminately reflect events interior of the cell. Thus, from
the applications point of view to reflect cell type-specific changes,
the whole variety of UEVs may be more important to harvest
for analysis. As an example, CR1, among the full array of com-
plement pathway-specific proteins has been recognized among

the 1,195 protein identifications with the method used (pullout
by podocyte-specific antibody) (59). Presently available methods,
furthermore, do not distinguish abundance of each of the pro-
tein species among the full UEV repertoire leaving opportunity
for method improvement. Likewise, the same problem of cross-
contamination with UEV subspecies, loss of substantial fractions
of specific target vesicles usually occurs when the separation is
made on physical characteristics of the vesicles e.g., by their density
buoyancy (52, 79, 85-87).

The most abundant proteins in the UEVs include e.g., human
serum albumin (or, more precisely, its fragments) and Tamm-
Horsfall Protein (THP) (produced in cells of ascending limb
of the loop of Henle), Aquaporin-1 (of the proximal tubulus),
Aquaporin-2 (distal tubulus and collecting duct), uroplakin (uri-
nary bladder) in addition to apolipoproteins, immunoglobulins,
and other soluble proteins (54, 88, 89). Their presence in the whole
UEV proteome has been well established and thus, already provide
source for nephron segment-specific detailing.

Tamm-Horsfall glycoprotein represents a special case among
UEV proteins as it actively forms urinary protein meshworks to
entrap a variety of vesicles (89). This may reflect a physiolog-
ical role for THP to modulate UEV abundance. Consequently,
adherence to THP may result in huge differences in the UEV sub-
type yields if the THP “contaminant” is not removed from urine
at the early steps of UEV isolation. It is interesting to note that
our recent observations clearly show high fluctuations of daily,
intraindividual THP levels in the urine (unpublished data). As
THP is secreted mainly from the distal parts of nephron, this
could reflect the proposed physiological role of THP to modu-
late UEV access to more downstream targets. Interestingly, UEVs
are known to display a distinct surface proteome (as opposed to
their respective “cargo”) consisting of specific proteins also capa-
ble for receptor binding. Thus, modulating the UEV availability
may be constantly in control by other secreted urinary proteins
like THP.

The conventional isolation protocol of UEVs starts with a
pre-concentration step, followed by series of differential cen-
trifugations or direct ultrafiltration (mostly to reduce the final
volume). For density gradients to distinguish UEV subclasses,
the same density layer proteins “characteristic” of exosomes (i.e.,
with marker protein TSG101), MV (marker prominin-1), apop-
totic markers (marker histone proteins) along with matrix proteins
(collagens, fibronectin fractions), soluble proteins (THP/HSA), or
apolipoproteins (E, D, A1, AIV) can be found indiscriminately. Up
to now no study has evaluated the possibility of vesicle-matrix,
vesicle—soluble protein, vesicle—vesicle, and vesicle-lipoprotein
interaction or whether this is a technical artifact caused by the
pre-enrichment step. For comprehensive evaluation of UEV use-
fulness for physiological analytics and not to cross-contaminate
them in different density gradient layers, systematics to yield opti-
mized protocols should be achieved. Moreover, no studies have
carefully addressed the localization of UEV protein contents them-
selves: are they present on outer surface or inside the vesicles is
important to understand their possible role in distant signaling
along the nephron. Our recent results indicate considerable dif-
ferences in these two UEV domains to suggest of distinct “address
tag” and/or effector functions, respectively. Notably, one report
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has shown that in urine of patients with light chain amyloido-
sis, multiple myeloma, and monoclonal gammopathy of unde-
termined significance (MGUS), light chains were found on the
exosome surfaces (90).

