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Abstract: Glomerulus is the filtration unit of the kidney where the first step of urine formation 

takes place. In the glomerulus, water and small molecules including waste products of the body 

are filtered into the urine, while large molecules essential for body function such as albumin 

are retained. When this barrier function of the kidney is impaired, protein leakage into the 

urine (proteinuria) occurs. Proteinuria is not only a hallmark of many glomerular diseases 

but also a prognostic marker of kidney disease progression. Visceral glomerular epithelial 

cells (commonly called podocytes) are known to have an important role in the maintenance of 

glomerular barrier function. In the last decade, remarkable progress has been made in podocyte 

biology, mainly led by the discoveries of important proteins that work together to maintain the 

intricate morphology and function of podocytes. Most of these so-called podocyte proteins 

modulate the actin cytoskeleton either directly or indirectly. The aim of the current review is 

to discuss the pathogenesis of common glomerular diseases with a particular focus on the role 

of the actin cytoskeleton in podocytes. The diseases covered include minimal change disease, 

focal segmental glomerulosclerosis (idiopathic and hereditary), membranous nephropathy, 

hypertensive glomerulosclerosis, and diabetic nephropathy.
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Introduction to the podocyte cytoskeleton
The nephron, the basic structural and functional unit of the kidney, consists of a glom-

erulus and renal tubule. The glomerulus is a network of capillary loops surrounded 

by the Bowman’s capsule and performs the first step of blood filtering. It consists of 

three resident cell types: the mesangial cells, glomerular endothelial cells, and visceral 

epithelial cells (also known as podocytes). The podocyte, which sits on the outside 

of the glomerular capillary loop, consists of a large cell body, located in the urinary 

space, major processes, and foot processes linking the podocyte to the underlying 

glomerular basement membrane (GBM).1 Podocyte foot processes interdigitate with 

foot processes of the neighboring cell, forming between the filtration slits bridged by 

the glomerular slit diaphragm, which is highly permeable to water and small mol-

ecules but not to larger proteins, such as albumin.1,2 Injury to mesangial or endothelial 

cells often leads to inflammatory glomerular diseases (glomerulonephritis), because 

they are in direct contact with blood containing leukocytes, complement, and other 

inflammatory proteins.3 On the other hand, injury to podocytes disrupts the filtration 

barrier, leading to proteinuria, a hallmark of many primary glomerular diseases, 

such as minimal change disease, idiopathic focal segmental glomerulosclerosis 

(FSGS), and membranous nephropathy, or secondary glomerular diseases such as 
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diabetic nephropathy. The best-characterized podocyte injury 

involves the reorganization of foot-process actin cytoskel-

eton, leading to alterations in podocyte charge or shape 

(effacement) and to disruption of the slit diaphragm.3–5 Thus, 

the spatiotemporal profile of the cytoskeleton arrangement 

has to be highly controlled in normal podocyte functions, 

and a profound understanding of the dynamics and regula-

tion of the cytoskeleton of podocytes is essential to enable 

the study of glomerular diseases and eventually develop 

targeted therapies.

Overview on structure  
and functions of podocytes
In order to understand recent advances in glomerular 

pathogenesis, it is necessary to understand normal structure 

and functions of podocytes. Glomerular development is 

divided into four stages: renal vesicle stage, S-shaped body 

stage, capillary loop stage, and mature glomeruli stage.6 The 

progression from the S-shaped body stage to the capillary loop 

stage is critical for the differentiation of podocytes.1,2 During 

this transition, undifferentiated epithelial cells (immature 

podocytes) lose their mitotic activity and begin to establish 

their unique and complex cell architecture, marked with the 

appearance of foot process and the establishment of cell–cell 

junctions forming the slit diaphragm.2 The mature podocyte 

presents both epithelial features (established cell polarity with 

an apical and basal side) and mesenchymal features (de novo 

expression of vimentin, an intermediate filament protein, 

loss of epithelial markers such as desmosomal proteins and 

E-cadherin, and partial motility).7 In addition, podocytes have 

long been compared in analogy to smooth-muscle cells, such 

as capillary pericytes due to similar functional analogies, 

including spontaneous and angiotensin-induced contraction, 

as well as glucose uptake.8

A fully differentiated podocyte consists of a cell body 

(located in the urinary space), major processes, numerous 

microtubules, and foot processes branching from major 

processes and binding to the GBM by means of integrins 

and α- and β-dystroglycans.1,3 Podocyte foot processes are 

arranged in a characteristic interdigitating pattern with foot 

processes of neighboring podocytes, thereby forming the 

filtration slits that are bridged by the slit diaphragm, a modi-

fied adherens junction.1,2,9 Foot-process cytoskeleton consists 

of highly organized parallel and contractile actin-filament 

bundles. The dynamic regulation of the latter organization 

is crucial for the proper function of podocytes. Three distinct 

membrane domains functionally define foot process: the 

apical membrane domain, the slit diaphragm, and the basal 

membrane domain, all of which contain specialized proteins 

responsible for the dynamic regulation of podocytes.2,4 These 

three domains are linked to each other and to the contractile 

apparatus: the actin skeleton.2 Any disruption in the expres-

sion or function of these domains and their specialized pro-

teins leads to actin rearrangement and loss of foot-process 

architecture, known as foot-process effacement, marked with 

proteinuria (please refer to Table 1 for more details).2,5

Under normal physiological conditions, podocyte 

functions can be classified as described in the following 

sections.

