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Abstract 

 

The glomerulus is the filtration unit of the kidney. When its permselectivity (barrier function) is 

impaired, leakage of proteins in urine (proteinuria) occurs – this is a hallmark of kidney disease 

and a prognostic of severity. Visceral glomerular epithelial cells (podocytes) are critical for the 

permselectivity of the glomerulus. Podocytes have actin-based finger-like projections called foot 

processes that interdigitate at the glomerular capillary to support macromolecular filtration. 

Dysregulation of the podocyte cytoskeleton can cause foot process effacement or detachment and 

is characteristic of focal segmental glomerulosclerosis (FSGS). Cytoskeletal regulation is a major 

function of the Rho family of small GTPases (Rho GTPases); these are in turn activated by guanine 

nucleotide exchange factors (GEFs) and inactivated by GTPase-activating proteins (GAPs). 

Dysregulation of the Rho GTPases RhoA, Rac1, and Cdc42 is deleterious to renal function and 

disruptive to the podocyte actin cytoskeleton. 

Recent proximity-dependent biotin identification (Bio-ID) data from the Takano lab has shown 

that in podocytes, ARHGAP31 (CdGAP) and ARHGEF7 (β-PIX) are the top Rac1-interacting 

GAP and GEF, respectively. More recently, we have discovered that CdGAP and β-PIX interact 

physically by coimmunoprecipitation. We therefore speculated that CdGAP and β-PIX may 

interact physically and functionally to modulate focal adhesion dynamics. 

This work identifies the CdGAP-β-PIX interacting domains and investigates the functional nature 

of the interaction through a combination of gene knockdown and overexpression techniques. On 

the basis of these findings, I propose a mechanism under which CdGAP and β-PIX form a complex 

in the cytosol of human podocytes, wherein CdGAP is unable to exert GAP activity on Rac1/Cdc42 

at basal conditions. Upon EGF stimulation, CdGAP and β-PIX jointly migrate to the cell 

membrane, where they exert their respective effects on Rac1/Cdc42 activity and focal adhesion 

dynamics. Furthermore, CdGAP knockdown in podocytes increases levels of membrane-bound β-

PIX, suggesting the GAP retains the GEF cytosolically at basal conditions. These findings 

collectively support a mechanism for targeted regulation of local Rac1/Cdc42 activity, and thus of 

focal adhesion dynamics, in human podocytes. 
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Résumé 

 

Le glomérule est l'unité de filtration du rein. Lorsque sa “permsélectivité” (fonction de barrière) 

est altérée, une fuite de protéines dans l'urine (protéinurie) se produit – c'est une caractéristique de 

la maladie rénale et un indice de gravité de la maladie. Les cellules épithéliales glomérulaires 

viscérales (podocytes) sont essentielles à la “permsélectivité” du glomérule. Les podocytes ont des 

projections en forme de doigt à base d'actine appelées « processus du pied » qui s'interdigitent au 

niveau du capillaire glomérulaire pour soutenir la filtration macromoléculaire. La dérégulation du 

cytosquelette podocytaire peut causer un effacement ou un décollement des processus du pied et 

est caractéristique de la glomérulosclérose segmentaire focale. La régulation du cytosquelette est 

une fonction majeure de la famille des petites Rho GTPases (Rho GTPases); celles-ci sont à leur 

tour activées par les facteurs d'échange de nucléotides de guanine (GEF) et inactivés par les 

protéines activatrices de la GTPase (GAPs). La dérégulation des Rho GTPases RhoA, Rac1 et 

Cdc42 est délétère pour la fonction rénale et perturbe le cytosquelette d'actine podocytaire. 

Des données Bio-ID récentes du laboratoire du Dr. Takano ont montré que dans les podocytes, 

ARHGAP31 (CdGAP) et ARHGEF7 (β-PIX) sont les principales GAP et GEF interagissant avec 

Rac1, respectivement. Plus récemment, nous avons découvert que CdGAP et β-PIX interagissent 

physiquement par coimmunoprécipitation. Nous avons donc émis l'hypothèse que CdGAP et β-

PIX peuvent interagir physiquement et fonctionnellement pour moduler la dynamique d'adhésion 

focale. 

Ce travail a conduit à identifier les domaines d'interaction CdGAP-β-PIX et à étudier la nature 

fonctionnelle de cette interaction en utilisant une combinaison de techniques d'élimination et de 

surexpression des gènes. Sur la base de ces résultats, je propose un mécanisme en vertu duquel 

CdGAP et β-PIX forment un complexe dans le cytoplasme des podocytes humains, dans lequel 

CdGAP est incapable d'exercer une activité GAP sur Rac1/Cdc42 dans des conditions basales. 

Lors de la stimulation par EGF, CdGAP et β-PIX migrent conjointement vers la membrane 

cellulaire, où ils exercent leurs effets respectifs sur l'activité Rac1/Cdc42 et la dynamique 

d'adhésion focale. En outre, l’élimination de CdGAP dans les podocytes augmente les niveaux de 

β-PIX liée à la membrane, ce qui suggère que CdGAP retient cytosoliquement β-PIX dans des 

conditions basales. Ces résultats soutiennent collectivement un mécanisme de régulation ciblée de 

l'activité locale Rac1/Cdc42, et donc de la dynamique d'adhésion focale, dans les podocytes 

humains. 
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Chapter 1: Introduction and Literature Review 

 

1.1 The kidney  

 

The kidney is a paired organ responsible for the filtration of blood – the first step of urine 

formation. Healthy adult kidneys can filter as many as 180 L of blood per day, and in doing so, 

they carry out critical homeostatic functions. These include electrolyte and acid-base homeostasis, 

maintenance of blood pressure, and other endocrine regulatory roles (1). 

The nephron is the functional unit of the kidney. It has previously been believed that each 

kidney contains an approximate 1 million nephrons, yet further investigation has revealed that 

nephron number can vary drastically between individuals, with studies reporting nephron numbers 

(per kidney) ranging from 331,000 to 2,702,000 across varied populations (2, 3). Much of the 

variation in nephron endowment is present from birth, with numerous health factors affecting 

subsequent nephron loss throughout one’s lifetime (2). It follows that an abundance of functional 

nephrons is critical for kidney health. 

The nephron is composed of two major subunits: the glomerulus and the tubule. Blood enters 

the kidney via renal artery and makes its way to the glomerulus (the proximal-most part of the 

nephron), where initial filtration takes place (Fig. 1A). The resulting ultrafiltrate passes into the 

proximal tubule, loop of Henle, distal tubule, and finally the collecting duct, by which point it has 

been transformed into its final urine product (1).  

 

1.1.1 The glomerulus 

 

The glomerulus itself consists of a network of tightly wound capillaries seeded within a capsule 

termed Bowman’s capsule. (In fact, the term glomerulus stems from the Latin glomus, or ball of 

yarn, representing the capillary tuft.) Capillary loops are supported by the scaffolding of the 

mesangium, a structure composed of matrix and mesangial cells. Mesangial cells are smooth 

muscle-like pericytes that carry out phagocytotic, intercellular signaling, and immunoregulatory 
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functions in the glomerulus (4). Their contractile properties permit them regulate capillary blood 

flow, and subsequently, glomerular filtration rate (5).  

Glomerular capillaries are characterized by their fenestrated endothelial cells, which allow 

for the passage of water and small solutes (6). These cells are separated from the urinary space by 

two additional strata: the glomerular basement membrane (GBM) that sits atop the capillaries, and 

the overlaying glomerular epithelial cells (or podocytes). Together, these three components make 

up the glomerular filtration barrier (Fig. 1B) (7). This barrier allows for selective permeability, 

such that water and small solutes (i.e., ions, amino acids, glucose, urea) can pass into the urinary 

space, while larger plasma components (i.e., albumin) and cells are retained in the capillary and 

returned to circulation (8). The glomerular filtration barrier also retains anionic macromolecules; 

it is hypothesized that this property attributes to the exclusion of albumin from ultrafiltrate (9, 10). 

Conversely, loss of integrity of the glomerular filtration barrier can result in passage of protein 

into the urine, or proteinuria. This is both a hallmark of kidney disease and a prognostic of severity 

and highlights the importance of the glomerular filtration barrier to kidney health. 
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Figure 1: Anatomy of the nephron and glomerular filtration barrier. A: Anatomy of the 

nephron. Blood enters via the afferent arteriole, is filtered into the glomerulus (via the glomerular 

filtration barrier). Filtrate passes through the proximal tubule, loop of Henle, distal tubule, and 

makes its way into the collected duct. B: The glomerular filtration barrier consists of glomerular 

endothelial cells (of the capillary), the glomerular basement membrane, and glomerular epithelial 

cells (or podocytes). The slit diaphragm serves as a fine macromolecular sieve and an intracellular 

contact point between podocyte foot processes. A healthy filtration barrier (top) retains albumin. 

In diseased condition (bottom), foot processes widen, the slit diaphragm narrows, and blood 

albumin is no longer retained in the capillary space, but rather passes into Bowman’s space. 

Arrows illustrate podocyte buttressing forces (green), circumferential wall stress on the glomerular 

basement membrane (blue), and compressing force of fluid filtration (red).  

A: This figure was published in The Lancet, Vol 382, Kai-Uwe Eckhardt, Josef Coresh, Olivier 

Devuyst, Richard J Johndon, Anna Kottgen, Andrew S Levey, Adeera Levin, Evolving importance 

of kidney disease: from subspecialty to global health burden, 158-169, Copyright Elsevier (2013). 