BOTTLENECKS OF UEV ISOLATION AND FUTURE ASPECTS

As reported previously, one of the factors limiting wide implemen-
tation of UEVs includes the ambiguity of the isolation methods in
use. The current golden standard method initially established by
Pisitkun et al. (51) includes differential centrifugations followed by
treatment of the yield either with a reducing agent (like dithiothre-
itol) followed by a second ultracentrifugation step (9,51, 54, 55,61,
63, 77, 91) or/and by centrifugation in density cushion/gradient
(52, 88, 92, 93) or/and by size exclusion chromatography (94)
or/and by ultrafiltration devices (9, 62, 64) or/and ExoQuick pre-
cipitation reagent (7, 54). All these protocols have their advantages
and limitations (Table 1) while aim to obtain pure population of
vesicles, especially exosomes. At the same time these protocols
attempt to eliminate the undesirable interference from THP also
known as uromodulin (UMOD). THP forms polymers in urine
that sediment during centrifugation and easily entraps vesicles
(95). Our results fully recapitulate this problem and call for bet-
ter solutions to avoid it (manuscript in submission). The most
commonly used and fast approach uses a reduction step by dithio-
threitol (DTT) to reduce the 24 disulfide bonds of THP in order
to increase the yield of vesicles after ultracentrifugation. Unfortu-
nately, this extra step further complicates the UEV isolation process
and, despite the de-folding of THP, this still co-sediments with
UEVs. In fact such a denaturation step can cause aggregation due to
the exposure of hydrophobic domains in an aqueous environment.
Furthermore, this leads to alterations in the three-dimensional
structure of THP to minimize its free energy by optimized hid-
ing of hydropobic groups and, conversely, exposing as many polar
residues as possible in the unnatural, non-urine environment. The
hydrophobic groups can also interact with each other to form
intermolecular hydrophobic bonds further catalyzing aggregation
and co-precipitation with abundant UEVs attached. This mech-
anism is plausible and was recently exploited to deplete plasma
from high abundant disulfide-rich proteins for mass spectrometry
analysis (96).

Factors in UEV isolation conditions such as variable pH, tem-
perature, and ionic strength can further influence the ratio of
the interaction between hydrophobic residues themselves and/or
interaction with the solvent (97). These evidences may directly
explain the differences in results obtained and call for better
standardized isolation protocols. Our hydrostatic dialysis (HD)
method (manuscript in submission) utilizes simple dialysis with
defined cut-off membrane directly for the whole void urine and
achieves a superior yield of UEVs while simultaneously elim-
inating THP contamination and, furthermore, standardizes the
electrolyte content of the sample. By additionally eliminating the
need for ultracentrifugation steps and yielding reasonable volumes
e.g., for biobanking purposes at low cost, a very high throughput
of samples can be obtained easily.

We have also replaced DTT treatment with a more gentle zwitte-
rionic detergent, 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonic (CHAPS) to better preserve the tertiary structure

stabilized by disulfide bonds (98). CHAPS is a non-denaturating
detergent designed to disrupt non-specific protein interactions
and preserving protein conformation (99). Moreover, the aver-
age size of CHAPS derived micelles is ~6 kDa and, therefore, it
can easily be removed by a simple dialysis step. With the intro-
duction of CHAPS we also manage to preserve the activity of
two indicator enzymes associated to UEVs-dipeptidyl dipepti-
dase IV (DPPIV) and nephrilysin (NEP) (99). Especially, NEP
activity benefits of the replacement of DTT to CHAPS. As an
obvious explanation for these results, the extracellular domain of
NEP contains 12 cysteine residues, forming 6 disulfide bridges.
Four of these are located within the catalytic domain while
the other two participate in maintaining the structure consist-
ing of two multiply connected folding domains embracing a
central cavity containing the active site (100). Evaluation the
proteolytic activity of NEP after reduction and re-oxidation
of disulfide bridges during dialysis highlights that an incor-
rect re-folding of the enzyme could have happened leading to
an impairment of NEP activity. Therefore, for the aforemen-
tioned reasons, CHAPS can be considered an optimized substitute
of DTT if remaining physiological activity in the sample is of
importance.

However, both UEV treatments, with DTT and CHAPS, did not
completely remove the THP interference from the pellet recovered.
It is, however, to remember that THP is a glycosylphosphatidyli-
nositol (GPI) anchor protein synthetized exclusively by the epithe-
lial cells at the ascending limb of Henle’s loop. It is transported to
the apical side of the plasma membrane and released in the tubular
lumen by a still undefined protease action [see Rampoldi et al. for
more details, (101)].

As a GPI-anchored protein and in such abundance in the urine,
THP may be involved in the formation of membrane cargo vesi-
cles and, perhaps, also in the signal transduction by providing a
receptor structure for ligands like cytokines (102-105). In sup-
port of its involvement as receptor and vesicle trafficking, THP
was recently found in basolateral translocation process followed
by secretion in the circulation. This was, interestingly, associ-
ated with recovery of kidney function in a murine model of
ischemic acute kidney injury (106). Thus it should not come
as a surprise if THP, as a GPI-anchored protein, is a key con-
stituent of MV shed in the tubular lumen by direct budding of
plasma membrane or as secreted through the endosomal pathway.
More detailed studies to elucidate these proposed functions are
warranted.

Although differential centrifugation is widely used to recover
UEVs it has several shortcomings. One major drawback is the less-
optimal efficiency of recovery in the distinct pellet fraction (107)
but also in the final supernatant. Rotor type, g-forces applied,
and centrifugation time significantly affect the final yield (108).
Moreover, such a methodology does not allow high throughput of
samples.