The podocyte: a mechanosensing 
contractile cell in the glomerulus
As described earlier, podocytes show unique microtubule- 

and actin-rich architecture with an intermediate phenotype 

between epithelial and mesenchymal cells showing analogy 

with smooth-muscle cells, particularly capillary pericytes.8 

These features enable podocytes to contract in response to 

upstream mechanical signals, potentially controlling blood 

flow, in addition to the historically known mesangial cells.8,10 

Moreover, when mouse podocytes were subject to fluid 

shear stress, to mimic the flow of glomerular ultrafiltration, 

tyrosine kinases and Rho kinases were activated, leading 

to actin reorganization in order to withstand the fluid shear 

stress.11 The findings clearly indicate that podocytes serve as 

mechanosensing cells to sustain the normal capillary structure 

and barrier function.10–12

Regulation of glomerular fluid flux across 
the glomerular barrier
It has been long recognized that the slit diaphragm, which con-

nects adjacent foot processes, is essential in blocking the leak-

age of large molecules (eg, protein) into the urine. However, 

it was not known how this physical barrier could escape from 

“clogging” with large molecules. The identification of a sub-

podocyte space using serial transmission microscopy in 2007 

shed some light on this issue.13 Subpodocyte space consists 

of the restricted area bound by the podocyte cell body and its 

major processes, covering 60% of the entire GBM.13 Using 

isolated, perfused glomerulus and an in vivo multiphoton 

imaging technique, Salmon et al showed that in these areas of 

subpodocyte space, proteins were washed out.14 One hypoth-

esis of this reverse filtration (flushing back) is the constant 

movement of the podocyte along the GBM.7 Although some 

studies suggest that detectable movement of podocytes in 

vitro and in vivo occur,15 direct and solid evidence still needs 

to be provided. Endocytosis is another mechanism by which 
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podocytes prevent filter clog.16 Disappearance of aggregates 

residing on the GBM due to sequential intravenous injections 

of protamine and heparin into rats was shown to be due to 

podocyte phagocytosis.16 More recently, albumin endocyto-

sis was described in conditionally immortalized mouse and 

human podocytes in a statin-sensitive manner.17 New evidence 

suggests the existence of an active transport mechanism 

(neonatal Fc receptor, an immunoglobulin-G and albumin 

receptor) in the podocyte to remove immunoglobulins accu-

mulated at the filtration barrier.18

Regulation of the GBM itself
GBM is mainly composed of polymers of laminin and 

type IV collagen.19 This composition changes temporally 

during glomerular development.20 Initially, both endothe-

lial cells and podocytes produce laminin α1β1, and later 

during development, laminin replacement occurs resulting 

in the production of laminin α5β2 by the same cells.21 The 

collagen α1α2α1 (IV) network is first produced by the 

endothelial cells during fetal development.20 This network 

is then replaced by the α3α4α5 network produced solely by 

the podocyte.19 Absence of this network results in several 

kidney disorders, such as Alport syndrome.19 The mechanism 

and reason for the GBM composition isoform switch during 

development are still unknown, but this may be important 

for the maintenance and achievement of the differentiated 

states of podocytes.

importance of cross talk between 
podocytes and adjacent cells
A detailed description of podocytes in isolation can only 

provide information of their individual biology. In order to 

evaluate the contribution of the podocyte to the physiology 

of the entire glomerulus, we should recognize the interactions 

of the podocyte with its adjacent cells.22 Podocyte-specific 

knockout systems have identified the role of podocytes in 

maintaining healthy fenestrated endothelium by the produc-

tion of vascular endothelial growth factor (VEGF) acting 

on VEGF receptors on the endothelial cells.23 Interaction 

between podocytes and mesangial cells is also important, 

especially when we consider glomerular injury. Chemokines 

produced by either podocytes or mesangial cells can interact 

with their respective receptor on these same cells and influ-

ence their local migration and adherence to the GBM.24,25

immunological functions of podocytes
The emerging immunological role of podocytes has recently 

been getting more attention. Cultured podocytes express 

Toll-like receptor 4 (TLR4) on their surface, which upon 

stimulation result in a marked induction of chemokines.26 In 

addition, it has been shown that in response to the binding of 

lipopolysaccharides to TLR4, podocytes start expressing on 

their surface B7-1 (T-cell costimulatory molecule involved 

in antigen processing), which led to actin cytoskeleton 

rearrangement and slit-diaphragm reorganization, resulting 

in proteinuria.27 Thus, podocytes may play a role in innate 

immunity, in the surveillance for pathogens, and initiation 

of danger signalling in the Bowman’s space.

Common glomerular diseases 
associated with podocytes
Many proteinuric kidney diseases are associated with 

cytoskeletal derangement of podocytes accompanied by 

defective permselectivity. Diseases characterized by heavy 

proteinuria (.3.5 g/day) and hypoalbuminemia (,3.0 g/dL) 

are collectively called “nephrotic syndrome.” In this review, 

we will focus on selected proteinuric glomerular diseases for 

which recent studies have revealed some new insights into 

the pathomechanisms, including minimal-change diseases, 

FSGS (idiopathic and familial), HIV-associated nephropathy 

(HIVAN), membranous nephropathy(MN), hypertensive 

nephrosclerosis, and diabetic nephropathy.

