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ABSTRACT 

Podocytes play an essential role in establishing the glomerular filtration barrier. Podocyte dysfunction 

is central to the underlying pathophysiology of many common glomerular diseases, including 

nephrotic syndrome (NS), which often incites a progression to chronic kidney disease, affecting 

millions of patients worldwide. The role of podocytes in the pathogenesis of NS is best characterized 

by the discovery of genetic mutations, many of which regulate the actin cytoskeleton. Podocytes rely 

on an intact actin cytoskeleton to stabilise their unique cellular architecture and functions such as  

motility, cell division, intracellular transport, cellular trafficking of cargo and organelles and cell 

junction formation for the sustained function of glomerular filtration. This review briefly highlights 

the recent findings on role of actin cytoskeleton and the actin-associated proteins that take part in the 

assembly, maintenance and disassembly of actin cytoskeleton.  
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                         INTRODUCTION 

Nephrotic syndrome (NS) is considered to be a 

primary podocytopathy, indicating that 

podocyte loss or dysfunction is the central event 

in the development of NS1. Podocytes are highly 

differentiated epithelial cells with a unique 

cellular architecture consisting of a large cell 

body and interdigitating foot processes that not 

only enwrap glomerular capillaries but also 

interlink neighboring podocytes via slit 

diaphragms.2,3 Together with a fenestrated 

endothelium and glomerular basement 

membrane (GBM), podocytes form part of the 

glomerular filtration barrier (GFB).4 All the 

 three components of GFB  play an active role in 

preventing plasma proteins from entering the 

urinary ultrafiltrate, thus preventing 

proteinuria. Foot processes are not only 

involved in the formation of the filtration barrier, 

but are also essential for increasing the surface, 

thereby mediating efficient attachment to the 

GBM.5  Podocyte has many unique properties 

that are critical to its participation in 

ultrafiltration. Since podocyte form an integral 

component of GFB, any injury to podocyte 

cause GFB to be disrupted, resulting in 

proteinuria and glomerular disease.   
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Retraction and simplification of the podocyte foot 

process network, termed as foot process 

effacement in which they lose their structure and 

become diffuse, spreading out and leading to a 

reduction in filtration barrier function is a 

common feature in all glomerular diseases.6  

Podocytes can be injured in many forms of 

human and experimental glomerular disease, 

including minimal change disease, focal 

segmental glomerulosclerosis (FSGS), 

membranous glomerulopathy, diabetic 

nephropathy, and lupus nephritis.1,7 Podocyte 

injury is initially reversible. As long as the 

podocytes are just effaced and not lost, they 

display a remarkable capacity to regenerate foot 

processes within a short period of time, as occurs 

in minimal change disease, the classical example 

of the potential of podocytes to recover.8,9  A 

decrease of podocyte number represents another 

form of injury that contributes to the loss of the 

glomerular function and leads to progressive 

renal failure. This can be caused by podocyte 

apoptosis, detachment from GBM and/or the 

inability to proliferate.9,10. Podocytes are 

terminally differentiated cells with no 

regenerative capacity. Therefore, a decline in 

podocyte number beyond a critical threshold 

leads to glomerular disease progression in human 

beings as well as experimental rodent models.9,10  

Based on the molecular pathology of podocytes, 

at least four major causes of foot process 

effacement and proteinuria can be identified: (i) 

changes in the slit diaphragm complex and its 

spatiotemporal organization by lipid rafts,2,3 (ii) 

interference with the GBM or the podocyte-GBM 

interaction,11 (iii) reorganization of the actin 

cytoskeleton and its associated proteins12 and (iv) 

modulations of the negatively charged apical 

membrane domain of podocytes.13  

 

Podocyte cytoskeleton 

Actin dynamics has emerged at the forefront of 

podocyte biology as actin cytoskeleton not only 

provide the structural framework for podocytes 

but are also essential for a variety of cellular 

functions such as  motility, cell division, 

intracellular transport, cellular trafficking of 

cargo and organelles and cell junction 

formation.  In order to form an actin filament, 

cells not only initiate actin polymerization 

(nucleation) but also maintain the filament by 

controlling depolymerization.12,14  Beyond 

nucleation and maintenance of the filament, 

controlled branching and cross-linking are also 

essential to generate a complex structure such as 

lamellipodia.15,16 at the leading edge which pulls 

the cell forward or propels a membrane 

protrusion. Intermediate filaments (IF), 

microtubules (MT), and microfilaments or actin 

fibres are the three major components of the 

eukaryotic cytoskeleton found in podocytes. 

