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secretion in response to a variety of stimuli 
(1). The reduced insulin secretion in turn 
explains the increased hepatic glucose 
production observed. There are still many 
unanswered questions: Is the concentration 
of TCF7L2 protein increased in the β cell in 
addition to TCF7L2 RNA? How is expres-
sion increased by intronic variants? How 
does increased TCF7L2 expression reduce 
insulin secretion? This is the first in a series 
of steps toward understanding the associ-
ated pathophysiology. In the end, what is 
desired from scientific breakthroughs is 
improved prevention of type 2 diabetes and 
improved treatment of those who develop 
the disease. We are still a long way from 
this, but there is now a new β cell pathway 
to be further investigated to see if it can be 
manipulated by drugs or lifestyle changes.
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Proteinuria: is it all in the foot?
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Despite significant advances in our understanding of the molecular struc-
ture and composition of the glomerular filtration barrier, the mechanisms 
underlying the presence of excess protein in the urine (proteinuria) in 
acquired human kidney diseases remain elusive. In a study appearing in 
this issue of the JCI, Sever and associates use a combination of biochemi-
cal, genetic, and in vivo approaches in mice to demonstrate a pivotal role 
of cathepsin L and its substrate the GTPase dynamin, in the induction of 
proteinuria and associated foot process effacement in glomerular podocytes 
(see the related article beginning on page 2095).
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One main function of the kidney is to filter 
low-molecular-weight plasma waste prod-
ucts into the urine while restricting the 
passage of albumin and larger molecules 
that are necessary for maintaining normal 
homeostasis. This occurs in special filtra-
tion units called glomeruli, which consist 
of a capillary tuft inside the Bowman cap-

sule and every day form about 180 liters of 
primary urine virtually devoid of macro-
molecules. The glomerular capillary wall 
is characterized by an extremely high per-
meability to water, small solutes, and ions, 
contrasting with a very low permeability to 
plasma proteins of the size of albumin and 
larger. The essential components of the 
glomerular capillary wall are the fenestrat-
ed endothelium, the glomerular basement 
membrane (GBM), and the podocytes (Fig-
ure 1). The latter cells have a voluminous 
body and long primary processes that 
extend toward the capillaries to which 
they affix by numerous foot processes. The 
foot processes of neighboring podocytes 
regularly interdigitate, forming filtration 
slits between them that are bridged by slit 
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diaphragms (SDs) with shallow adherens 
junctions. The structure of the glomerular 
capillary wall is altered in most kidney dis-
eases, leading to proteinuria. To date, treat-
ment remains mostly empirical, and patho-
physiology-driven therapies are lacking.

Role of the SD in hereditary 
proteinuric disease
Studies of hereditary proteinuric syn-
dromes have uncovered the presence of 
transmembrane proteins that participate 
in the formation of the SD, thus pointing 
to a role for this structure in preventing 
protein leakage (Figure 2). Nephrin was the 
first specialized SD protein identified (1). 
Molecular modelling and high-resolution 
electron tomography indicate that nephrin 
molecules undergo homophilic interac-
tions to form zipper-like sheets with a con-
stant width of approximately 40 nm and 
pores the diameter of the albumin mol-
ecule or smaller. Other components of the 
sheets include nephrin 1 (Neph1), Neph2, 
fatty acid transporter tumor suppressor 
homolog–1 (FAT1), and FAT2 (reviewed in 
ref. 2). Nephrin and Neph molecules inter-
act with podocin (3) and CD2-associated 
protein (CD2AP). Nephrin, podocin, and 
CD2AP are embedded into lipid rafts (4), 
where podocin seems to play a key role in 
facilitating nephrin signaling (5) and acti-
vating transient receptor potential cation 

channel, subfamily C, member 6 (TRPC6) 
(6). SDs are firmly attached to the actin 
cytoskeleton through linker proteins, 
including the catenins, zona occludens 1 
(ZO-1), CD2AP, and Nck (7, 8) (Figure 2), 
which likely explains why genetic defects 
altering SD structure and function are usu-
ally associated with actin cytoskeleton reor-
ganization and foot process effacement.

These findings have increased the fasci-
nation with the SD, although calculations 
suggest that the size-selectivity mechanism 
of the glomerular capillary wall resides sole-
ly in the GBM (9). Furthermore, hereditary 
proteinuric syndromes account for a small 
percentage of kidney diseases. In the far 
more common acquired causes of protein-
uria, molecular mechanisms of proteinuria 
and associated foot process effacement are 
poorly understood. The study by Sever et 
al. in this issue of the JCI (10) defines a new 
mechanism underlying proteinuria that 
primarily affects foot processes.