Minimal-change disease
Minimal-change disease is a major cause of nephrotic syn-

drome in children and is also commonly seen in adults.28 

A sudden onset of heavy proteinuria and edema is the 

characteristic feature of the disease. The main treatment for 

minimal-change disease is corticosteroid, with a generally 

good response.28 However, recurrence is frequent and steroid 

dependence or resistance can occur. In such cases, cytotoxic 

drugs such as cyclophosphamide can then be used.28 To date, 

the cause of minimal-change disease remains unknown. 

However, it was reported that a donor kidney from a patient 

with minimal-change disease functioned normally in the 

recipient, suggesting that a humoral factor is responsible 

for the disease.29 Measles and Hodgkin’s disease are known 

to trigger minimal-change disease, suggesting a pathologi-

cal role of T lymphocytes, a notion also supported by the 

effectiveness of corticosteroid.30 In line with this clinical 

evidence, T-cell hybridomas derived from T cells from a 

patient with minimal-change disease were shown to induce 

significant proteinuria when injected into rats.31 Although the 

identity of the permeability factor has not been confirmed, 

Th2-derived cytokines – in particular, interleukin-13 (IL-13) 

and angiopoietin-like 4 – are the current main candidates.32 
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IL-13 was increased in T cells from patients with relapsed 

minimal-change disease, compared with those in remission.33 

IL-13 transgenic rats showed pathological features similar to 

minimal-change disease in humans.34 Expression of nephrin 

and podocin was reduced in IL-13 transgenic rats, suggest-

ing that signaling downstream of these proteins may be 

disturbed (refer to the paragraphs “Nephrin” and “Podocin” 

of the section “Familial FSGS”).34 More recently, a secreted 

glycoprotein, angiopoietin-like-4, was identified as a possible 

permeability factor in minimal change disease.35 Overexpres-

sion of angiopoietin-like 4 in rat podocytes but not in adipose 

tissue led to heavy proteinuria, loss of the GBM negative 

charge, and foot-process effacement.35 It was proposed that 

hyposialylated angiopoietin-like 4 was responsible for these 

changes, and when transgenic rats overexpressing angiopoi-

etin-like 4 were treated with a sialic acid precursor, N-acetyl-

d-mannosamine, sialylation of glomerular angiopoietin-like 

4 increased and albuminuria was ameliorated.35 It is unclear 

whether angiopoietin-like 4 is a circulating humoral factor 

or acts locally, and the role of hyposialylated angiopoietin-

like 4 in minimal-change disease in humans is yet to be 

determined. In addition to a humoral factor, a recent study 

demonstrated an increased level of B7.1 (CD80) in podocytes 

in active minimal-change disease but not in FSGS.36 Podocyte 

B7.1 activation through TLR3 and 4 caused actin rearrange-

ment of podocytes, leading to proteinuria and foot-process 

effacement.27,37 While IL-13, angiopoietin-like 4, and B7.1 

were shown to induce foot-process effacement in vivo, how 

they modulate the cytoskeletal components of podocytes 

(microtubules and actin) has not been reported.

Focal segmental glomerulosclerosis
FSGS is a pathological diagnosis highlighting the focal 

(some but not all glomeruli are affected) and segmental 

(only a part, not the entire glomerulus, is affected) nature 

of glomerulosclerosis. The incidence of FSGS appears to 

be increasing, constituting ∼20% and ∼40% of nephrotic 

syndrome in children and adults, respectively.38 In the United 

States, FSGS is currently the most common primary glomeru-

lar disease causing end-stage renal disease.39 Classification 

of FSGS is complex, with some degree of overlap between 

different categories. FSGS can be generally divided into 

two main groups: idiopathic form and secondary form.39 

A number of hereditary (familial) forms of FSGS discovered 

in the last 14 years can be included in the latter39 but form a 

distinct group. Idiopathic FSGS is believed to be caused by a 

humoral factor.40 It typically presents with symptoms of neph-

rotic syndrome, but is generally more treatment-resistant, 

compared with minimal-change disease. Secondary forms 

have specific causes, such as genetic mutations,41 virus 

(particularly HIV),42 drugs (eg, heroin,43 interferon44), and 

obesity.45 Secondary forms typically present with nonneph-

rotic proteinuria and often impaired renal function.46 In the 

current review, we will briefly discuss idiopathic and familial 

FSGS as well as HIV-associated nephropathy, focusing on the 

implication of the cytoskeleton. Additionally, the readers are 

referred to excellent reviews for more details.39,41,47

idiopathic FSGS
Since the landmark paper by Savin et al, it is widely accepted that 

idiopathic FSGS is caused by a circulating permeability factor.40 

Observations that support this hypothesis include the improve-

ment of proteinuria by immunoadsorption, and the rapidity and 

high incidence of disease recurrence after renal transplantation.48 

To date, several candidates of circulating permeability factor 

have been proposed, including cardiotrophin-like cytokine 1 

(CLC-1)48 and soluble urokinase receptor (suPAR).49

The permeability factor in FSGS has a strong affinity 

for galactose.50 CLC-1 was identified by galactose affinity 

chromatography followed by mass spectrometry.48 CLC-1 is 

a member of the IL-6 family, and its serum level is increased 

up to 100-fold in patients with recurrent FSGS in comparison 

to healthy controls.48 CLC-1 decreases nephrin expression 

in glomeruli and cultured podocytes, and a monoclonal 

antibody to CLC-1 blocks the albumin-permeability effect 

of active FSGS sera.48 However, detailed effects of CLC-1 

on the cytoskeleton have not been reported.