Actin fibres are mostly found in foot processes, 

while intermediate filaments and microtubules 

are localized mainly in the cell body, and the 

primary processes.12,17   All the three cytoskeletal 

components are in functional and physical 

contact with each other. Early pathological 

alterations in podocytes involve an active 

rearrangement of the FP actin cytoskeleton and 

the reorganization of the slit diaphragm, leading 

to FP effacement.18  Effacement is thought to be 

due to a breakdown in the actin cytoskeleton of 

the foot processes, which is a complex contractile 

apparatus that allows podocytes to be dynamic in 

nature and reorganize themselves rapidly.  

Vimentin, desmin, and nestin are the 

intermediate filament proteins expressed in 

mature podocytes.17 Intermediate filament 

proteins that are expressed in mature podocytes 

include vimentin, desmin and nestin.17 The 

presence of vimentin in differentiated podocytes 

underlines their mesenchymal features. IF fibers 

confer stability to the cell body that is constantly 

floating in the filtrate and exposed to enormous 

mechanical stress.17 Podocyte foot processes 

consist of cortical actin filaments and actin-

associated proteins, such as myosin, α-actinin 

and synaptopodin, which ensure the dynamic 

maintenance and reorganization of the 

cytoskeleton.  

Foot processes can be divided into three domains: 

the apical membrane domain, the slit diaphragm  

and the basal membrane domain which is in 

contact with the GBM.17 All three domains are 

physically linked to the FP actin cytoskeleton. 

The cortical actin network binds with specialised 

proteins of the slit diaphragm (especially nephrin, 

podocin, and NEPH1) at specific tethering 

points, beneath the plasma membrane of the foot 

process. In addition, FPs also express large 

macromolecular complexes called focal 

adhesions which bind the podocyte cytoskeleton 

to the extracellular matrix of glomerular structure 

and prevent their detachment.19  

The slit diaphragm membrane, which links the 

foot processes, controls the ultrafiltration of 
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molecules by signaling to the actin cytoskeleton 

within the foot processes. Along with actin 

cytoskeleton, other structural components of the 

podocyte such as vimentin-rich intermediate 

filaments and microtubules, all contribute 

towards cell shape and rigidity. Microtubules 

regulate cell motility, vesicular transport, cell 

polarity, and organization and positioning of the 

membrane organelles. Actin and microtubules 

crosstalk enables changes at the slit diaphragm to 

be conveyed to the nuclei via microtubule-

associated proteins, and enables the podocyte to 

respond to signals from the foot 

processes.20  Although all the three components 

are essential for podocytes, actin cytoskeleton 

clearly dominates the research field in podocyte 

biology. 

By signalling to the actin cytoskeleton within the 

foot processes, the slit diaphragm membrane, 

which connects the foot processes, controls the 

ultrafiltration of molecules. Other key structural 

components of the podocyte, such as vimentin-

rich intermediate filaments and microtubules, all 

contribute to cell shape and rigidity in addition to 

the actin cytoskeleton. Microtubules control cell 

motility, vesicular transport, cell polarity, and 

membrane organelle arrangement and placement.  

 

Role of actin cytoskeleton  

Actin cytoskeleton that constantly undergoes 

polymerization and severing, shows a rather 

exclusive localization within secondary 

processes15 (Schell and Huber, 2017) [15]. Actin 

filaments are made up of globular actin 

monomers and ATP is required for the efficient 

polymerization.21  The actin cytoskeleton is 

known to be modulated by a number of 

polymerizing and severing proteins. The 

synthesis of actin dimers and trimers, which is the 

rate-limiting step for filament extension.16 As 

soon as actin trimers are formed, they are rapidly 

added to the growing actin filament. 

At the front of the cell, actin filaments are 

organized into branching and cross-linked 

structures known as lamellipodia. Filopodia are 

protrusions of aligned actin bundles that extend 

from the front of the cell allowing for directional 

movement. Actin-generated forces are necessary 

for maintaining cell shape and for cell motility. 