B: Reproduced and modified with permission from Benzing, D Salant. N Engl J Med 

2021;384:1437-1446, Copyright Massachusetts Medical Society. 
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1.1.1.1 The glomerular basement membrane (GBM) 

 

The GBM is formed by fusion of the two adjacent endothelial and epithelial basement membranes, 

followed by further deposition of basement membrane proteins by the epithelium during 

glomerular maturation (11). Thicker than most basement membranes, it is also unique in its 

composition. The GBM is made up of type IV collagen, laminin, nidogen, and heparan sulfate 

proteoglycan (HSPG) (12). However, while perlecan is the most predominant HSPG in most 

basement membranes, it is present only in low levels in the GBM, where agrin is the dominant 

HSPG isoform instead (13). Although both nidogens and HPSGs support GBM integrity by 

scaffolding of other components (13, 14), GBM disorders most often arise from dysregulation of 

collagens and laminins themselves.  

The type IV collagen family comprises six alpha chains which can self-assemble into 

trimers that form a larger matrix. Of these, the most abundant collagen IV trimer in the GBM is 

α3α4α5, along with the less abundant α1α2α1 trimer (15). It was found that mutation of the 

COL4A5 gene (which encodes the collagen IV α5 chain) gives rise the more prevalent X-linked 

form of Alport syndrome; a condition characterized by hematuria, proteinuria, progressive renal 

failure and loss of hearing (16, 17). However, mutations in the COL4A3 and COL4A4 genes have 

also been identified as causing autosomal recessive form of the disease (18). Degradation of the 

α3α4α5 collagen IV chain in patients with Alport syndrome is accompanied by an increased 

compensatory abundance of the α1α2α1 collagen chain, which renders the GBM more susceptible 

to endoproteolysis. This causes gradual and segmental thinning and thickening, splitting, and 

eventually deterioration of the membrane (19). Some patients, however, do not exhibit the split 

GBM and instead present with focal segmental glomerulosclerosis (FSGS) accompanied by 

significant levels of proteinuria (20). Collectively, these pathologies highlight the significance of 

tightly regulated collagen IV deposition to the structural integrity of the GBM. 

Like type IV collagen, laminin exists in a trimer structure consisting of an α, β, and γ chain, 

which are assembled from a selection of five α, four β, and three γ monomers (21). Of these, the 

major laminin trimer present in the GBM is laminin-521 (α5β2γ1), however two other laminins 

(laminin-111 and laminin-511) appear throughout GBM development and maturation (22). A 

mutation in LAMB2 (the gene encoding laminin β2) has been identified as causing congenital 
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nephrotic syndrome termed Pierson syndrome (23, 24). Clinical manifestations of the disease are 

varied, as are the causative LAMB2 mutations. However, most patients present with some degree 

of nephrotic syndrome that can be accompanied by ocular and neurological abnormality (25–27). 

In vivo studies revealed that the GBM of LAMB2-/- mice contained ectopic deposition of other 

laminins; however, this compensatory response is insufficient as the GBM remains too porous 

(i.e., lacking permselectivity), resulting in heavy proteinuria and early death (28). Adequate 

distribution of laminin is, therefore, critical to GBM function.  

 

1.1.1.2 The podocyte  

 

Atop the GBM lies the final layer of the filtration barrier: the podocytes. Podocytes are terminally 

differentiated glomerular epithelial cells with a unique architecture that supports filtration. They 

are made up of three distinct components: a cell body that branches off into primary actin-based 

processes, which in turn branch off into smaller, secondary processes called foot processes (Fig. 

2A, B). Major processes extend outward from the cell body and wrap around the glomerular 

capillaries, while foot processes interdigitate with those of neighboring podocytes (29, 30) – thus, 

podocytes cover most of the capillary surface area. The small space that remains between adjacent 

foot processes is the filtration slit. It is bridged by the slit diaphragm; an intercellular contact point 

between foot processes that can be described as a modified adherens junction (Fig. 2C). The slit 

diaphragm network serves as a filtration mesh, and is the final component of the glomerular 

filtration barrier (31), leading into the urinary space. Thus, the structural integrity of the slit 

diaphragm, and in turn of the podocytes that sustain it, is critical to glomerular filtration (Fig. 2D). 

Conversely, dysregulation of podocyte focal adhesions (macromolecular complexes that link the 

cytoskeleton and extracellular matrix) can result in foot process effacement (thus disrupting the 

slit diaphragm), or even cell detachment from the GBM, resulting in the degradation of the 

filtration barrier (Fig. 2E).  
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Figure 2: Podocyte architecture supports slit diaphragm maintenance. A: Podocytes wrap 

around glomerular capillaries and their foot processes interdigitate with one another. (P) denotes 

the podocyte cell body, asterisks (*) demarcate foot processes, and arrows denote slit diaphragm 

between foot processes. B: Enlarged version of (A). C: The podocyte slit diaphragm is composed 

of transmembrane proteins and scaffold proteins, which connect the slit diaphragm to the podocyte 

actin cytoskeleton. D: A normal slit diaphragm has extensive surface area that supports filtration 

(left), which is supported by adjacent interdigitating foot processes (right). E: Loss of slit 

diaphragm area (left) is caused by foot process effacement (right) under disease conditions. Left 
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panels of (D) and (E) show immunofluorescent staining for the slit diaphragm markers nephrin 

(magenta) and podocin (green). 

A, B: Reproduced with permission from Perico, L, Conti, S, Benigi, A, Remuzzi G. Nat Rev 

Nephrol 2016; 12:692 – 710, Copyright Springer Nature Limited. 

C, D (left), E (left): Reproduced with permission from Benzing, D Salant. N Engl J Med 

2021;384:1437-1446, Copyright Massachusetts Medical Society. 

D (right), E (right): This figure was published in Trends in Cell Biology, Vol 17, Christian Faul, 

Katsuhiko Asanuma, Etsuko yanagida-Asanuma, Kwanghee Kim, Peter Mundel, Actin up: 

regulation of podocyte structure and function by components of the actin cytoskeleton, 428-427, 

Copyright Elsevier (2007). 

 

 

We are born with an estimated 800 podocytes per glomerulus, and this number is 

consistently dropping (32). Podocyte loss is most pronounced in cases of glomerular disease, but 

these cells are also subject to more routine stressors throughout their lifetime. For example, while 

they require a physiological level of transcapillary pressure for maintenance, hypertension can be 

damaging to podocytes. Under excess mechanical stress, podocytes become hyertrophic (thereby 

obstructing an increasing amount of capillary filtration space), their primary processes thin, and 

their foot processes efface, leading to eventual cell detachment (33). Overactivation of the renin-

angiotensin-aldosterone system (RAAS), which can drive hypertension via production of 

angiotensin II (a potent vasoconstrictor), causes further damage as it promotes formation of 

intracellular and mitochondrial reactive oxygen species (ROS) (34, 35). Angiotensin II also 

promotes secretion of aldosterone, a mineralcorticoid required for electrolyte homeostasis, which 

can induce further oxidative stress (35). Studies have shown that both angiotensin II and 

aldosterone contribute to kidney injury, and that in podocytes, injury is driven in part by 

cytoskeletal rearrangement (36–39). Similarly, immunologic stressors like cytokines and 

complement can damage podocytes through numerous pathways, some of them affecting 

cytoskeletal integrity (40–42).   

Indeed, the podocyte cytoskeleton is critical to its maintenance of glomerular 

permselectivity. While the cell body is dense in organelles to support both anabolic and catabolic 

activity of the podocyte, the primary processes contain far fewer organelles. Their function, rather, 
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is to support the intricate branching architecture of the podocyte. A network of intermediate 

filaments (primarily desmin and vinculin) and microtubules extend from the cell body and 

throughout primary processes, eventually leading to the branching of primary processes into foot 

processes (30, 43). At the site of foot processes, intermediate filaments meet with an actin network 

that is composed of both short, branched filamentous actin (F-actin) filaments, as well as long, 

ordered contractile F-actin filament bundles spanning the length of the foot process (30). F-actin 

also forms a high arch to connect neighboring foot processes of the same podocyte; it is this arch 

that serves as a connection point to the intermediate filament and microtubule network that spans 

the rest of the cell, effectively linking the contractile apparatus of the foot process to the entire 

podocyte cytoskeleton (29). At the base of the foot process are large macromolecular protein 

complexes termed focal adhesions; these actin endpoints are critical for anchoring the podocyte to 

the GBM, but also support actin polymerization and intracellular signal transduction (44). 

The actin cytoskeleton is essential to foot process maintenance, and its reorganization is 

deleterious to podocyte function, often giving rise to foot process effacement (45–48). This is 

characteristic of many forms of kidney disease, including focal segmental glomerulosclerosis 

(FSGS). FSGS is a histopathological injury characterized by partial (segmental; affecting only a 

portion of the glomerular tuft) scarring (sclerosis) that is localized (focal) to some glomeruli (49). 

Although both cause and clinical presentation can vary, FSGS is often accompanied by proteinuria 

and foot process effacement (49, 50). FSGS affects the entire glomerulus, but often arises from 

dysregulation of the podocyte in particular (48). 