The actin cytoskeleton  
as a central organizer
The major processes are composed of 
microtubules and vimentin intermedi-
ate filaments, while the foot processes are 
made of actin filaments only. The actin 
microfilaments form a complex contrac-
tile apparatus that plays an important role 
in maintaining podocyte architecture and 

counteracting the expansive forces of the 
capillary. The actin cytoskeleton comprises 
actin bundles associated with myosin II 
that run along the longitudinal axis of the 
foot process above the level of the SD and 
a cortical actin network that is distributed 
beneath the foot process plasma membrane 
(11) (Figure 1). The actin-binding proteins 
α-actinin and synaptopodin are observed 
in the actin bundles, while cortactin is 
associated with the cortical actin network 
(11). Foot processes are attached to the 
GBM through α3β1 integrin and dystro-
glycans, which serve as receptors for GBM 
components (reviewed in ref. 12). The actin 
bundles are presumably connected to the 
integrins through submembranous cyto-
skeletal proteins (e.g., talin, vinculin, and 
paxillin) and the cortical actin network. In 
addition, the actin cytoskeleton associates 
with anionic podocalyxin through interac-
tions with ezrin and NHERV-2 (Figure 2).

The foot processes are highly dynamic 
structures that can be reorganized with-
in minutes due to changes in the actin 
cytoskeleton. Actin filaments, which are 
organized into coordinated stress fibers 
in normal foot processes, can reversibly 
form a dense network with effacement of 
foot processes and obliteration of filtra-
tion slits (Figure 1). Most proteinuric dis-
eases are associated with early foot process 
effacement. The current belief is that loss 

Figure 1
The glomerular filtration barrier. Blood enters the glomerular capillaries and is filtered across the endothelium and the glomerular basement 
membrane and through the filtration slits between podocyte foot processes to produce the primary urine filtrate. In healthy glomeruli, this barrier 
restricts the passage of macromolecules. In this issue of the JCI, Sever et al. (10) show that CatL, the expression of which is increased in human 
proteinuric diseases and in an LPS-induced mouse model of proteinuria, causes proteinuria and foot process effacement through cleavage of the 
GTPase dynamin, an actin-binding protein. The same effects are induced by gene delivery into mice of dynK44A — a mutant form of dynamin that 
does not bind GTP — or of the CatL-cleaved product of dynamin (p40). Conversely, gene delivery into proteinuric mice of dynL356Q and dynR725A, 
two CatL-resistant dynamin mutants, reverses proteinuria and foot process effacement. Figure modified from ref. 28.
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of the organized structure of the actin cyto-
skeleton is a prerequisite for foot process 
effacement, ensuing alterations of the SD, 
and proteinuria (12). Several pathomecha-
nisms can affect the actin cytoskeleton. 
First, mutation of α-actinin 4, which 
causes hereditary focal segmental glo-
merulosclerosis (FSGS), impairs cytoskel-
etal dynamics (13). A second mechanism 
involves loss of integrity of the SD com-
plex. The recent findings that Nck adaptor 
proteins link nephrin to the actin cytoskel-
eton provide new molecular insights (7, 8). 
According to this model, nephrin becomes 
phosphorylated during formation of the 
foot processes, which results in recruitment 
of Nck and induction of actin polymeriza-
tion. Once the SD is assembled, nephrin 
molecules are dephosphorylated and neph-
rin is connected to actin through CD2AP 
and podocin. Following SD injury, nephrin 
molecules become clustered, which induces 
their phosphorylation, Nck recruitment, 
actin polymerization, and foot process 
effacement. Third, foot process effacement 
can result from alteration in the composi-
tion and organization of the GBM, as is the 

case in laminin β2–deficient mice, in which 
proteinuria precedes foot process efface-
ment (14). More generally, foot processes 
can be the target of aggressors borne by the 
circulation or produced locally (e.g., ROS).

Regulation of the actin cytoskeleton 
by the GTPase dynamin
In this issue of the JCI, Sever et al. (10) 
describe a novel mechanism of proteinuria 
induced by cathepsin L–mediated (CatL-
mediated) cleavage of the GTPase dynamin, 
an enzymatic protein that is associated with 
actin filaments and appears to be closely 
involved in the remodeling of the actin cyto-
skeleton (reviewed in ref. 15) (Figure 2). The 
authors show that CatL levels are increased 
in human proteinuric kidney diseases and 
in an LPS mouse model of minimal change 
disease (MCD). In this model, proteinuria 
and foot process effacement are abolished 
in CatL-deficient mice. The authors then 
identified the GTPase dynamin as a CatL 
substrate. Dynamin is detected in foot 
process actin bundles and in the cortical 
actin cytoskeleton in normal mice, while its 
expression appears weaker and clustered in 

proteinuric animals. Gene delivery of dyna-
min mutants into cultured podocytes or 
into mice treated with LPS established that 
CatL recognizes an evolutionally conserved 
motif in dynamin and generates a 40-kDa 
dynamin fragment (p40) only when dyna-
min is in the GTP-bound conformation. 
Sever and associates further showed that 
gene delivery into mice of the dominant-
negative dynamin mutant dynK44A (which 
cannot bind GTP) or of p40 caused tran-
sient proteinuria and foot process efface-
ment. The expression of dynK44A or p40 
abolished actin stress fibers while enhanc-
ing the cortical actin web. Conversely, gene 
delivery of dynamin mutants that are resis-
tant to CatL cleavage abolished or markedly 
reduced LPS-induced proteinuria.