Wei et al proposed that suPAR could be a permeability 

factor for FSGS.49 The serum level of suPAR was sig-

nificantly higher in patients with FSGS as compared with 

patients with other types of proteinuric disease or healthy 

subjects, and the higher pretransplant suPAR level was 

correlated with posttransplant recurrence of the disease.49 

Mice overexpressing suPAR developed albuminuria, foot-

process effacement, and mesangial expansion.49 Interestingly, 

suPAR activated β3 integrin in podocytes both in vivo and 

in vitro.49 β3 integrin plays an important role both in anchor-

ing podocytes to the glomerular basement membrane and in 

the development of mature foot processes.51,52 The urokinase 

receptor β3 signaling pathway has been shown in tumor cells 

to involve the p130Cas–Crk complex, DOCK180, and Rac, 

leading to actin polymerization, cell-membrane protrusion, 

and cell motility.53 Thus, suPAR is an attractive candidate for 

a permeability factor, which is likely to cause actin reorga-

nization via β3 integrin. Of note, elevated levels of suPAR 

were also reported in a small pool of patients with secondary 
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forms of FSGS and minimal-change disease.54 However, the 

patient characterization may not have been adequate, and the 

number of studied patients was small, so no firm conclusion 

could be drawn from the study.55 Whether suPAR is a perme-

ability factor in idiopathic FSGS is yet to be validated, and 

the cellular source and mechanism of production of suPAR 

in patients with idiopathic FSGS remains to be elucidated.

Familial FSGS
Over the last decade, a number of gene mutations respon-

sible for familial FSGS have been discovered. Although the 

incidents of each mutation could be small, much has been 

learned regarding the cytoskeletal regulation of podocytes 

from these gene mutations, since most of the affected genes 

are involved in the regulation of the actin cytoskeleton. We 

will briefly describe each gene, focusing on its impact on the 

cytoskeleton. For more details, readers are referred to excel-

lent reviews.39,41 The main structural elements of podocyte 

and the slit diaphragm are illustrated in Figure 1.

Nephrin
Nephrin was initially discovered as a gene whose mutations 

cause congenital nephrotic syndrome of the Finnish type.56 

In addition, nephrin mutations have been identified in chil-

dren with steroid-resistant nephrotic syndrome57 and in one 

patient with adult-onset FSGS.58 Nephrin is a transmembrane 

protein and is a structural backbone of the slit diaphragm. 

Moreover, its cytoplasmic domain acts as the signaling 

center for actin cytoskeletal regulation.2,59 Upon tyrosine 

phosphorylation, nephrin recruits the adaptor protein Nck 

and promotes actin polymerization.60–62 Phosphoinositide-3 

kinase63 and the adaptor molecule Crk64 are also recruited to 

nephrin in a tyrosine phosphorylation–dependent manner. 

Nephrin also interacts directly with α-actinin 465 and the 

α-actinin-binding protein MAGUK with inverted domain 

structure (MAGI)-166 and MAGI-2,65 adaptor molecules 

that also bind to synaptopodin.67 MAGI-1 links the actin 

cytoskeleton to junctional adhesion molecule 4, another 

slit-diaphragm protein, but the function of this interaction 

remains to be elucidated.66

Podocin
Podocin, a member of the stomatin protein family, is 

exclusively expressed in podocytes. Podocin associates 

with lipid rafts, and recruits nephrin and CD2-associated 

protein (CD2AP) to the appropriate location in the slit 

Nephrin

α3 β1 integrin 

Foot process

Glomerular basement membrane

CD2AP

Podocin

TRPC6

Ca2+

β-DG
α-DG

PLCε1

Actin fiber

α-actinin4

Utrophin

Nephrin

CD2AP

Podocin

Slit diaphragm

Synaptopodin

DAG

PIP2

IP3

INF2

Myosin 1E

Figure 1 The components of the foot process and the slit diaphragm.
Notes: Nephrin interacts with podocin, a transmembrane hairpin-like scaffolding protein and with CD2AP, an adapter protein. The nephrin complex induces actin 
polymerization. The actin cytoskeleton is stabilized by α-actinin-4, synaptopodin, iNF2, and myosin 1E, and linked to the slit diaphragm through CD2AP. PLCε1 catalyzes 
the hydrolysis of phosphatidylinositol-4,5-bisphosphate (PiP2) and generates the second messengers inositol 1,4,5-triphosphate (iP3) and diacylglycerol (DAG). iP3 releases 
Ca2+ from the endoplasmic reticulum. The concentration of Ca2+ in the cytoplasm regulates actin polymerization. Transient receptor potential canonical (TRPC) 6 is a Ca2+ 
ion channel and has a role as a sensor of mechanically induced membrane stretch by translating mechanical tension to ion-channel action. The foot processes are anchored 
to glomerular basement membrane through integrins (predominantly α3β1 integrin) and α- and β-dystroglycans (DGs). Almost all the mutations of familial focal segmental 
glomerulosclerosis are slit-diaphragm components and/or the regulators of the actin cytoskeleton.
Abbreviation: iNF2, inverted formin 2.
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diaphragm, ensuring a stable and proper functioning filtra-