Indeed, mutations of numerous members of the podocyte cytoskeleton regulatory network 

have been linked to familial FSGS. α-actinin-4, a protein that mediates connection of the actin 

cytoskeleton to focal adhesions, is one such example (51). Mutations in the ACTN4 gene have 

been found to cause a hereditary form of focal segmental glomerulosclerosis (FSGS), and in vivo 

studies have shown the representative mouse model to have GBM alteration and podocyte 

malformation and effacement that results in proteinuria (52, 53). In vitro studies have supported 

the notion that the ACTN4 mutation impairs the podocyte cytoskeleton, leaving it increasingly 

brittle, with fewer peripheral projections and impaired spreading and motility (54, 55). α-actinin, 

in turn, is subject to regulation by synaptopodin – a podocyte specific actin-binding protein that 

mediates cell contractility (56). In children with idiopathic nephrotic syndrome, synaptopodin 
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expression was decreased in comparison to health controls, with further decrease that correlated 

to histopathological changes (57). In other words, cases of nephrotic syndrome that presented with 

minimal changes in the glomerulus (a histopathology termed “minimal change disease” that 

seldom precedes renal failure) showed higher synaptopodin expression than cases presenting with 

FSGS (which can progress to renal failure). The same study found a positive association between 

synaptopodin expression levels (which were highest in minimal change disease presenting 

children) and response to steroid therapy (57). Synaptopodin further regulates cytoskeletal 

dynamics by mediating activation of RhoA and inhibition of Cdc42, underscoring the dynamic 

nature of podocyte cytoskeleton regulation (58).  

FSGS can also arise from mutations in the MYO1E gene, which encodes Myo1e, a 

nonmuscle class I myosin that is important to actin-dependent endocytosis (59, 60). Biopsies taken 

from patients with MYO1E mutations revealed disorganization of both podocytes and GBM, and 

in vitro assays showed mislocalization of the mutated form of the protein in cultured podocytes 

(59). Inverted formin-2 (INF2) is another critical cytoskeleton regulator as it mediates actin 

polymerization and depolymerization (61). Its mutation has been linked to FSGS, accounting for 

an estimated 9-17% of autosomal dominant FSGS cases (61–64).  In vitro studies suggest that the 

INF2 mutations found in the clinical setting produce a protein with hindered capacity for actin 

remodeling, and further revealed that INF2 signaling in podocytes is dependent upon Cdc42 

activity (62, 63). Collectively, these FSGS causing mutations demonstrate the importance of 

cytoskeleton regulation to maintenance of podocyte foot processes and their support of the 

glomerular filtration barrier. 

As aforementioned, a common feature of FSGS is foot process effacement that can, in some 

cases, progress to podocyte detachment from the underlaying GBM (32). While podocyte 

attachment is reliant upon proper cytoskeletal function, it is also dependent upon the integrins that 

link foot processes to the GBM. Podocytes anchor to GBM laminins through integrins α3β1 and 

α6β1, and to collagen through integrins α1β1 and α2β1 (65, 66). Of these, integrin α3β1 is the 

predominant isotype in the glomerulus, and deletion of the integrin α3 subunit, both systemic and 

podocyte-specific, causes glomerulosclerosis, tubular dilation, GBM disorganization and foot 

process effacement (67, 68). (However, systemic α3 integrin knockout mice die neonatally, while 

podocyte-specific knockout mice develop proteinuria within their first week of life and progress 
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to nephrotic syndrome by 5-6 weeks (67, 68).) Mice with podocyte-specific deletion of β1 integrin 

had very similar pathology type to that of podocyte-specific α3 integrin knockout mice, however 

β1 integrin deletion elicited worsened pathology with earlier onset (at 3 weeks) of end stage renal 

failure (69). In humans, a homozygous missense mutation in ITGB4 has been found to reduce β4 

integrin expression and produce FSGS without full nephrotic syndrome; a finding that is consistent 

with the notion that α3β1 is the predominant integrin within the glomerulus (70). Integrins serve 

another important role important role in the podocyte, as their activation triggers numerous 

downstream signaling cascades. One such example is integrin-mediated autophosphorylation of 

focal adhesion kinase (FAK), which allows for subsequent activation of Src and Rho GTPase (see 

below) (71). Furthermore, there is crosstalk between integrins and numerous growth factor 

receptors (e.g. epidermal growth factor receptor (EGFR)), and this crosstalk supports many 

processes that rely on spatiotemporal coordination of cytoskeletal activity (71, 72). For this reason, 

many studies (including our own) use growth factor ligands to promote integrin activation and 

observe cytoskeletal activity in vitro. 

As the podocyte is reliant on the structural integrity of the GBM for adequate attachment, 

the GBM relies on the podocyte for a portion of its matrix deposition (11, 30). For example, some 

mutations in the WT1 gene (encoding Wilm’s tumor 1, a nuclear transcription factor critical to 

podocyte function) have been linked to Denys-Drash syndrome, a condition characterized by early-

onset renal failure and GBM thickening (73). Similarly, WT1 mutant mice show GBM thickening 

with podocyte foot process effacement and subsequent proteinuria (74). Thus, neither podocyte 

nor GBM are independent entities, but rather rely on one another for maintenance.  

 

1.1.1.3 The slit diaphragm 

 

Adjacent foot processes of the podocyte are connected to one another by the slit diaphragm; an 

intracellular contact point that has been described as a modified adherens junction (31, 75). The 

slit diaphragm participates in numerous intracellular cell signaling pathways (e.g. actin 

polymerization, integrin β1 activation) (76–78). More importantly, the slit diaphragm serves as the 

final filtration sieve; seminal transmission electron microscopy (TEM) work by Rodewald and 

Karnovsky in 1974 suggests the slit diaphragm exists in a zipper-like pattern, with rod-like units 
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extending from the foot processes towards a central filament that runs parallel to the cell 

membrane. The rectangular pores that are formed by this cross-linking average 40 by 140 Å in 

dimension – a space sufficiently small to restrict passage of albumin, suggesting the slit diaphragm 

may be the principal filtration barrier within the glomerulus (79–81).  

 The slit diaphragm is composed of both transmembrane proteins (i.e., the proteins that form 

the extracellular molecular sieve) and cytoplasmic scaffold proteins that anchor the slit diaphragm 

to its bordering foot processes (78). Of the transmembrane proteins, nephrin was the first to be 

identified (82). Kestilä and colleagues documented the role of NPHS1 (encoding nephrin) 

mutations in the development of congenital nephrotic syndrome of the Finnish type, observing 

fusion of the podocyte foot processes and loss of the slit diaphragm (82). Soon thereafter, nephrin 

was characterized as a critical component of the molecular sieve complex of the slit diaphragm 

(83–85). Extensive investigation has revealed that nephrin participates in numerous signaling 

cascades as it interacts with Nck, Iq-motif containing GTPase-activating protein 1 (IQGAP1), 

phosphoinositide 3-kinase (PI3K), tyrosine-protein kinase Fyn (Fyn), and others to modulate the 

actin cytoskeleton (48, 86–90). Nephrin also interacts with another key component of the slit 

diaphragm, nephrin-like protein 1 (NEPH1). Aptly named to indicate its close homology to 

nephrin, NEPH1 cooperates with nephrin to maintain glomerular permeability (91, 92). Indeed, 

like nephrin, NEPH1 is a transmembrane protein that is essential to the slit diaphragm; NEPH1 

null mice experience early postnatal lethality and extensive foot process effacement (93). 

Critically, nephrin and NEPH1 form a complex that supports outside-in cell signaling ultimately 

leading to actin polymerization; disruption of either protein, therefore, is deleterious to slit 

diaphragm integrity (76). 

 The extracellular portion of the slit diaphragm is supported by an intracellular network of 

slit diaphragm adaptor proteins such as podocin, CD2-associated protein (CD2AP), and others 

(48). FAT atypical cadherin 1 (FAT1) and transient receptor potential cation channel 6 (TRP6) are 

likewise important components of the slit diaphragm (48). Podocin was originally identified as the 

product of the NPHS2 gene that is mutated in autosomal recessive steroid-resistant nephrotic 

syndrome (94). Podocin is a membrane protein expressed exclusively in the podocyte, localized at 

the insertion site of the slit diaphragm (94, 95). It associates with nephrin to facilitate signaling 

and may support structural organization of the slit diaphragm (95, 96). Podocin associates with 
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another slit adaptor protein, CD2AP (97). CD2AP supports podocyte cytoskeletal remodeling, cell 

survival, and endocytosis (98–100). CD2AP knockout mice die at 6 to 7 weeks of age from renal 

failure, and notably, show foot process misconfiguration, highlighting the importance of CD2AP 

to glomerular filtration (101). In fact, CD2AP associates not only with podocin, but also directly 

with nephrin, F-actin capping protein (CAPZ), cortactin, and Rac1 to regulate cytoskeletal 

dynamics (30, 102, 103). FAT1 is an adhesion protein that supports slit diaphragm structural 

integrity and contributes to actin regulation via its extracellular domain. (104). Global FAT1 

deletion in mice causes perinatal lethality, with visible podocyte fusion and subsequent loss of the 

slit diaphragm in embryos (105). Meanwhile, restriction of the deletion to podocytes induces 

glomerular filtration barrier abnormalities and foot process effacement (106). Of interest, FAT1 

knockout in cultured renal tubule cells decreased Rac1 and Cdc42 activity, and injection of 

Rac1/Cdc42 activators into FAT1 mutant zebrafish allowed for partial rescue of the pronephric 

cysts caused by the mutation (106). Another slit diaphragm protein, TRPC6, is required for 

podocyte chemosensation and mechanosensation, and its mutations have been linked to FSGS 

(107–109). Individuals with TRPC6 mutations have varied phenotypes, but most experience gain 

of function mutations resulting in calcium-induced podocyte apoptosis (110, 111). Collectively, 

these findings illustrate the importance of slit diaphragm maintenance to glomerular health, as well 

as the dual nature of the relationship between the slit diaphragm and podocyte cytoskeleton. 