Alternative methods proposed to avoid these limitations are
the use of customized nano-membrane concentrators and micro-
filtration disk membranes (57, 59, 62, 76, 77, 89, 91, 109, 110).
Exosomes and abundant soluble protein fractions bind to the
membrane surfaces of these device non-selectively and irrespec-
tive of the chemical composition of the filters. This leads to
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Table 1| Overview of the main methods to isolate urinary vesicles.

Reference

Short method description

Advantages

Disadvantages

Barutta et al. (69)
Gildea et al. (47)

Kalani et al. (72)

Lv et al. (65)

Musante et al. (98)

Gonzales et al. (54)
Fernandez-Llama
et al. (95)

Wang et al. (55)

Cheng et al. (63)

Rood et al. (97)

Rood et al. (91)
Merchant et al. (39)

Miranda et al. (62)

Principe et al. (57)

Prunotto et al. (59)

Hogan et al. (52)

Raimondo et al. (116)

Ramirez-Alvarado

et al. (90)

Zubiri et al. (77)
Alvarez (64)

Musante et al.
(unpublished)

Differential centrifugation
Differential centrifugation
Differential centrifugation
Differential centrifugation

Differential centrifugation +
CHAPS treatment

Differential centrifugation +
DTT treatment
Differential centrifugation +
DTT treatment
Differential centrifugation +
DTT treatment
Differential centrifugation +
DTT treatment

Differential centrifugation +
SEC

Nano-membrane filtration
Differential centrifugation +
microfiltration

Differential centrifugation +
nanofiltration

Differential centrifugation +
ultrafiltration

Differential centrifugation +
ultrafiltration

Differential centrifugation +
sucrose gradient

Differential centrifugation +
sucrose gradient

Ultrafiltration + differential
centrifugation

Exoquick
Exoquick

Hydrostatic dialysis

Vesicles enrichment as a
pellet

Protein activity prevention

Increase of the exosomal
yield in the
ultracentrifugation pellet
from THP interference

Vesicle separation
according to size

Concentration and removal
of soluble proteins

Vesicle separation
according to density

Vesicle separation
according to density

No need of
ultracentrifugation step.
Suitable for extraction of
RNA and DNA

Inexpensive, large volume
of urine

No fixed conditions for: 1.
number of centrifugations; 2.
relative centrifugation force; 3.
time; 4. rotor type; 5. sample
volume; 6. temperature during
centrifugation; and 7.
presence/absence of protease
inhibitors

Labor intensive

Not suitable for protein activity
assessment designated
samples. Incomplete removal
of THP from the
ultracentrifugation pellet

Labor intensive

Differences in removal of
bigger (>0.22 wm or more)

vesicles without assessment of
their importance for biomarkers

screening. Adsorption of
vesicles on the surface of
ultrafiltration membrane

Extremely labor intensive

Extremely labor intensive

Precipitation solution is
expensive especially when
applied for large volumes of
urine and number of samples.
For proteomic analysis, extra

steps are necessary to remove

the interference from
precipitating agent

Not applicable for large volume
of samples and not suitable for
large cohort of patients.
Expensive equipment like
ultracentrifuge and HPLC are
necessary to implement UEVs
enrichment

excessive obstruction of the nano-membrane. Thus, only smallish
volumes of urine can be processed and, therefore, centrifugation
still remains the preferential method to enrich and isolate UEVs.

However, independently from the method used some common
problems remain. First, the volume of urine to be processed is
limited while the time required is excessive.
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FIGURE 3 | Hydrostatic dialysis systems set up for large (0.5-11)
medium (200-600 ml) and small volume (10-100 ml) of urine. The
dialysis membrane tube (MWCO 1,000 kDa) is connected to the
separating funnel and/or a normal funnel. The bottom end is sealed with a
universal dialysis tube closure. The separating funnel is filled in with
supernatant from 2,000 g centrifugation (A). The hydrostatic pressure of
urine in funnel pushes the solvent (water) trough the meshwork of
dialysis membrane and liquid below the MWCO, which fells to the bottom

{10 D B8 e

of the cylinder (B). When urine is concentrated up to 7-8 ml (C) the funnel
is re-filled with milliQ water (~200 ml equivalent to 25 volumes of
concentrated urine), which flushes away all analytes left inside the tube
(D). This dialysis step is kept going until the solution is completely clear
from yellow pigments (as internal natural control) and concentrated to a
desired final volume (E). The whole process has been named hydrostatic
dialysis. Finally, it is possible to observe the diffusion of urine from the
tube and precipitation at the bottom of the cylinder (E).