tion barrier.68 The closest homologue of podocin is MEC-2 in 

Caenorhabditis elegans. Interestingly, MEC-2 is part of a 

multiprotein channel complex that transduces the sensation 

of gentle touch.69 In addition, a recent study70 demonstrated 

the interaction between podocin and transient receptor poten-

tial canonical (TRPC) 6, which is activated by membrane 

stretch.71 An intriguing hypothesis that the podocin-TRPC6 

complex functions as a mechanosensor at the slit diaphragm 

has been proposed.72,73 Podocin-knockout mice develop pro-

teinuria and severe mesangial sclerosis and die a few days 

after birth.74 Besides the absence of podocin, no nephrin was 

found in the slit diaphragm of podocin-knockout mice,74 

further supporting the role of podocin in recruiting nephrin 

to the slit diaphragm. Although mutations of podocin cause 

autosomal recessive, early onset, childhood FSGS,75 it has 

been shown that these mutations can be found in sporadic 

cases of adult-onset FSGS as well.76,77

CD2-associated protein
CD2AP is an 80-kDa protein that is critical for stabilizing 

contacts between T cells and antigen-presenting cells.78 

Its role in podocytes was discovered when knockout mice 

showed congenital nephrotic syndrome and died at 6–7 weeks 

of age from renal failure.78 In addition, compound heterozy-

gosity for CD2AP and synaptopodin results in proteinuria 

and FSGS-like glomerular damage in mice.79 CD2AP muta-

tions were found in patients with FSGS.80 A homozygous 

mutation in CD2AP was found in a 10-month-old patient 

with FSGS,81 and three unrelated cases bearing heterozy-

gous mutations in CD2AP were reported.82 A recent study 

revealed that CD2AP regulates the expression of cytosolic 

cathepsin L, thereby maintaining organization of the podo-

cyte actin cytoskeleton.83

α-Actinin 4
α-Actinin-4 is an actin-bundling protein.84 Lymphocytes from 

homozygous α-actinin 4–deficient mice showed increased 

chemotaxis, suggesting a role of α-actinin 4 in cell migration.84 

In addition, podocytes derived from α-actinin 4–deficient 

mice were less adherent to the GBM components collagen 

IV and laminin-10 and 11, suggesting its role in maintaining 

the podocyte–GBM interaction via integrins.85,86 The role of 

α-actinin 4 in human kidney disease was first recognized 

when mutations of α-actinin 4 were found in autosomal domi-

nant/adult-onset FSGS.87,88 To date, five mutations (W59R, 

I149del, K255E, T259I, S262P) have been reported.87,88 These 

five mutants bind to F-actin with a higher affinity than the 

wild-type protein,88,89 indicating that flexible and dynamic 

actin turnover is important in maintaining normal morphol-

ogy and function of podocytes. Transgenic mice expressing a 

mutant α-actinin 4 analogous to human K255E in podocytes 

developed proteinuria and FSGS, suggesting that this muta-

tion is disease-causing.90 Similarly, podocytes from mice in 

which the two wild-type alleles were replaced with the K255E 

mutants (knock-in model) showed aggregation of the mutant 

α-actinin 4 with F-actin in vivo.89 In vitro, this mutation causes 

the exposure of a normally buried actin-binding site 1, thereby 

increasing its actin-binding affinity, abolishes Ca2+-medicated 

decrease of the actin-binding affinity normally observed in 

the wild type, and forms abnormally large F-actin/α-actinin-4 

aggregates.89 Mutations of α-actinin 4 have been also reported 

in sporadic cases of FSGS.91,92 However, cellular localization 

of the mutated proteins and actin-binding assays suggest that 

these mutations are probably not disease-causing.88 Finally, 

α-actinin-4 knockout mice showed severe glomerular disease. 

The fact that both gene deletion and gain-of-function muta-

tions can lead to proteinuria and FSGS suggests that delicate 

regulations of the actin cytoskeleton by α-actinin-4 may be 

important for the integrity of podocytes.84

Transient receptor potential canonical 6 channel
Transient receptor potential canonical 6 (TRPC6) belongs 

to the family of transient receptor potential canonical 

channels that consists of TRPC1–7. It is a cation channel 

involved in the regulation of Ca2+ influx.93 In podocytes, 

TRPC1, 2, 5, and 6 are expressed.93 Since disrupted Ca2+ 

signaling and homeostasis were postulated to be early insults 

in podocyte injury,94 it is not surprising that TRPC channels 

play a role in podocyte injury and proteinuria. The role of 

TRPC6 in proteinuria was indeed confirmed when muta-

tions of TRPC6 were found to cause familial FSGS.93,95,96 

In podocytes, TRPC6 is localized at the slit diaphragm 

with nephrin, podocin, and CD2AP.93 The P112Q mutant 

of TRPC6 showed an increased calcium entry to the cells,97 

which is likely to trigger the chain of calcium-induced 

signaling events, including cell contraction.5 In addition, 

activation of TRPC6 by angiotensin II was shown to acti-

vate the small guanosine diphosphatase (GTPase) RhoA in 

podocytes.98 Since RhoA is a well-established modulator of 

the actin cytoskeleton, mutant TRPC6 is likely to impact on 

the cytoskeleton via RhoA. Of interest, activation of RhoA 

in podocytes in mice was shown to induce foot-process 

effacement and proteinuria,99,100 supporting the idea that 

the TRPC6–RhoA pathway may cause podocyte injury and 

proteinuria. Conversely, TRPC6-null mice were significantly 
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protected from angiotensin II–induced proteinuria,84 also sup-

porting the deleterious impact of TRPC6 on podocyte health. 