 

1.2 Rho GTPases 

 

The Rho family of small guanosine triphosphatases (Rho GTPases) are a collection of ubiquitously 

expressed regulatory proteins that act as molecular switches, toggling between an active GTP-

loaded and inactive GDP-loaded form (Fig. 3) (112, 113). They are one of five groups of the larger 

Ras-like superfamily, containing Arf/Sar, Rab, Ran, Ras, and Rho GTPases (114). Rho GTPases 

modulate a wide array of cell functions: cell migration and adhesion, polarity, chemotaxis and 

durotaxis, morphogenesis, axonal guidance, cell cycle progression, endocytosis, and 

transcriptional regulation – in other words, they are master cytoskeletal regulators (112, 113, 115–

117). Rho GTPases themselves are regulated by three classes of proteins: guanine nucleotide 

exchange factors (GEFs), GTPase-activating proteins (GAPs), and guanine nucleotide dissociation 
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inhibitors (GDIs). GEFs catalyze the exchange of GDP to GTP, thus activating their Rho GTPase 

target (118, 119). Conversely, GAPs stimulate intrinsic GTP hydrolysis activity, thereby 

deactivating Rho GTPase activity (120, 121). GDIs sequester inactive Rho GTPases, preventing 

the dissociation of GDP (122). 82 GEFs, 69 GAPs, and 3 GDIs have been identified to date, many 

of which are expressed in a localized fashion (119, 121, 123–125). Given that Rho GTPases are 

ubiquitously expressed, GAPs, GEFs, and GDIs allow for their tight spatiotemporal regulation 

(112). Intricate control of Rho GTPase signaling is made only more dynamic by the discovery of 

extensive crosstalk between different Rho GTPase members (126, 127). 

  

 

Figure 3: A summary of Rho GTPase regulation. Rho GTPases cycle between an active, GTP-

bound, and inactive, GDP-bound state. They are activated by guanine nucleotide exchange factors 

(GEFs), inactivated via hydrolysis by GTPase-activating proteins (GAPs), and sequestered and 

thus rendered inactive by guanine nucleotide dissociation inhibitors (GDIs). 

Reproduced with permission from Kwanhyeong Kim, Sang-Ah Lee, Daeho Park. Cells 2019;8:87, 

Copyright MDPI. 

 

Of the 20 members of the Rho GTPase family, RhoA, Rac1, and Cdc42 are some of the 

most conserved and best studied (117). All three are crucial to cell motility; RhoA promotes actin 

stress fibers and supports focal adhesion maturation to induce a contractile phenotype, while Rac1 

and Cdc42 promote a migratory phenotype by the induction of lamellipodia and filopodia, 

respectively (116, 128, 129). Together, these three Rho GTPases support coordinated cell 

migration. One study has used a computational multiplexing approach to show activities of RhoA, 
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Rac1, and Cdc42 in migrating mouse fibroblasts. They found that RhoA is active at the cell edge 

at time initiation of cellular protrusion, while Rac1 and Cdc42 are activated 40 seconds later, 2 μm 

behind the cell edge (130). Thus, the three Rho GTPases coordinate cell motility. RhoA, Rac1, 

and Cdc42 participate in numerous pathways and have therefore been the subject of extensive 

research in many facets of human development and disease, including nephrology (131–138). 

Indeed, the complex cytoskeletal architecture of the podocyte lends itself to extensive regulation 

by Rho GTPases, particularly in podocyte morphology and attachment to the GBM. 

 

1.2.1 RhoA in podocytes 

 

RhoA is expressed in immortalized podocytes and this expression is upregulated upon their 

differentiation. In these cells, RhoA promotes formation of contractile actin-myosin containing 

stress fibers in a synaptopodin dependent manner; synaptopodin binds RhoA, thereby rescuing it 

from SMAD specific E3 ubiquitin protein ligase 1 (Smurf1)-mediated ubiquitination (a process 

leading to consecutive degradation) (139). Synaptopodin, in turn, is protected from degradation by 

PKA or CaMKII-mediated phosphorylation and subsequent binding with 14-3-3. Calcineurin can 

competitively bind synaptopodin and dephosphorylate it to promote its degradation, together with 

loss of RhoA and stress fibers in vitro and proteinuria in vivo. This effect can be rescued in vitro 

and in vivo by treatment with calcineurin inhibitor cyclosporine A (CsA), a pharmacological agent 

used in treatment of nephrotic syndrome (140). In a similar vein, mice expressing podocyte-

specific dominant negative RhoA developed proteinuria and foot process effacement, while 

podocyte specific RhoA knockout mice saw no phenotype until 3 months of age (141, 142). The 

difference in genetic background of the two mouse models may account for some of the difference 

in phenotypes, as could potential compensation by other Rho GTPase proteins (143). It remains 

that, on at least some level, RhoA activity is required for the maintenance of podocytes. 

 Overactivation of RhoA in podocytes can be just as harmful as insufficiency. Complement 

C5b-9-mediated cell injury contributes to pathogenicity of many kidney diseases; treatment of 

cultured podocytes with C5b-9 causes increased activity of RhoA but decreased Rac1 and Cdc42 

activities (144, 145). C5b-9 treated podocytes also had decreased p190RhoGAP, a RhoA GAP, 

potentially explaining the increase in RhoA activity in these cells. Podocytes expressing 
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constitutively active RhoA were smaller in size and showed strong cortical F-actin staining (144). 

Another study found that expression of constitutively active RhoA in human embryonic kidney 

(HEK) 293 cells caused increased expression of fibronectin (146). The same study designed mice 

expressing doxycycline-inducible podocyte-specific constitutively active RhoA and found the 

mice developed proteinuria and foot process effacement in a manner directly correlating with 

RhoA activity. Elevated RhoA activity in these mice was also associated with transcriptional 

upregulation of fibronectin and collagen IA1, reflecting the development of glomerulosclerosis. 

Of importance, withdrawal of doxycycline treatment reversed proteinuria in some but not all mice, 

suggesting that sustained RhoA overactivation is harmful to podocytes in vivo (146). Rho-

associated protein kinase (ROCK) is a major RhoA target and cytoskeletal regulator that has been 

linked to glomerular malfunction; accordingly, ROCK inhibition is a major line of experimental 

treatment in kidney disease (114, 147–150). Another major RhoA effector, mDia, is a formin 

subject to negative regulation by INF2 (151, 152). However, in INF2-linked FSGS, INF2 is unable 

to bind mDia, resulting in its hyperactivation and contributing to actin cytoskeleton disorganization 

in podocytes (62). Lastly, gain of function TRPC6 mutations, which have been linked to FSGS, 

increase RhoA activity to promote cell migration in vitro (110, 111, 153). Collectively, these 

studies suggest that tight regulation of RhoA signaling is critical for glomerular health.  

 

1.2.2 Rac1 in podocytes 

 

Like RhoA, Rac1 expression is increased upon podocyte differentiation. Unlike RhoA, Rac1 

supports a migratory cell phenotype by promoting actin polymerization and subsequent 

lamellipodia and ruffle formation at the leading edge of a migrating cell, allowing for epithelial 

fusion (129, 151, 154). Rac1 activity in mouse podocytes has been shown to promote formation 

of lamellipodia and cellular processes (characteristics of podocyte differentiation) in a manner that 

is further potentiated by nephrin (via IQGAP1) (155, 156). Indeed, nephrin mediates actin 

reorganization through binding of PI3K and subsequent activation of both Rac1 and Akt (88). 

PI3K then contributes to a positive feedback cycle of Rac1 activity maintenance (via intermediary 

Dbl family Rac1 GEFs), as active Rac1 in turn promotes accumulation of PI3K, thus sustaining a 

cellular polarization response that permits directional motility (151, 157). This asymmetrical signal 
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is further maintained by Rac1 promoting phosphorylation of the RhoA GAP p190RhoGAP to 

inhibit RhoA-mediated stress fiber formation and focal adhesion maturation (158). 

 In vitro studies have revealed that inhibition of Rac1 in immortalized podocytes leads to 

disruption of their F-actin cytoskeleton and thinning of their processes (155). Interestingly, this is 

not immediately reflected in in vivo studies; podocyte specific Rac1 knockout mice have normal 

podocyte morphology and renal function into adulthood, suggesting Rac1 does not have a 

significant role in glomerular development. Furthermore, microarray analyses showed low levels 

of Rac2 and Rac3 (both Rac1 homologues), implying that the normal glomerular development in 

these mice is unlikely to be a product of compensatory response. Furthermore, when podocyte 

specific Rac1 knockout mice were challenged under a protamine sulfate model, they fared better 

than their control counterparts who developed foot process effacement and slit diaphragm loss 

(159). Collectively, these data implicate a potential pathogenic role for Rac1 in podocyte injury.  

 Rac1 overactivation, however, yields a stronger phenotype than that of Rac1 insufficiency. 