Actin polymerization produces pushing forces, 

whereas the sliding of actin filaments along 

myosin II filaments produces pulling forces.16  

Actin polymerization into filaments is tightly 

controlled by actin-binding proteins.22  

Changes in actin dynamics appear to be a major 

driver in modifying podocyte morphology and 

glomerular permeability, since actin-mediated 

cell plasticity is a key feature of normal podocyte 

function. The function of the podocyte is based 

on the maintenance of highly ordered, parallel 

contractile actin filament bundles in foot 

processes. Podocyte injury can be caused by the 

reorganisation of the foot process actin 

cytoskeleton leading to podocyte foot process 

effacement and slit diaphragm disruption.  

The podocyte foot processes are structurally 

shaped by an extensive actin cytoskeleton.23 The 

foot processes are endowed with a 

microfilament-based contractile apparatus 

composed of actin, myosin-II, α-actinin, talin, 

paxillin, and vinculin, and are anchored to the 

GFB via an α3β1-integrin complex.24 Disruption 

of the cytoskeleton is known to cause podocyte 

foot process effacement and fusion of filtration 

slits leading to slit diaphragm dysfunction, 

followed by proteinuria. Therefore, maintenance 

of the actin cytoskeleton and actin cytoskeletal 

dynamics are thus critical for normal podocyte 

function and preservation of the integrity of the 

GFB. 

 

Genes involved in the actin cytoskeleton  

Several genetic loss or gain-of-function models 

affecting the cytoskeleton and recapitulating 

hereditary human disorders highlight the 

importance of the podocyte actin cytoskeleton 

and podocyte–GBM interactions in the 

development of foot process effacement.25 (Table 

:1). 

 

TABLE 1: Actin-associated genes /proteins in podocytes 

Genes Actin-associated protein Actin-related functions 

ACTN4 

 

α-Actinin-4 Bundling of actin fibers; crosslink actin filaments through its N-

terminal actin-binding domain comprised of two calponin homology 

domains; link actin filaments to Z-lines in striated muscles; link focal 

adhesions to actin cytoskeleton; crosslink stress fibers; interact with 
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other proteins such as β1-integrin, synaptodpodin, 

phosphatidylinositol 3-kinase and vinculin. 

 

ANLN Anillin Scaffold protein linking RhoA with actin 

ARHGAP

24 

Rho GTPase-activating 

protein 24 

Rho-activated GAP for Rac 

ARHGDI

A 

Rho GDP-dissociation 

inhibitor α (RhoGDIα)  

Inhibition of RhoGTPase activation 

AVIL Advillin Ca2+ regulated actin-binding protein 

CTNNA1 α-Catenin D Adaptor for actin filaments and other actin-associated proteins; 

regulation of actin polymerization and suppression of actin 

branching. 

 β/γ-Catenin  Anchorage of cell-cell contacts to actin filaments; communication 

between cell junctions and gene expression in the nucleus 

CD2AP CD2 associated protein 

  

Modulating podocyte TGFβ response to prevent a proteolytic 

program that would culminate in decreased levels of essential 

cytoskeletal components such as dynamin and synaptopodin; 

Organization of cell-cell adhesions; anchorage of cell-cell adhesions 

to actin filaments. 

CDC42 Cdc42  RhoGTPase; induction of filopodia formation. 

CFL1 Cofilin-1   Severing of actin filaments; induction of actin branching 

CTTN Cortactin  Formation of branched cortical actin networks. 

EZR Ezrin  Linkage of actin to the cell surface; organization of cell-cell 

adhesions. 

FAT1 Fat cadherin 1 Connects slit diaphragm and actin cytoskeleton. 

FAK Focal adhesion kinase Signal mediator at focal contacts that regulates cell adhesion and 

actin organization. 

INF2 

 

Inverted formin 2 

 

Elongate actin filaments at a rapid rate;  actin-related protein 2/3 

(Arp2/3) complex form branched actin networks; Acceleration of 

actin polymerization and depolymerization. 

KANK1 

KANK2 

KANK 

Kidney ankyrin repeat-

containing protein 

Regulates actin polymerization 

RAPH1 Lamellipodin  Promotion of lamellipodia formation; regulation of focal adhesion 

dynamics. 

MYO1E 

 

Nonmuscle membrane-

associated class I myosin 

Non-muscle myosin generates tension by binding F-actin, which in 

turn generates the contractile forces that help the glomerular 

capillaries to resist the high intraluminal hydrostatic pressure. 