An increased calcium influx is also seen in two other mis-

sense mutations (R895C and E897K), but is absent in other 

mutations (N143S, S270T, and K874X).93 Nevertheless, it is 

believed that these mutations are disease-causing because of 

their nature (substitutions in highly conserved residues), their 

co-segregation with the disease phenotype, and their absence 

in control individuals.93 In the latter three mutants, altered 

interaction with other slit-diaphragm proteins or altered 

protein turnover may be the cause of the disease.93 A recent 

study reported novel TRPC6 mutations (N125S, L780P) in 

sporadic FSGS patients; however, the same mutations were 

found in asymptomatic relatives as well.96 No biochemical 

studies (only in silico scoring matrix, which was developed 

to evaluate the pathogenicity of amino acid substitutions by 

using the biophysical and biochemical differences between 

wild-type and mutant amino acid) have been conducted to 

characterize these two mutants, thus it is possible that the 

mutants are not disease-causing. Alternately, these mutations 

may have incomplete penetrance, and “multihits” on several 

proteins involved in the glomerular permeability might need 

to be abnormal to present a distinct phenotype.96 Finally, there 

is a hypothesis that TRPC6 is a sensor of mechanically and 

osmotically induced membrane stretch,71 as discussed in the 

section on podocin. This hypothesis is particularly attractive, 

because glomerular hyperfiltration is thought to predispose 

to lesions of secondary FSGS.90

Phospholipase C ε1
Phospholipase C (PLC) ε1 belongs to the phospholipase C 

family, which is necessary for cell growth and differentiation.101 

PLCε1 is activated by binding of a ligand to its receptor and 

converts phosphatidylinositol-4,5 bisphosphate into inositol 

1,4,5-triphosphate (IP
3
) and diaclyglycerol.101 IP

3
 releases 

Ca2+ from the endoplasmic reticulum. The concentration of 

Ca2+ in the cytoplasm regulates actin polymerization.102 In 

the kidney, PLCε1 expression is found in the podocyte cell 

body and foot processes.103 PLCε1 appears at the S-shaped 

stage of glomerular development and is highly expressed 

during the early capillary loop stage.103 PLCε1 interacts 

with GTPase-activating protein 1 (IQGAP1), which is 

found at the basal aspect of the developing podocytes and 

interacts with nephrin.65 PLCε1 mutations were found in 

patients with familial congenital diffuse mesangial sclerosis 

(DMS).103 A study in patients with isolated (nonsyndromic) 

DMS revealed that PLCε1 truncating mutations (28.6%) are 

more frequently observed than mutations of WT1 (8.5%) or 

LAMB2 (0%), two genes known to cause isolated DMS.104 

PLCε1 mutations were also found in 7.7% (6/78) of patients 

with familial FSGS.105

inverted formin 2
Inverted formin (INF) 2 is a member of the formin family of 

actin-regulating proteins.106 Mutations of INF2 were found 

in 28 of 78 patients with autosomal dominant FSGS.107 

FSGS due to mutations of INF2 has a later onset of disease 

(adolescence) compared to FSGS due to nephrin and podo-

cin mutations.107 FSGS-associated mutants of INF2 induce 

distinct patterns of actin polymerization in cultured podo-

cytes compared with wild-type INF2.106 INF2 was shown to 

interact with mammalian diaphanous-related formins (mDia), 

known downstream targets of RhoA.108 While INF2 normally 

inhibits Rho/mDia-mediated actin polymerization, FSGS-

associated mutants of INF2 disrupt INF2/mDia interaction, 

altering mDia regulation, thereby leading to disturbed actin 

dynamics.108

Myosin 1E
Myosins are molecular motors that translocate cargo pro-

teins along actin filaments in an adenosine triphosphate–

dependent manner.109 Members of the myosin superfamily 

include at least 24 myosin classes.109 Myosin 1E is one of the 

class I myosins that consist of a single motor domain, a neck 

domain that binds one or more calmodulin light chains, and 

a cargo-binding tail domain.110 Myosin 1E was shown to be 

expressed in podocytes and myosin 1e–knockout mice exhibit 

proteinuria, impairment of renal function, foot-process 

effacement, and GBM thickening.111 Myosin 1E binds to 

dynamin via its tail domain and also interacts with actin via 

its head domain.112 Dominant negative dynamin causes actin 

reorganization and morphological changes in podocytes.112 

Thus, myosin 1E may modulate podocyte actin cytoskeleton 

via dynamin or by directly interacting with actin.111 Myosin 

1E mutations were found to cause autosomal recessive FSGS 

in childhood.113

ARHGAP24
The Rho family of small GTPases (which includes RhoA, 

Rac1, and Cdc42) are known to be important regulators of 

the actin cytoskeleton.114 Guanine nucleotide exchange factor 

and GAP are responsible for activating and deactivating the 

Rho GTPases, respectively.115 Please refer to Figure 2 for 

more details about Rho signaling to the actin cytoskeleton. 