Overexpression of constitutively active Rac1 in cultured podocytes increased cell size, number of 

processes, and prominence of microtubules and F-actin (155). Rac1 overactivation also reduces 

podocytes’ adhesion to laminin and causes redistribution of β1 integrin (160). This is reflected in 

vivo; mice expressing doxycycline-inducible constitutively active Rac1 develop proteinuria within 

five days of doxycycline treatment with histology resembling minimal change disease, and this is 

reversible with doxycycline withdrawal. Doxycycline treatment lasting two months, however, 

caused proteinuria, FSGS, and urinary shedding of podocytes, suggesting that changes in 

glomerular pathology generally correlate with duration of Rac1 hyperactivation (160). Other 

studies using constitutively active Rac1 models have supported the conclusion that the degree of 

podocyte and glomerular dysregulation is reversible in shorter periods of Rac1 activation, but more 

permanent (e.g. podocyte detachment) when Rac1 activity is sustained (161, 162).  

 Rac1 hyperactivation has been observed in the clinical setting. Biopsies collected from 

patients with FSGS showed elevated levels (in comparison to healthy controls) of GTP-bound 

Rac1 by immunofluorescent staining, and their sera stimulated Rac1 activity in cultured podocytes 

(160). Loss of function mutations in the ARHGDIA gene encoding Rho GDP-dissociation 

inhibitor α (RhoGDIα) give rise to congenital nephrotic syndrome; the resulting mutated protein 

is unable to bind and sequester its Rho GTPase targets, causing podocyte cytoskeletal 
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dysregulation (163, 164). Although it interacts with RhoA, Rac1, and Cdc42, mutation of 

RhoGDIα in cultured caused greater elevation to Rac1 and Cdc42 activity than it did to RhoA, and 

treatment with Rac1 inhibitor attenuated the hypermigratory phenotype caused by the mutation 

(163). In an opposing line of evidence, expression of disease-associated mutations in RhoGDIα in 

podocytes caused decreased cell migration, although this study also reported elevated Rac1 and 

Cdc42 in the mutant cells, suggesting that the loss of function disease-causing ARHGDIA 

mutations are not accurately modeled by simplistic RhoGDIα protein knockout (164). Loss of 

function Rho GTPase Activating Protein 24 (Arhgap24) mutation has also been associated with 

FSGS. In vitro, Arhgap24 is upregulated in differentiating podocytes and its ablation causes 

elevated Rac1 and Cdc42 (but not RhoA) activity, together with increased membrane ruffling and 

cell motility (165). Thus, the study of Rho GTPase regulators is pertinent to the understanding of 

how Rac1 maintains the podocyte cytoskeleton. 

 

1.2.3 Cdc42 in podocytes 

 

Cdc42 generally operates in concert with Rac1 as it supports actin polymerization in the cell (151). 

Cdc42 is also a critical modulator of cell polarity. This was originally observed in yeast; 

Saccharomyces cerevisiae expressing a loss of function Cdc42 mutant were unable to establish 

cell polarity (e.g., actin asymmetry) (166). Further studies have revealed Cdc42 plays a critical 

role in regulating cell polarization and directionality in response to extracellular cues (e.g., integrin 

activation), and that Cdc42 (together with Rac1) activity is required for epithelial fusion (113, 

154). As previously mentioned, in podocytes, nephrin interacts with IQGAP1 to activate not only 

Rac1, but also Cdc42, thus supporting concurrent activity of Rac1 and Cdc42 (156). Conversely, 

synaptopodin, which promotes activation of RhoA, inhibits Cdc42 activity by sequestering the 

adaptor protein IRSp53 that is required for Cdc42-IRSp53-Mena complex mediated filopodia 

formation (58, 139). Inhibition of Mena suppressed Cdc42-induced filopodia and attenuated LPS-

induced proteinuria in synaptopodin deficient mice, suggesting that aberrant Cdc42 activity 

contributes to the pathogenesis of proteinuria (58). 

 Notwithstanding, there is a strong body of evidence showing Cdc42 is critical to glomerular 

function. Podocyte specific Cdc42 knockout mice generated by Scott et al. developed tubular and 
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glomerular dilatation as early as postnatal day 0, which progressed to glomerulosclerosis at 

postnatal day 5. By day 12, the mice had proteinaceous casts and collapsed glomeruli , and died 

within two weeks due to renal failure (141). Podocyte specific Cdc24 knockout mice studied by 

Blattner et al. similarly showed glomerulosclerosis and foot process effacement starting postnatal 

day 10, but curiously the authors observed progression of glomerular disease that was less severe 

than that found by Scott and colleagues, citing potential differences in environment and genetic 

background heterogeneity (141, 159). Both studies however observed reduced expression of the 

slit diaphragm components nephrin and podocin, and Blattner et al. further observed their 

redistribution by immunofluorescent staining of kidney sections. Podocyte-specific Cdc42 

knockout also led to increased synaptopodin expression, and dephosphorylation of cofilin, 

resulting in alteration of podocyte cytoskeletal architecture (141, 159). Collectively, these studies 

demonstrate that Cdc42 is necessary for functional glomerular development and maintenance. This 

notion is upheld in the clinical setting; missense mutations in the scaffolding proteins and Cdc42 

GEFs Intersectin-1 (ITSN1) and Intersectin-2 (ITSN2) have been found in patients with congenital 

nephrotic syndrome (167–169). Cultured podocytes with the disease-causing mutations showed 

reduced Cdc42 activity and blunted filopodia formation. ITSN2 null mice developed normal 

kidneys, but developed stronger proteinuria and foot process effacement than their wildtype 

control counterparts when challenged with LPS (169). This underscores the requirement for tight 

regulation of Cdc42 in the maintenance of glomerular function.  

  

1.2.4 Regulators of Rho GTPases  

 

There is an abundance of literature pertaining to the three prototypical Rho GTPases (RhoA, Rac1, 

and Cdc42) in podocytes. However, the mechanisms by which these Rho GTPases are regulated 

are only partially understood. The relationship between many regulators and their target Rho 

GTPases has been characterized, but our understanding of the Rho GTPase interactome remains 

insufficient. In particular, there is a gap in our knowledge of (1) interactors of Rho GTPases and 

their regulators, and (2) the spatiotemporal organization of the Rho GTPase interactome.  

 To address these queries, the lab of Dr. Takano implemented BioID, a protein-protein 

interaction screening method that uses proximity ligation and subsequent proteomics, to 
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investigate which Rho regulatory proteins interact with Rac1 in podocytes (Fig. 4) (170). A 

nucleotide-free mutant of Rac1 with preferential binding for GEFs (Rac1G15A) was used as bait 

(171). In brief, Rac1G15A was fused with a promiscuous E. coli biotin ligase (BirA) and expressed 

in immortalized human podocytes. Treatment with biotin caused biotinylation of proteins in close 

proximity to Rac1G15A, which were subsequently isolated by streptavidin beads and subjected to 

analysis by mass spectrometry analyses. 125 Rac1G15A interactors were identified, many of 

which were known Rho GTPase regulators. Further sorting revealed that in podocytes, Rho 

guanine nucleotide exchange factor 7 (ARHGEF7, henceforth referred to as β-PIX) was the top 

Rac1-interacting GEF, while Rho GTPase activating protein 31 (ARHGAP 31, henceforth referred 

to as CdGAP) was the top Rac1-interacting GAP. 

 

 

Figure 4: Bio-ID identifies ARHGEF7 (β-PIX) and ARHGAP31 (CdGAP) as the top Rac1-

interacting GEF and GAP in podocytes, respectively. Heatmap of normalized peptide count 

towards three GEFs and two GAPs showing significant enrichment in BirA-Rac1G15A expressing 

podocytes vs. in control podocytes. BioID experiment was done by the Takano lab. 
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1.2.4.1 CdGAP 

 

ARHGAP31 was initially discovered as a ubiquitously expressed (with greater prominence in heart 

and lung tissue) GTPase-activating protein towards Rac1 and Cdc42, but not RhoA. Thus, it was 

appropriately named Cdc42 GTPase-activating protein, or CdGAP. Initial microinjection of 

CdGAP in Swiss 3T3 cells abolished membrane ruffling and filopodia formation, demonstrating 

its effects on focal adhesion dynamics (172). Since then, CdGAP has been extensively studied for 

its role in cancer, as it regulates functions like cell spreading, lamellipodia formation, migration, 

and maintenance of cell polarity, but also modulates E-cadherin transcription (173–177). CdGAP 

has also been implicated in angiogenesis and organogenesis (178, 179).  

 

Figure 5: Domain structure of CdGAP and associated binding partners. CdGAP contains a 

N-terminal stretch of polybasic residues (PBR), a GAP domain, a basic-rich (BR) domain, a 

proline-rich domain (PRD), and an extended C-terminus. Interactions of individual CdGAP 

domains to their corresponding binding partners are denoted by arrows. Amino acid mapping is 

indicated above each domain. 