NCK1/2 Nck1/2  Adaptor protein at cell-cell and cell-matrix contacts that regulates 

cell signaling and actin organization; stabilization of RhoA and actin 

stress fibers. 

NPHS1 Nephrin Phosphorylation of tyrosine residues of nephrin by Fyn allows 

binding of Nck adapter proteins, leading to the nucleation and 

polymerization of actin filaments. 

PAK1/2 p21-activated kinase Lamellipodia and protrusion formation; downstream target of Rac1 

and Cdc42. 

PXN Paxillin  Cell-matrix adhesion; anchorage of focal contacts to actin filaments. 

PLCG1 PLCγ1  Regulation of RhoGTPases and actin dynamics. 

PLCε1 Phospholipase Cε1 

 

PLC-gamma 1 binds to the actin-cytoskeleton (phosphotyrosine and 

F-actin) directly via its C-terminal SH2 domain. 

PODXL Podocalyxin Modulates actin cytoskeleton 

NPHS2 Podocin Mechanosensing protein linking plasma membrane to actin 

cytoskeleton. 

RAC1 Rac1  RhoGTPase; induction of lamellipodia formation. 

RHO RhoA  RhoGTPase; induction of stress fiber formation 
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SYNPO Synaptopodin  Actin bundling; regulates RhoA activity; promoting the production 

of actin stress fibres; inhibition of lamellipodia and filopodia 

formation; Actin-associated protein for foot process motility. 

TLN1 Talin  Cell-matrix adhesion; anchorage of focal contacts to actin filaments. 

TNS2 

 

Tensin2  Linkage of actin to integrins; organization of the cortical actin 

cytoskeleton; regulation of cell migration. 

TPM1 Tropomyosin  Regulation of actin-myosin interactions in sarcomeric contraction; 

regulation of actin dynamics and cell migration. 

TPRC6 Transient receptor potential 

channel6 

Regulates Ca2+ signaling for mechanosensation 

Activates RhoA and Rac1. 

WASL N-WASP  

(Neural Wiskott-Aldrich 

syndrome protein) 

Promotion of actin nucleation. 

 

 

Nephrin 

Nephrin, encoded by NPHS1, is perhaps the most 

important of the slit diaphragm proteins. Nephrin 

is a transmembrane protein with eight 

extracellular immunoglobulin domains, a 

fibronectin III domain, and an intracellular 

domain with several tyrosine 

residues.26 Phosphorylation of these tyrosine 

residues by Fyn allows binding of Nck adapter 

proteins, leading to the nucleation and 

polymerization of actin filaments. Once the 

mature intercellular junctions have been formed, 

phosphorylation ceases and nephrin signaling 

stops, confirming a functional relationship 

between podocyte intercellular junction-

associated proteins and actin cytoskeleton 

dynamics.27  Nck adapter proteins also interact 

with N-WASP or p21-activated kinases (PAKs) 

to regulate the actin cytoskeleton.28,29  PAKs, 

along with other molecules downstream of 

nephrin-like phospholipase cγ1 and 

phosphoinositide 3-OH kinase (PI3K), are 

thought to interact with Rac1 (and Cdc42 in the 

case of PAK) to mediate actin reorganization.30  

Nephrin phosphorylation is thought to have a 

further role in actin dynamics through the 

regulation of lamellipodia formation, utilizing its 

ability to assemble protein complexes that can 

bind actin together into broad three dimensional 

structures that resemble lamellipodia.3,32 

Phosphorylation of nephrin via the Src family 

may contribute to the induction of rapid changes 

in the organization of the actin during the 

development of FP effacement.27  It has also been 

shown to reverse the impact by depolymerizing 

actin with cofilin, an actin-depolymerizing 

protein having a natural role in the recycling of 

actin within podocytes effect by depolymerizing 

actin using cofilin, an actin-depolymerizing 

protein that has a natural role within podocytes in 

the recycling of actin.32  

 