A recent study has shown that mutations in Arhgap24 (a GAP 

for Rac1) were associated with cases of familial FSGS, ren-
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dering ARHGAP24 a potential candidate gene to explain a 

subset of inherited FSGS.116 At least one mutation was loss of 

function, suggesting that increased activity of Rac1 is likely 

to contribute to the pathogenesis.116

Hiv-associated nephropathy
Patients with HIVAN most commonly present with neph-

rotic syndrome and collapsing FSGS on renal biopsy.42,117 

However, with the advent of the highly active antiretroviral 

therapy, the incidence of the typical collapsing type appears 

to be decreasing.118 While the precise pathophysiology of 

HIVAN is not completely understood, it was shown that 

HIV could infect glomerular cells, including podocytes.119 In 

vitro, an HIV accessory protein, Nef, induces podocyte dedif-

ferentiation and proliferation.120 In vivo, podocyte-specific 

expression of Nef and another viral protein, Vpr, induced 

glomerulosclerosis in mice.121 Of interest, Nef was shown to 

activate a small GTPase, Rac1, leading to lamellipodia forma-

tion in podocytes.122 Rac1 activation is generally associated 

with a migratory phenotype of the cells,123 which is believed 

to contribute to foot-process effacement and proteinuria.7,124 

In addition, Rac1 may contribute to proteinuria via modula-

tion of the mineral corticoid receptor.125 Thus, HIV viral 

proteins are likely to cause podocyte phenotypic changes via 

multiple pathways, contributing to proteinuria.

Membranous nephropathy
MN is one of the most common causes of nephrotic syndrome 

in adults, constituting up to one-third of biopsy diagnoses in 

some countries.126–128 MN is divided into two main groups: 

primary (“idiopathic”) and secondary forms. Secondary MN 

is associated with hepatitis B infection, systemic lupus ery-

thematosus, thyroiditis, malignancies, and the use of drugs 

such as penicillamine and nonsteroidal anti-inflammatory 

drugs.127,129,130 MN is characterized by the development of 

immune complexes (containing mainly immunoglobulins and 

complement members such as C3 and C5b-9) in the subepi-

thelial space leading to podocyte damage, causing increased 

production of extracellular matrix proteins and rendering the 

GBM thick.131 Neutral endopeptidase expressed in podocytes 

in babies born to mothers deficient in this enzyme was shown 

to be responsible in several cases of neonatal MN.132 More 

recently, Beck and colleagues reported that antibodies against 

the M-type phospholipase A
2
 receptor (PLA

2
R) were found 

in 80% of patients with idiopathic MN.133 This breakthrough 

discovery established that the PLA
2
R expressed on the cell 

surface of podocytes was a common antigen causing MN. 

The rat model of MN (Heymann nephritis) closely mimics 

the pathology of human MN and has been used extensively to 

study the mechanisms of podocyte injury. In this model, sub-

lethal complement activation was shown to activate multiple 
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intracellular signaling pathways.129,134 Of particular interest, 

sublytic C5b-9 activated RhoA in cultured podocytes, causing 

the loss of cellular processes.135 In addition, nephrin redis-

tribution and its dissociation from actin were demonstrated 

preceding the onset of proteinuria in Heymann nephritis.136,137 

Collectively, the results suggest that complement modulates 

the actin cytoskeleton of podocytes via Rho-GTPases and/or 

by affecting nephrin-mediated signaling pathways.

Hypertensive nephrosclerosis
Hypertensive nephrosclerosis is the second-leading cause 

of end-stage renal disease and is particularly important in 

the black population.138 Histologically, the disease is char-

acterized by a series of vascular injuries, all of which can 

also be detected in obesity and aging kidney.139,140 Factors 

contributing to the progression of the disease include arte-

rial stiffening accompanied by an increased pressure at the 

afferent arteriole,141 loss of autoregulation of renal blood 

flow with hypertrophic and FSGS features,142 and chronic 

ischemia in tubulointerstitium.143 Moreover, it was shown 

that hypertension-associated end-stage renal disease in 

African-Americans is substantially related to MYH9 and/or 

APOL1 gene polymorphisms,144–149 raising the possibility of 

a genetic cause. Although the precise mechanisms of the dis-

ease remain to be elucidated, the mechanosensitive properties 

of the podocyte in response to glomerular capillary pressure 

could be an attractive candidate. It was shown that mechani-

cal stress induced reorganization of the actin cytoskeleton, 

manifested in disappearance of transversal stress fibers and 

appearance of radial stress fibers connected to an actin-rich 

center.12 Thus, similar to mesangial cells, the podocyte actin 

cytoskeleton is likely to be adversely affected by glomerular 

hypertension. In addition, genetic factors may contribute to 

the susceptibility of podocytes to mechanical stress. Since 

MYH9 encodes a nonmuscle myosin heavy chain 9, MYH9 

polymorphism could be an attractive candidate for such 

modulation.

Diabetic nephropathy
Diabetic nephropathy is the leading cause of end-stage renal 

disease in developed countries.150 The major pathological 

findings are mesangial expansion, GBM thickening, and 

glomerulosclerosis.151 Although almost all the cells in the 

kidney are known to be affected by diabetes mellitus, in this 

review we limit our discussion to podocytes. Glomerular 

mesangial cells have long been considered the main player 

in the pathogenesis of diabetic glomerulopathy, but recent 

evidence suggests that podocytes also play an important role 

in an early phase of diabetic nephropathy.152 Renal biopsies 

from Pima Indians with type 2 diabetes showed a reduction 

in the number of podocytes per glomerulus.153 In another 

cross-sectional study, a significant negative correlation was 

found between proteinuria and podocyte number.154 Several 

studies showed a decrease in nephrin protein expression in 

podocytes at an early stage of diabetic nephropathy, com-

pared to nondiabetic controls.155,156 Thus, nephrin-mediated 

cytoskeletal regulation is likely to be dysregulated at an early 

stage of diabetic nephropathy, and as the disease progresses, 

podocyte death and podocytopenia may lead to heavy pro-

teinuria and progressive loss of kidney function.