We propose that most direct benefit emerging from under-
standing of EV biology will come from individualized measure-
ments: personalized datasets of efficiency, side-effects, and general
performance of medications. Furthermore, it is easy to specu-
late that simple measurements based on non-invasive sampling
of biofluids like urine will prove to be very important in disease
progression, prognostics, and disease management in general.

Among the main limitation of working on UEV we would like
to emphasize the dilution of the sample, limited amount of starting
material (biobanking) and the extreme range of reference interval
for analytes (urine is a waste product) responsible of a massive
intra- and inter-individual analytical variability (111) In order to
overcome such limitations, we recently designed and characterized
an alternative approach for vesicle enrichment using basic, cost-
efficient laboratory equipment we named our system HD from its
operating principle (Figure 3).

In HD, urine samples are initially centrifuged ata RCF 0of 2,000 g
to remove cells, bacteria, cellular casts, and the bulk of the preva-
lent THP macropolymers. Thereafter, the resulting supernatant is
poured in the dialysis system consisting of a funnel connected
with simple dialysis membrane with molecular weight cut-off
(MWCO) of 1,000 kDa. The cut-off mol weight is easy to modify
if needed for special purposes.

The hydrostatic pressure created by the sheer column of urinary
solution is strong enough to push the solvent through the mesh of
dialysis membrane together with all constituents, often containing
unnecessary contaminants below the selected MWCO. This step
simultaneously concentrates the sample, while the funnel is re-
filled with deionized water and/or buffer of choice to rinse away
all the analytes below the selected MWCO. This step optimizes and
standardizes both sample concentration, electrolyte content, and
sample volume to be suitable directly e.g., to biobanking of urine
even from large volumes of starting material.

Full characterization of this methods revealed that it can enrich
UEVs with far superior efficiency and minimal loss of vesicles on
the dialysis membrane and in a short time compared to serial
centrifugations.

We established that the filtration rate in HD is proportional to
the volume of urine contained in the funnel with an average of
75 ml per hour of urine filtrate which takes also into consideration

the fact that for large volume of urine (>200 ml) the system may
loose some of its efficiency due the adsorption of soluble protein
and/or vesicles in the dialysis. We found, however, that for the vol-
ume of 200 ml of urine, up to 18% of TSG101 and 45% of THP
signal, respectively is adsorbed in the dialysis membrane. However,
this method is a gentle way to concentrate first and then dialyze
samples. In fact, urinary concentration already takes place at 1g
gravity at atmospheric pressure of sea level with respect to the
3,000 ¢ RCF needed for the nano-membrane concentrator with
60 psi of special atmosphere of nitrogen pressure (64, 89, 91).

As urine is by far the simplest biofluid to collect in large quan-
tities for biobanking purposes, our method vastly simplifies the
process and practical volumes can easily be achieved for storaging.

However, it is worth to notice that urine in normal condition is
a diluted solution and membrane protein most likely associated to
UEVs represents an estimated 3% of the urinary proteome (112).
Thus, by using HD the void urine can be collected and the whole
volume processes soon after the first centrifugation. We have thus
far handled up to 500 ml of urine within 24 h without changing in
the protein pattern obtained. Moreover, several HD device can be
run simultaneously and with minimal costs.

Notably, this new approach also allows normalizing the physical
and chemical parameters of the retained solutions by eliminating
all the urinary constituents’ analytes below the chosen MWCO.
As recently reported, different sample compositions have an effect
on the viscosity of the samples, which distorts the recovery of
vesicles as obtained by differential centrifugation (113). Although
urine is a diluted solution with a density and viscosity close to
water we noticed that when the tip of the dialysis bag is immersed
in water the stream of urine flowing from the tube sank on the
bottom of the cylinder. Factors affecting the viscosity of urine
include temperature, protein content (114), and hydration status
(115). These are of pivotal importance when a comparative analy-
sis between different subjects and patients’ samples with different
grade of hydration and proteinuria are compared and a differential
centrifugation protocol is employed.

In conclusion, although more than a decade has passed, inter-
est and number of publications have been soaring, the simple
UEV isolation still meets several challenges to overcome. Urine
collection and methodology to enrich vesicles need to be optimized
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especially for clinical settings of sample collection and storaging.
One particular challenge to overcome includes definition of suit-
able housekeeping genes and proteins to yield comparable results.
Large scale validation of biomarkers derived from UEVs similarly
remains to be accomplished. However, it is apparent that com-
prehensive understanding of the role of UEVs, both their surface
proteome and internal cargo molecules and respective roles in
distant addressing and cell-to-cell communication even to distant
downstream location has started while careful future optimization
of protocols and methods as well as standardization are needed.
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