ACTN4 

One of the first discovered cytoskeletal linked 

proteins causing specific podocyte dysfunction 

was actinin-4 (ACTN4).33 α-Actinin-4 expressed 

in podocytes plays a key role in the maintenance 

of podocyte architecture. α-Actinin-4 is one of 

the actin crosslinking proteins in podocytes, and 

gain of function mutations have been associated 

with formation of aggregated and rapidly 

degraded cytoskeletal proteins. The putative 

function of α-actinin-4, is to crosslink actin 

filaments through its N-terminal actin-binding 

domain comprised of two calponin homology 

domains. α-Actinin is also required to link actin 

filaments to Z-lines in striated muscles.34 where 

they crosslink stress fibers. Besides, α-actinin-4  

interacts with a number of other proteins such as 

β1-integrin,35 synaptodpodin,36 vinculin37 and 

phosphatidylinositol 3-kinase.38  

Phosphorylation by focal adhesion kinase 

(FAK),39 phosphoinositides binding,38 and to 

intracellular calcium sensitivity,40  may change 

the actin-binding properties and localization of α-

actinin following various environmental stimuli. 

Interestingly, mutations in ACTN4 cause a wide 

range of functional impairments ranging from 

decreased protein stability,41 gain-of-function, 

subcellular mislocalization, and increased 

filamentous actin (F-actin)  affinity and binding 

capacity.42  Aberrant sequestering of K256E α-

actinin-4 reduced the mean number of actin-rich 

peripheral projections, impairs podocyte 

spreading, motility, and reduces the number of 

peripheral projections.24 These alterations 

translate into impaired cytoskeletal dynamics 

characterized by decreased cellular spreading and 
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attenuation of podocyte migration.24   Such 

intrinsic cytoskeletal derangements may underlie 

initial podocyte damage and foot process 

effacement encountered in ACTN4-associated 

FSGS.  

 

CD2-AP 

The slit-diaphragm is anchored to the podocyte 

by adaptor proteins (CD2-AP, podocin, α-

actinin-4). Recombinant mice deficient in CD2-

AP,43 podocin,44 or α-actinin-4,45 all develop 

significant proteinuria, although typically less 

severe than in nephrin-deficient mice. Thus, 

defects in podocyte-slit-diaphragm proteins lead 

to massive proteinuria, suggesting that the 

podocyte-slit diaphragm complex is critical to 

maintaining the GFB.  

CD2AP is recruited by Rac1 to regulate cell–cell 

contacts in the podocyte.46  RhoA has been found 

to be involved in a signalling pathway mediated 

by CD2AP, despite the fact that the other Rho 

GTPases have not been shown to have direct 

interactions with CD2AP.47 An elegant study 

demonstrated that lack of CD2AP promoted 

upregulation of cytosolic cathepsin L (CatL) via 

translocation of dendrin to the nucleus, resulting 

in the proteolysis of synaptopodin, dynamin, and 

RhoA, which regulate the actin cytoskeleton.47 

Furthermore, CD2AP has been shown to  play a 

role in modulating podocyte TGFβ response in 

order to prevent a proteolytic program that would 

culminate in decreased levels of essential 

cytoskeletal components such as dynamin and 

synaptopodin.15 A similar cellular phenotype was 

reported in the case of missense mutations of 

ARHGAP24, a small GTPase modulator which is 

specifically expressed in podocytes resulted in 

increased membrane ruffling dynamics, a 

phenotype which is thought to partially reflect 

podocyte foot process effacement in vitro.48  

 

Transient receptor potential-6 channel 

(TRPC6) 

Transient receptor potential-6 channel (TRPC6) 

is a Ca2+-permeable nonselective cation channel 

at the slit diaphragm that interacts with nephrin 

and podocin. Mutations in TRPC6 result in late-

onset autosomal dominant FSGS, which, 

interestingly, mostly results in a pathological 

increase in calcium influx.49  TRPC-mediated 

calcium influx has been shown to promote RhoA 

activity and inhibits podocyte migration. 