Future direction of podocyte 
biology
Starting with the discovery of nephrin in 1998, progress 

in podocyte biology during the last 14 years has been 

remarkable. Positional cloning in congenital nephrotic syn-

drome and familial FSGS has identified a number of important 

players in the normal morphology and function of podocytes. 

The identification of these players firmly established the 

actin cytoskeleton at the center of podocyte physiology and 

pathology. These so-called podocyte proteins (consisting of 

some proteins exclusively expressed in podocytes, such as 

nephrin and podocin, as well as some other proteins that could 

be detected in other cells, but play an important role in the 

normal physiology of podocytes) could be considered poten-

tial therapeutic targets. For example, since gain-of-function 

mutations of TRPC6 are detrimental to podocyte health, 

pharmacological inhibition of this cation channel could be 

beneficial in preserving the integrity of podocytes.

We also need to integrate these podocyte proteins into 

the understanding of nonhereditary forms of glomerular 

disease, including primary and secondary diseases. A num-

ber of investigations identified mutations/polymorphism 

in the podocyte protein genes in sporadic cases of FSGS. 

However, if the mutation/polymorphism is different from 

those identified in a hereditary disease, a causal relation-

ship is not necessarily evident. While genetic screening 

of the podocyte protein genes will likely be utilized more 

broadly in clinical practice in the future, the significance of 

each variant needs to be validated. Ongoing investigations 

on MYH9 and APOL1 polymorphism as a risk factor to 

develop end-stage renal disease will likely shed light on the 

genetic modifiers of secondary glomerular diseases such as 

hypertensive nephrosclerosis.

Another approach could be to try to find “common path-

ways” for proteinuric glomerular diseases, in which podocyte 
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Notes: (A) Because podocyte-specific knockout mice of ILK, PINCH, and Talin all demonstrate proteinuria and focal segmental glomerulosclerosis, these studies show that 
iLK, PiNCH, and Talin are integrin-signaling players necessary for normal podocyte function. (B) On the other hand, iLK is upregulated and FAK is activated in proteinuric 
models and diseases, and their gene deletion/inhibition was shown to be protective against podocyte injury and proteinuria, making iLK and FAK important integrin-signaling 
mediators of podocyte injury.
Abbreviations: iLK, integrin-linked kinase; PiNCH, particularly interesting new Cys-His protein; FAK, focal adhesion kinase.

foot processes are effaced. If we find the signaling pathways 

that lead to foot-process effacement regardless of the initial 

injuries, more targeted therapeutic interventions could be 

devised. The Rho family of small GTPases (Figure 2) and 

the integrin-focal adhesion kinase (FAK) pathway157 could 

be promising candidates. Podocyte-specific knockout mice 

of several integrin-signaling proteins, such as integrin-linked 

kinase (ILK), particularly interesting new Cys-His protein, 

and talin show progressive FSGS and renal failure.158–161 

On the other hand, overexpression of ILK in podocytes was 

found in several proteinuric models and human diseases, 

and an inhibitor of ILK-reduced proteinuria in Adriamycin-

induced proteinuria in mice.162 Similarly, podocyte-specific 

FAK knockout or an FAK inhibitor was protective in mice 

against proteinuria and foot-process effacement induced 

by podocyte insults (Figure 3).163 Thus, integrin/FAK 

pathways appear to have important roles in normal podocyte 

physiology and pathology. In the meantime, the quest for 

humoral permeability factor(s) for minimal change disease 

and idiopathic FSGS needs to continue, including the 

validation of already-discovered molecules in broader patient 

populations. Rapidly advancing technologies in proteomics 

may facilitate these endeavors.

Another potential area of investigations is the cross talk 

between glomerular cells. Podocytes, endothelial cells, and 

mesangial cells are interdependent: alterations in one cell 

type will result in obligatory changes in other cell types. 

Cross talk between endothelial cells and podocytes is already 

recognized, involving VEGF.23 Mutations in podocyte-

specific genes observed in several kidney disorders lead 

to mesangial proliferation (mutations in the NPHS1 gene 

can show mild to moderate mesangial cell proliferation;164 

reduced GLEPP1 expression correlates with mesangial 

proliferation165), and the other way around, by which mesan-

gial injury can lead to podocyte foot-process effacement. 

Interactions between different glomerular cell types may 

well be far more widespread and important than presently 

recognized.

Other nonmammalian systems that share similarities 

with mammalian systems could be utilized to understand 

further the importance of actin cytoskeleton in normal 

physiology of the cell. As an example, depletion of pat-3 

(β-integrin) or pat-4 (ILK) both lead to disruption of the 

actin cytoskeleton of the C. elegans gonad cell, resulting 

in an ovulation defect.166–168 In addition, mutation in nek8 

gene in zebrafish disorganizes the actin cytoskeletal archi-

tecture, resulting in the formation of pronephric cysts.169 

These could be used as model systems to interrogate the 

signaling pathways of the molecules involved in podocyte 

physiopathology.
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Conclusion
We have discussed the pathogenesis of common glomerular 

diseases, with particular interest in the role of the cytoskel-

eton in glomerular podocytes. While there has been robust 

progress in the field over the last decade, there are many 

remaining gaps. Filling these gaps will likely lead to more 

mechanism-oriented and targeted therapeutics rather than the 

general immunosuppressive and nonspecific treatments cur-

rently employed to treat proteinuric glomerular diseases.
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