 

CdGAP is a large multidomain protein subject to many interactions (Fig. 5). At its N-

terminal is a GAP domain preceded by a stretch of polybasic residues (PBR) that mediates binding 

to negatively charged phospholipids. Phosphatidylinositol 3,4,5-triphosphate (PI(3,4,5)P3) can 

bind this PBR to stimulate GAP activity of CdGAP, thus targeting CdGAP activity to the plasma 

membrane (180). The basic-rich (BR) domain that follows likewise mediates CdGAP activity; 

Intersectin (a scaffolding protein and Cdc42 GEF) can bind the BR to inhibit CdGAP GAP activity, 

likely though conformational change involving the PBR (167, 177, 181–183). 14-3-3β likewise 

interacts with the BR (as well as the GAP domain and C-terminal RSK-phosphorylated serine 
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residues), sequestering it into the cytoplasm and inhibiting its GAP activity and transcriptional 

repression of E-cadherin (174, 176). This transcriptional repression is mediated by the proline-rich 

domain (PRD) that is adjacent to the BR; the PRD of nuclear CdGAP interacts with Zeb2 and, in 

a GAP-independent manner, downregulates E-cadherin expression, consequently disrupting 

adherens junctions and increasing cell migration, invasion, and cancer metastasis (176).   

The PRD is followed by the C-terminus, which does not have any defined domains, but is 

an important site that allows CdGAP to act as an intermediary of the Ras/MAPK and Rac1 

pathways; Ras activation promotes downstream phosphorylation on Thr-776 of the CdGAP PRD 

by ERK and RSK, thus downregulating its GAP activity and allowing for increased Rac1 

activation (184). Thr-776 is also subject to phosphorylation by GSK-3, resulting in the serum-

dependent stability of CdGAP protein levels and allowing for tight regulation of CdGAP activity 

under varying cellular conditions (185). The PRD is also a binding site for 14-3-3β (alongside the 

BR domain), as well as the scaffolding protein Ajuba, which binds CdGAP and Rac1 at two distinct 

domains to facilitate spatiotemporal regulation of Rac1 activity and cell-cell junction stability 

(176, 186). Collectively, these interactions demonstrate the complex regulation of CdGAP activity 

in cytoskeletal dynamics. 

In vivo, a CdGAP truncation mutant has been linked to a disease called Adams-Oliver syndrome 

(179). Although varied in phenotype, this condition is characterized by terminal transverse limb 

defects and aplasia cutis congenita (a congenital absence of skin) (187). Molecularly, the 

responsible CdGAP mutant lacks the C-terminus and part of the PRD, and causes a gain of function 

of GAP activity, disrupting the actin cytoskeleton (179). In mice, CdGAP knockout causes 

incompletely penetrant (44%) embryonic/perinatal lethality that can be attributed to vascular 

defects and edema (178). Study of renal phenotype in surviving CdGAP knockout mice generated 

by the Takano lab revealed that males, but not females, developed mild proteinuria at 6 months. 

Podocyte-specific CdGAP knockout mice followed a similar trend, with males developing 

proteinuria at 7 months of age, together with foot process effacement at 12 months of age, while 

females showed neither. Together, these findings highlight the importance of CdGAP regulation 

in cytoskeletal dynamics, and in the context of renal pathology, to podocyte health.  
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1.2.4.2 β-PIX 

 

β-PIX was originally discovered, together with its homologous protein ARHGEF6 (α-PIX), as a 

p21-acivated kinase (PAK)-binding protein that bound a conserved proline-rich domain within 

PAK and localized to focal adhesions. Overexpression of β-PIX in NIH 3T3 cells promoted the 

formation of membrane ruffles. Although it is a Rac1/Cdc42 GEF, its main function was originally 

believed to be a scaffolding focal adhesion protein (188–190).  In fact, β-PIX is a multidomain 

protein whose functions extend beyond PAK binding (Fig. 6). Structurally, α-PIX and β-PIX share 

most of their domains, apart from the calponin homology (CH) domain found at the N-terminal of 

α-PIX, which is absent from β-PIX. This CH domain can bind β-parvin (an integrin signaling 

adaptor protein), and a deletion mutation within this domain has been linked to X-linked mental 

retardation, highlighting the importance of the α-PIX-β-parvin interaction in the brain (191, 192).  

 

Figure 6: Domain structure of β-PIX and associated binding partners. β-PIX contains a Src 

homology 3 (SH3) domain, a Dbl homology (DH) domain, a pleckstrin homology (PH) domain, 

and a C-terminus containing a GIT1-binding domain (GBD; indicated only by arrow) and a coiled-

coil (CC) domain. Interactions of individual β-PIX domains to their corresponding binding 

partners are denoted by arrows. Amino acid mapping is indicated above each domain. 

 

Next to the CH domain, and at the N-terminal of the β-PIX protein is the Src homology 3 

(SH3) domain, which binds to the focal adhesion protein p21-activated kinase (PAK) (190). The 

β-PIX-PAK binding interaction allows for the targeting of PAKs to focal adhesion complexes, 

promoting their reorganization (193). Although PAKs are regulatory targets of both Rac1 and 

Cdc42, a mechanism has emerged whereby membrane localized β-PIX activates Cdc42, which in 

turn causes the activation, autophosphorylation, and dissociation of PAK from β-PIX. This in turn 
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allows β-PIX to bind Rac1 and target it to the membrane, promoting actin polymerization, cell 

spreading, and directional cell migration (194). The SH3 domain of β-PIX however can bind not 

only PAK, but also the ubiquitin ligase Cbl, which plays a role in EGFR downregulation. In this 

feedback loop, β-PIX (in complex with Cdc42) sequesters Cbl and prevents it from downregulating 

EGFR, while free Cbl in turn promotes degradation of β-PIX. This mechanism highlights the role 

of β-PIX in the regulation of EGFR-mediated signaling (195). 

Next to the SH3 domain of β-PIX is the Dbl homology (DH) domain, which is required for 

nucleotide exchange on Rac1 and Cdc42 (196). The DH domain is followed by the pleckstrin 

homology (PH) domain, which allows the targeting of β-PIX to membrane phosphoinositides, thus 

mediating local Rac1/Cdc42 activity (197). Next to the PH domain of β-PIX is the C-terminus, 

which mediates several protein interactions. Here, the G protein-coupled receptor kinase-

interacting target (GIT) binds the β-PIX and assists with recruitment of the PIX-PAK complex to 

focal adhesions. The GAP activity of p95-APP1 (the chicken homologue of human GIT1) towards 

the endosomal compartmental localized Arf6 has shed further light on the GIT-PIX-PAK complex 

as it shuttles between endosomal compartments, focal adhesions, and the leading edge of cells. 

This shuttling allows the complex to mediate actin reorganization at the leading edge of 

lamellipodia and, upon the breakdown of focal adhesions (i.e., in cellular migration), return to the 

cell body (198, 199). Thus, β-PIX plays an important role in the targeting of actin reorganization 

via the GIT-PIX-PAK complex.  

In addition to GIT binding, the C-terminus of β-PIX allows to dimerize (via a leucine zipper 

coil-coil (CC) domain) (200). This dimerization is believed to enhance the PH domain-mediated 

membrane targeting, and although typically results in the form of a β-PIX homodimer, has also 

been demonstrated as an α/β-PIX heterodimer in vivo (191, 197). Lastly, the C-terminus of dimeric, 

but not monomeric β1-PIX (the predominant β-PIX isoform in the kidney) has also exhibited PKA-

dependent binding to 14-3-3β, which in turn downregulates the GEF activity of β1-PIX (201, 202). 

The same study revealed that dimerization is required for mediation of subcellular localization as 

well as high GEF activity towards Rac1 but not Cdc42 (202). Thus, the C-terminus of β-PIX is an 

important regulatory site that can affect localization as well as Rac1/Cdc42 activity. 

In vivo, systemic β-PIX knockout is embryonic lethal owing to defective anterior visceral 

endoderm migration (203, 204). Podocyte specific β-PIX knockout mice are instead born with low 
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body weight and between 8-13 weeks of age, develop onset of progressive proteinuria, 

glomerulosclerosis, foot process effacement, and podocyte loss. They likewise have greater 

susceptibility than wildtype mice to LPS-mediated kidney injury. In cultured podocytes, β-PIX 

deficiency promotes decreased Cdc42 activity, which in turn blunts Yes-associated protein (YAP) 

transcriptional co-activation of cell proliferation, thereby contributing to increased cell apoptosis 

(205). Other studies have supported the notion that β-PIX promotes a migratory cell phenotype; it 

prevents maturation of focal adhesions and instead supports lamellipodial and ruffle formation as 

well as focal adhesion turnover (201, 206). Thus, β-PIX is required for podocyte maintenance, and 

may support glomerular function through both its roles as a focal adhesion protein and Cdc42/YAP 

regulator. 

 

1.3 Study rationale and aims 

 

Rationale: The identification of CdGAP and β-PIX as the top Rac1-modulating GAP and GEF in 

glomerular podocytes prompted further investigation by the Takano lab. Further investigation 

revealed that CdGAP and β-PIX interact by co-immunoprecipitation, although it is unknown 

whether this interaction is direct. Functional GAP-GEF interactions have, however, been identified 

between (1) CdGAP and Intersectin, and (2) β-PIX and Slit-Robo Rho GTPase activating protein 

1 (srGAP1) (182, 183, 206), raising the possibility that there may be a functional link between 

CdGAP and β-PIX. This formed the basis for the hypothesis that CdGAP and β-PIX interact 

physically and functionally in the regulation of the downstream Rho GTPase targets Rac1 and 

Cdc42. 

Aim 1: Investigate the biochemical nature of the CdGAP-β-PIX interaction. 