Taken together, these studies (10) suggest 
that dynamin is normally required to main-
tain the ultrafiltration barrier in glomeruli, 
possibly by regulating the actin cytoskele-
ton, and that CatL “switches off” the active, 
GTP-bound form of dynamin. A well-char-
acterized biochemical link between dyna-
min and actin filament assembly is cortac-
tin (reviewed in ref. 15) (Figure 2).

Figure 2
Pathomechanisms of proteinuria induced by 
GTPase dynamin cleavage by CatL. This 
schematic shows the connections between 
the cortical actin cytoskeleton and compo-
nents of the basolateral portion of a podocyte. 
The membrane domains are marked: apical 
cell membrane (green); the SD domain (blue); 
and the “sole” of the foot process (pink). In this 
issue of the JCI, Sever et al. (10) show that 
LPS injection into mice induces CatL expres-
sion in the cytoplasm, which cleaves the active 
form of GTPase dynamin (represented here in 
its GTP-bound homotetrameric form). Dyna-
min binds actin-regulatory proteins includ-
ing cortactin and the Arp2/3 complex, which 
catalyze actin filament assembly. Cleavage of 
dynamin generates a 40-kDa dynamin frag-
ment (p40), which interferes with the normal 
function of dynamin and induces cytoskel-
eton reorganization, foot process effacement, 
and proteinuria as shown in Figure 1. Figure 
adapted from ref. 12.
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On the other hand, both dynamin and 
actin are implicated in clathrin-medi-
ated endocytosis (16), which is involved in 
endocytosis of albumin in nephrotic states 
and exocytosis of the membrane attack 
complex of complement in membranous 
nephropathy (17). Although Sever et al.’s 
experiments (10) do not favor inhibition of 
endocytosis by LPS or dynamin mutants, 
the interplay between actin dynamics and 
endocytosis needs further clarification.

Pathomechanisms of proteinuria in 
minimal change disease and FSGS
MCD is the most frequent cause of 
acquired nephrotic syndrome in children. 
It is characterized by massive proteinuria, 
mostly normal glomeruli as observed by 
light microscopy, generalized foot process 
effacement, and corticosteroid respon-
siveness. MCD is considered a disorder of  
T lymphocyte function. A glomerular per-
meability factor was found in the superna-
tant of T lymphocytes from MCD patients 
that induced proteinuria and partial foot 
process effacement when injected into 
mice or rats (18, 19). In FSGS, circulating 
factors may account for the recurrence of 
nephrotic syndrome after renal transplan-
tation. The mechanisms whereby those 
permeability factors could induce CatL in 
the glomeruli of patients with FSGS, and 
to a lesser extent in those with MCD (10), 
remain elusive. There are several possible 
targets on podocytes for those circulating 
factors, including integrins, cell-surface 
receptors, and SD proteins. Because CatL 
was induced in podocytes lacking α3 inte-
grin (20), the permeability factor(s) might 
bind α3β1 integrin and upregulate CatL.

Pathomechanisms of proteinuria 
without (initial) foot process 
effacement
Massive proteinuria can occur without foot 
process effacement (reviewed in ref. 21). In 
mice deficient in GBM laminin β2, albumin-
uria occurred more than seven days before 
foot process effacement and loss of SD (14). 
Injection of antibodies to nephrin induced 
massive proteinuria in rats with morpholog-
ically intact SD and well-preserved foot pro-
cesses (22). Proteinuria without foot process 
effacement is also observed in women with 
preeclampsia and severe endothelial lesions 
(23) and cases of nephrotic syndrome (24, 
25). These findings demonstrate that defects 
in any of the three components of the glo-

merular capillary wall can lead to protein-
uria without initial foot process effacement. 
Why is sustained proteinuria usually associ-
ated with foot process effacement? In vitro 
studies suggest that albumin and IgG pres-
ent at concentrations normally found in 
the plasma stimulate changes in the podo-
cyte cytoskeleton (26). In vivo, podocytes 
exhibit high endocytic activity in nephrotic 
conditions. Whether this endocytic activity 
induces CatL and dynamin p40 remains to 
be established.

Therapeutic perspectives
Sustained proteinuria is a well-established 
factor of renal disease progression. To date, 
angiotensin-converting enzyme inhibi-
tors and angiotensin II (AngII) receptor 
antagonists are the most effective antipro-
teinuric agents. In addition to their benefi-
cial hemodynamic effects, they may block 
AngII-induced actin cytoskeleton reorga-
nization (27). Whether this effect involves 
CatL inhibition and/or active GTPase 
dynamin stabilization will require further 
investigation. The use of dynamin mutants 
and CatL inhibitors as a treatment for pro-
teinuric diseases is a new option that must 
be further explored.
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