Excessive calcium influx associated caused by 

TRPC6 mutations may render the podocyte too 

“stiff” to respond to cues in the environment, 

resulting in stress fiber and cytoskeleton 

disorganization and cell death.50  TRPC6 also  

allow the slit diaphragm to detect membrane 

stretch and respond to this by remodeling the 

actin cytoskeleton to a contractile state.51 

 

Synaptopodin  

Synaptopodin, an actin-binding protein is highly 

expressed in differentiated podocytes.52  

Synaptopodin interacts with α-actinin and 

regulates the actin-bundling activity of α-

actinin.36 Synaptopodin also interacts directly 

with CD2AP and MAGI-1 (membrane-

associated guanylate kinase), two adaptor 

proteins that link cell surface receptors to the 

actin cytoskeleton at the slit-diaphragm and the 

basement membrane, respectively.53 Besides 

providing a physical linkage to the actin 

cytoskeleton, synaptopodin promotes the 

production of actin stress fibres which is essential 

for the stabilization of the cytoskeleton by 

positively regulating RhoA activity, via Smurf1-

mediated ubiquitination of RhoA, thereby 

preventing the targeting of RhoA for proteasomal 

degradation.36,54 Kemeny et al. (1997)55 reported 

a loss of synaptopodin expression in a renal 

biopsy specimen from patients with FSGS. This 

observation was confirmed by a study of 13 

children with FSGS, in whom synaptopodin 

expression was absent from areas of sclerosis and 

weak in nonsclerotic glomeruli.56  

 

Formins 

Inverted formin 2 (INF2), a member of the 

formin protein family, is another cytoskeletal 

gene promote actin filament assembly by 

accelerating filament nucleation and elongation 

and by blocking filament capping.57 INF2 can 

also accelerate F-actin depolymerization and 

filament severing.58 Mutations in the INF2 gene 

are a common cause of familial FSGS.  In 

general, INF2 promotes actin polymerization by 

staying associated with the growing barbed end 

of an actin filament and by directly binding 

mammalian diaphanous-related formin (mDia).57 

Majority of INF2 mutations are found in the 

autoinhibitory region (diaphanous inhibitory 

domain), implying increased activity of this 

protein promotes glomerular dysfunction.59  

INF2 interacts with the actin-modifying proteins 
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profilin and CAPZ, whereas INF2 mutations 

disrupt these interactions.60  

 

Rho GTPases  

The small GTPases of the Rho family (RhoA, 

Rac1, Cdc42) are the most important proteins in 

regulating actin dynamics. For example, Rac1 

can stimulate Arp2/3 and enhance the production 

of branching actin, as well as induce actin 

polymerization at cell–cell junctions to reinforce 

cell–cell contacts.61 Rac1 activates p21-activated 

kinase (PAK), which phosphorylates and 

activates Lim kinase (LIMK). Activated LIMK 

mediates cofilin phosphorylation and inhibits 

actin filament depolymerization, thus limiting the 

amount of actin turnover and increasing stress 

fiber formation.62  The Rho GTPases cycle 

between two distinct conformational states: they 

are active when bound to GTP and inactive when 

bound to GDP.63 The complex interplay between 

these small GTPases and their tightly controlled 

spatial and temporal distribution play a 

significant role in modifying the podocyte 

cytoskeleton and cell–cell adhesion. RhoA has a 

role in the initial events of protrusion and is 

activated at the cell edge synchronous with edge 

advancement, whereas Cdc42 and Rac1 are 

activated just behind the cell edge 40 seconds 

later than RhoA, and activate pathways 

implicated in the reinforcement and stabilization 

of newly expanded protrusions.64   

Rho GTPases activate two different kinds of 

molecules that directly stimulate actin 

polymerization, WASP/ WAVE proteins and 

Diaphanous-related formins (DRFs). 

WASP/WAVE proteins induce actin 

polymerization via the Arp2/3 complex, which 

stimulates the formation of a new actin filament 

branching off an existing filament.65 Cdc42 binds 

directly to WASP and N-WASP and stimulates 

their activation of the Arp2/3 complex.66  The 

ability of WASP proteins to stimulate actin 

polymerization is also regulated by 

phosphorylation and by protein–protein 

interactions, for example they bind via their 

proline-rich region to the Src homology 3 (SH3) 

domain of cortactin, a well known regulator of 

both actin dynamics and endocytosis.66,67  

The DRFs (Dia1, Dia2 and Dia3) stimulate the 

nucleation and extension of non-branching actin 

filaments. They bind as dimers at the barbed (or 

plus) end of actin filaments, preventing the 

binding of capping proteins, which normally 

terminate actin polymerization.68 Each DRF is 

activated by a distinct subset of Rho GTPases. 