Aim 2: Investigate the functional nature of the CdGAP-β-PIX interaction. 
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Chapter 2: Materials and Methods 

 

Cell culture, transient transfection, and cell lysis 

HEK 293 cells were cultured in DMEM containing 10% fetal bovine serum (FBS) with 1% 

penicillin/streptomycin (Gibco) at 37˚C in 5% CO2. Immortalized human podocytes from Dr. 

Moin Saleem (207) were cultured in RPMI containing 10% fetal bovine serum (FBS) with 1% 

penicillin/streptomycin (Gibco) at permissive conditions (33˚C in 5% CO2). Where applicable, 

podocytes were differentiated for 7 days at non-permissive conditions (37˚C in 5% CO2).  

For all transfection experiments, HEK 293 cells were transfected using Lipofectamine 2000 

(Invitrogen), following manufacturer’s protocol. Cells were transfected 24 hours prior to lysis, and 

transfection efficiency was verified by immunofluorescence where possible.  

HEK 293 cells and podocytes were lysed with ice-cold lysis buffer (10 mM Tris [pH 7.5], 1 mM 

EDTA [pH 8.0], 1 mM EGTA [pH 8.0], 125 mM sodium chloride, 10 mM sodium pyrophosphate, 

25 mM sodium fluoride, 2 mM sodium orthovanadate, 1% Triton X-100 [Sigma-Aldrich], and 

protease inhibitor cocktail [Roche]). Following cell lysis, lysates were centrifuged at 10,000 x g 

for 15 minutes at 4˚C to remove insoluble materials, protein concentrations were determined using 

Pierce BCA Protein Assay Kit (Thermo Fisher). 

Generation of CdGAP and β-PIX knockdown cell lines 

β-PIX knockdown mouse podocytes and CdGAP knockdown human podocytes were established 

using MISSION short hairpin RNA (shRNA) Lentiviral Transduction Particles (Sigma Aldrich) 

with puromycin (Wisent Inc.) selection.  

Podocytes with CdGAP and β-PIX KD and their controls were established using MISSION 

Lentiviral shRNA (Sigma-Aldrich, TRCN0000047640, TRCN0000110029, and SHC001, 

respectively). HEK293T cells were transiently transfected using the lentiviral packaging system 

(abm, LV003) according to the manufacturer’s instructions. Virus-containing supernatants were 

added to podocytes under permissive conditions for 16 hours. Puromycin (Wisent Inc.) was added 

48 hours later and puromycin-resistant cells were pooled for further experiments. 
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Knockdown of β-PIX in mouse podocytes was verified by immunoblotting for β-PIX alongside 

tubulin control. Knockdown of CdGAP in human podocytes was verified by immunoblotting for 

CdGAP alongside tubulin control. 

Immunofluorescence 

HEK 293 cells and undifferentiated podocytes were passaged and immediately plated on glass 

cover slips coated with 5% laminin 521 (Corning). Podocytes were allowed to differentiate for 7 

days on the cover slips at non-permissive conditions prior to fixing. HEK 293 cells were 

transfected using Lipofectamine 2000 (Invitrogen), following manufacturer’s protocols, 24 hours 

prior to fixing. Where applicable, cells were stimulated with epidermal growth factor (EGF) (100 

ng/ml) prior to fixing. (EGF stimulation was 5 minutes long for Rho GTPase activity assays and 

30 minutes long for immunofluorescent staining of CdGAP and β-PIX.) Cells were fixed with 4% 

PFA and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich), blocked with 3% bovine serum 

albumin in PBS, immunostained with relevant antibodies (see table below), and stained with 4’,6-

diamidino-2-phenylindole (DAPI) and phalloidin. Immunofluorescence images were obtained 

using a Zeiss LSM780 laser scanning confocal microscope with the Zeiss Plan Apochromat 63x 

1.40 Oil DIC objective. All imaging parameters were maintained constant throughout image 

acquisition of all samples. 

IncuCyte wound healing assay 

HEK 293 cells were transfected using Lipofectamine 2000 (Invitrogen), following manufacturer’s 

protocols. 24 hours later, transfection was validated by microscopy. Cells were transferred to a 96-

well plate coated with 5% fibronectin (Sigma-Aldrich) into full serum media, and once at a 

confluent state, a scratch wound was made using the IncuCyte 96-well Wound Maker (Sartorius). 

Cell scanning was initiated immediately for a period of 24 hours, and migration rate was analyzed 

using the IncuCyte Analysis Software (Sartorius). 

Co-immunoprecipitation assay 

HEK 293 cells were transfected using Lipofectamine 2000 (Invitrogen) following manufacturer’s 

protocol. Lysates were incubated with 0.5 μg anti-GFP antibody overnight at 4˚C, and then with 

protein A agarose beads (Santa Cruz, sc-2001) for 2 hours at 4˚C. Beads were washed three times 

with lysis buffer. Proteins were eluted into SDS loading buffer and boiled for 5 minutes at 95˚C. 

Immunoprecipitation was assessed by SDS-PAGE and subsequent immunoblotting. 
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Rho-GTPase activity assay 

HEK 293 cells were transfected using Lipofectamine 2000 (Invitrogen) following manufacturer’s 

protocol, 24 hours prior to lysis. Podocytes were differentiated for 7 days prior to lysis. Lysates 

(~1 mg) were incubated with GST beads (GE Healthcare Bio-Sciences) fused to Cdc42-Rac1 

interactive binding domain for 1 hour at 4˚C. Beads were washed three times with binding buffer 

(25 mM Hepes, 30 mM magnesium chloride, 40 mM sodium chloride, 0.5% Triton X-100 [Sigma-

Aldrich], 1mM DDT). Proteins were eluted into SDS loading buffer and boiled for 5 minutes at 

95˚C. Rac1/Cdc42 activity was assessed by SDS-PAGE and subsequent immunoblotting. 

Immunoblotting 

Equal amounts of samples were resolved by electrophoresis on a sodium dodecyl sulphate-

polyacrylamide (SDS-PAGE) gel with a concentration of 7.5% for coimmunoprecipitation 

experiments and 12% for Rho-GTPase activity assay experiments. Proteins were transferred to a 

nitrocellulose membrane which was then blocked in 5% non-fat dry milk/TBS solution for one 

hour at room temperature and incubated in the primary antibody (in a solution of 5% BSA/TBS) 

overnight at 4˚C. The following day, the membrane was subjected to three five-minute washes in 

wash buffer and incubated in the secondary antibody for two hours (in a solution of 5% BSA/TBS 

with 0.2% Tween) at room temperature. After three more five-minute washes in wash buffer, the 

membrane was imaged using a LiCOR fluorescence imager. 

Localization analyses 

Localization was assessed via Zen Black Image Analysis Software (Zeiss). Regions of interest 

were manually traced with the tracing tool and mean channel intensity of each channel was 

calculated. Colocalization was assessed by Pearson’s Colocalization Coefficient (PCC). Costes for 

PCC were set manually and held constant between experiments.  

Cell morphology analyses 

Cell area (morphology) was assessed via ImageJ (NIH). The tracing tool was used to manually 

trace the perimeter of every cell, thereby generating measurement, and calculating area. Area was 

assessed as a unit of pixels.  
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Statistics 

Statistical analyses were performed using GraphPad Prism 9.2.0 (La Jolla California, USA). 

Results are expressed as the mean ± standard error of the mean (SEM). Multiple-group 

comparisons were performed using analysis of variance (ANOVA) with post-testing using the 

Tukey-Kramer test. Differences between two experimental values were assessed using the 

Student’s T-test. p < 0.05 was considered statistically significant.  

Antibodies and reagents 

Antibodies and reagents Supplier and catalogue number 

Cdc42 NEB, 2466T 

CdGAP Sigma-Aldrich, HPA036380 

DAPI Invitrogen, D21490 

Epidermal growth factor (EGF) BioShop, E012 

GFP Invitrogen, G10362 for IP 

GFP Invitrogen, A6455 for IB 

mCherry Invitrogen, 16D7 

Promo-Fluor-647-phalloidin PromoKine, PK-PF647P-7-01 

Rac1 Millipore, 05-389 

α-tubulin Sigma-Aldrich, T5168 

  

Secondary antibodies  
Alexa 488-conjugated secondary anti-mouse antibody (CST, 4408) 

Alexa 555-conjugated secondary anti-rabbit antibody (CST, 4413) 

LiCOR IRDye 680RD  
          926-68072, anti-mouse 

          926, 68073, anti-rabbit 

LiCOR IRDye, 800CW  
          926-32210, anti-mouse 

          926, 32211, anti-rabbit 
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Chapter 3: Results 

 

3.1 Investigating the biochemical nature of the CdGAP-β-PIX interaction 

 

β-PIX binds CdGAP via its SH3-DH domain, and in an inconsistent manner, its C-terminus 

To better understand the biochemical nature of the CdGAP-β-PIX interaction, we aimed to resolve 

the interacting domain within each protein. Jun Matsuda had previously identified (via 

coimmunoprecipitation) the BR domain of CdGAP to be responsible for binding β-PIX. However, 

the CdGAP-binding domain of β-PIX was unresolved. To determine which domain(s) of β-PIX 

were responsible for the interaction with CdGAP, mCherry-tagged constructs of the SH3, DH, PH, 

and C-terminus domains of β-PIX were co-transfected with GFP-CdGAP into HEK 293 cells (Fig. 