RhoGTPases are essential for the organization of 

the actin cytoskeleton and promote specialized 

actin structures such as stress fibers (RhoA), 

lamellipodia (Rac1) and filopodia (Cdc42).69 

Both integrins and dystroglycans are coupled via 

various adapter molecules to the podocyte 

cytoskeleton, allowing the transfer of mechanical 

stress from the extracellular matrix to the FP 

actin cytoskeleton.18 (Figure ;1) 

 

 

                                            FIGURE 1: Rho Signalling Pathway  
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Neph1 

Nephrin-Neph1 complex transduces 

phosphorylation-mediated signals that assemble 

an actin polymerization complex at the podocyte 

intercellular junction. Upon engagement, Neph1 

is phosphorylated on specific tyrosine residues 

by Fyn, which results in the recruitment of Grb2, 

an event that is necessary for Neph1-induced 

actin polymerization at the plasma membrane. 

Importantly, Neph1 and Nephrin directly interact 

and, by juxtaposing Grb2 and Nck1/2 at the 

membrane following complex activation, 

cooperate to augment the efficiency of actin 

polymerization.70  

 

Podocalyxin 

Podocalyxin’s C-terminal binding motif (DTHL) 

interacts with Na+/H+ exchanger regulator 

proteins (NHERF1 and NHERF2) and actin-

binding protein ezrin, and can modify the 

cytoskeleton through these interactions.71 When 

podocalyxin is knocked down, podocytes 

develop abnormal cell morphology. Knockout of 

the PODXL gene in mice results in loss of foot 

processes and loss of the slit diaphragm entirely 

causing a phenotype of anuric renal failure, 

omphalocele, and perinatal death.72  A reported 

loss-of-function mutation in PODXL has been 

reported clinically with a very similar phenotype 

to the one observed in PODXL knockout mice.73  

 

Focal adhesions  

In podocytes, focal adhesions link the GBM to 

the actin cytoskeleton of foot processes and are 

under significant tensile and shear stress forces. 

To withstand these forces, the actin cytoskeleton 

in focal adhesions flows in a retrograde direction 

in the vicinity of the podocyte membrane in 

contact with the GBM.74 In addition, actin is 

arranged in linear filaments (stress fibers) in the 

vicinity of focal adhesions and actin filaments are 

also cross-linked by myosin II and α-actinin, 

allowing for increased podocyte adhesion to the 

GBM via actomyosin contractility.74 Key 

components of focal adhesions that link the cell 

exterior to the FP actin array include integrins 

and GTPases. 

 

MYO1E 

One of the essential crosslinkers is Myo1e, a non-

muscle class I myosin, whose gene mutations  

underlie FSGS.75 Without appropriate actin 

binding, actin and myosin dynamics are 

impaired, leading to ineffective contractions. 

Actin by itself is inert and needs appropriate 

bundling and coupling with myosin to form the 

contractile apparatus that provides the 

mechanical force needed for movement. The 

primary role of non-muscle myosin is to generate 

tension by binding F-actin, which in turn 

generates the contractile forces that help the 

glomerular capillaries to resist the high 

intraluminal hydrostatic pressure.75 Since actin 

needs myosin for movement, any mutations 

affecting myosin can cause diseases which alter 

the actin cytoskeleton. Most notable in regards to 

podocytes are mutations in the MYH9 gene, 

which encodes non-muscle myosin class II 

isoform A, and MYO1E, which is a membrane-

associated class I myosin.75  

 

Anillin and Advillin 

Proteins anillin, coded on the ANLN gene, and 

advillin, coded on AVIL gene, are both F-actin-

binding proteins needed for podocyte motility 

and both have mutations that are associated with 

kidney disease.77,78 Besides,  anillin and advillin 

also interact with CD2AP and PLCε1, 

respectively, of the slit diaphragm,77 to regulate 

and coordinate motility while maintaining the 

filtration barrier.78  

 

Dynamin 

Dynamin-actin interactions promote GTP-

dependent dynamin oligomerization, which 

releases a capping protein gelsolin from the 

barbed ends resulting in potent actin 

polymerization from the fast, growing barbed 

ends which in turn lead to focal adhesion 

maturation.79  

 

CONCLUSIONS 

The above review will not only improve our 

understanding of the molecular mechanisms 

regulating podocyte actin dynamics and the 

events underlying podocytopathies but also 

identify  the potential areas for the discovery of 

novel therapeutic targets  to treat glomerular 

diseases. 
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