7A). Owing to the low transfection efficiency (likely due to cytotoxicity) of the DH domain, a joint 

mCherry-SH3-DH domain construct was also included to help assess DH domain binding to 

CdGAP. Following transfection, lysates were subjected to immunoprecipitation with an anti-GFP 

antibody, and mCherry immunoblotting revealed CdGAP-binding β-PIX constructs (Fig. 7B). It 

was found that full length mCherry- β-PIX, together with mCherry-SH3-DH, bound to GFP-

CdGAP. The SH3 domain alone did not bind to β-PIX, but the DH domain binding could not be 

verified owing to either a weak expression or signal overlap with heavy IgG banding at the 

expected molecular weight. Lastly, the mCherry-C-terminus construct exhibited binding in some, 

but not all experiments, suggesting an inconsistent or weak interaction with CdGAP. 
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A                                                                             B    

 

 

Figure 7: The SH3-DH domain and C-terminus of β-PIX can coimmunoprecipitate with 

CdGAP. (A) Schematic representation of the β-PIX deletion mutants used in this 

coimmunoprecipitation experiment. (B) Cell lysates of HEK 293 cells overexpressing mCherry-

β-PIX deletion constructs and full length GFP-CdGAP were immunoprecipitated with anti-GFP 

antibody (for CdGAP) followed by immunoblotting for mCherry (for β-PIX). EV: empty vector; 

SH3-DH: src homology 3 and Dbl homology; SH3: Src homology 3; DH: Dbl homology; PH: 

pleckstrin homology; C-term: C-terminus.   
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3.2 Investigating the functional nature of the CdGAP- β-PIX interaction 

 

CdGAP and β-PIX colocalize in the cytosol of HEK 293 cells 

In investigating the functional interaction of CdGAP and β-PIX, we began by studying their 

localization. Studies were initiated in HEK 293 cells for technical simplicity. In brief, GFP-

CdGAP and FLAG-β-PIX were overexpressed in HEK 293 cells, fixed, immunostained, and 

visualized by confocal microscopy. We found that β-PIX was distributed throughout the cytosol 

while CdGAP was either in the nucleus, cytosol (where it colocalized with β-PIX), or both (Fig. 

8). CdGAP localization data was in line with observations from the lab of Dr. Lamarche. 

 

 

 

 

 

 

 

 

Figure 8: CdGAP and β-PIX colocalize in the cytosol of HEK 293 cells. GFP-CdGAP and 

FLAG-β-PIX were overexpressed in HEK 293 cells. Cells were subjected to staining by antibody 

and localization of proteins was assessed via confocal microscopy. Overexpression of GFP-

CdGAP (green) shows nuclear and cytosolic localization, while FLAG-β-PIX (red) is restricted to 

the cytosol. Bar: 10 μm. 
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CdGAP and β-PIX colocalize in the cytosol of human podocytes and jointly migrate to the cell 

periphery upon EGF stimulation 

CdGAP and β-PIX are both known focal adhesion proteins (177, 190, 201, 208). Given their 

capacity to regulate focal adhesion dynamics, as well as their binding interaction in vitro, we 

hypothesized that they may interact at the site of focal adhesions. To test this, differentiated human 

podocytes were stimulated with EGF for 30 minutes (or left untreated) and subsequent localization 

of endogenous CdGAP and β-PIX was studied (Fig. 9A). A stimulation period of 30 minutes was 

chosen as it was found to be sufficient to induce a change in localization, while shorter stimulation 

periods (e.g., 15 minutes) resulted in fewer changes (data not shown). In control podocytes, 

CdGAP signal was nuclear and cytosolic, the latter colocalizing with β-PIX. Very low levels of 

additional β-PIX could be found at the plasma membrane. However, upon EGF stimulation, both 

CdGAP and β-PIX signal at the plasma membrane increased (Fig. 9B-C) and appeared to 

colocalize. Quantification of CdGAP and β-PIX colocalization at the cellular periphery (as defined 

by the outer 10 μm of the cell) revealed that EGF stimulation promoted a modest but statistically 

significant increase of colocalization of peripheral CdGAP and β-PIX (Fig. 9D), while whole cell 

colocalization (i.e., cytosolic) remained unchanged (Fig. 9E). These data suggest that CdGAP and 

β-PIX jointly translocate to the plasma membrane upon EGF stimulation.  

Of note, CdGAP knockdown in human podocytes significantly increased the levels of 

peripheral β-PIX localization when compared to control podocytes (Fig. 9F). This finding suggests 

that CdGAP preserves cytosolic β-PIX in the absence of EGF, but upon EGF stimulation, the two 

proteins migrate to the plasma membrane where they likely participate in the regulation of focal 

adhesion dynamics. 
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Figure 9: EGF stimulation promotes translocation and subsequent colocalization of CdGAP 

and β-PIX at the cell membrane. Cultured human podocytes were stimulated with EGF (30 min) 

and compared to an unstimulated (0 min) control condition. (A) Staining of endogenous CdGAP 

(green) and β-PIX (red) in control and EGF-stimulated human podocytes. Arrowheads in lower 

right panel point to areas of CdGAP and β-PIX colocalization at cell periphery. (B) Schematic 

illustrating the selection of regions of interest and subsequent calculation, whereby the cell 

periphery encompasses the outer 10 μm at the cell membrane. (C) Quantification of peripheral β-

PIX signal in EGF-stimulated and control podocytes. (D) Quantification of peripheral CdGAP 

signal in EGF-stimulated and control podocytes. (E) Quantification via Pearson’s Colocalization 

Coefficient (PCC) of CdGAP-β-PIX colocalization in whole cell and cell periphery in control and 

EGF-stimulated podocytes. (F) Quantification of peripheral β-PIX signal in control vs CdGAP 

knockdown podocytes, with and without EGF stimulation. n = 12, 33 (C); 16 (D); 11-32 (E); 16-

21 (F). Statistically significant differences (*P < 0.05, **P < 0.01, ns = not significant) are 

indicated. Bar: 10 μm (A). 
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Overexpression of CdGAP and β-PIX jointly, but not of β-PIX alone, promotes cell migration 

To assess the effects of CdGAP and β-PIX on focal adhesion dynamics, we began by testing their 

effect on cell migration. In brief, CdGAP alone, β-PIX alone, or CdGAP and β-PIX together 

(alongside an empty vector (EV) control condition) were overexpressed in HEK 293 cells. After 

validation of transfection efficiency (Fig. 10A), cells were seeded to full confluency into a 96-well 

plate and a scratch wound was created in each well (Fig. 10B). Wound closure, or cell migration, 

was assessed over the following 24 hours. Quantification of relative wound density at 12 hours 

(Fig. 10C) revealed that doubly overexpressing CdGAP and β-PIX cells, as well as CdGAP 

overexpressing cells, migrated significantly faster than the empty vector control condition. β-PIX 

overexpressing cells appeared to migrate slower than empty vector control cells, though this was 

not statistically significant. Together, these results suggest that CdGAP, both alone and together 

with β-PIX, promotes cellular migration. 
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Figure 10: Overexpression of CdGAP alone and in 

combination with β-PIX, but not of β-PIX alone, 

increases HEK 293 cell migration in a wound healing 

assay. (A) Systematic validation of transfection 

efficiency in HEK 293 cells. (B) IncuCyte Wound 

Healing Assay snapshot at t = 0 (top) and 12 (bottom) 

hours. Purple area denotes area without cells after 

scratch wound (C) Normalized relative wound density at 

t = 12 hours. n = 29 (EV, CdGAP); 45 (β-PIX, both). 

Statistically significant values (*P < 0.05, **P < 0.01, 

***P < 0.001) are indicated. 
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CdGAP knockdown promotes cell spreading while β-PIX knockdown promotes mild cell rounding 

To assess the effects of CdGAP and β-PIX on cell morphology, two podocyte knockdown lines 

were generated by the Takano lab. Knockdown of both CdGAP and β-PIX was confirmed by 

immunoblotting (data not shown). Morphology, or cell rounding versus spreading, was assessed 

by measurement of cell area. This was accomplished by manual tracing of the cell perimeter in 

ImageJ. In human podocytes, CdGAP knockdown caused a mild spreading effect with a prominent 

increase in stress fibers (Fig. 11A). Quantification demonstrated that CdGAP knockdown cells 

had a larger cell area than control cells (Fig. 11B). Conversely, β-PIX knockdown in mouse 

podocytes induced a decrease in cell ruffling, and with it, a mild rounding effect (Fig. 11C). This 

translated to a mild but statistically significant decrease in cell area (Fig. 11D). Thus, knockdown 

of CdGAP and β-PIX in podocytes appears to have opposite effects on cell area, whereby CdGAP 

knockdown promotes cell spreading and β-PIX knockdown promotes mild cell rounding. 

A       C 

 

         B                            D 

 

 

 

 

 

 

Figure 11: CdGAP and β-PIX affect morphology in podocytes. (A) Control (top) and CdGAP 

knockdown (bottom) human pocoytes stained for phalloidin (far red). (B) Quantification of cell 

area in arbitrary units (pixels) of control and CdGAP knockdown human podocytes. (C) Control 

(top) and β-PIX knockdown (bottom) mouse podocytes stained for phalloidin (far red). (D) 

Quantification of cell area in arbitrary units (pixels) of control and β-PIX knockdown mouse 

podocytes. n = 155, 164 (A); 68, 85 (B). Statistically significant values (*P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001) are indicated. Bar: 10 μm (A, C). Mean bars coloured for increased 

visibility (B, D).  
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CdGAP is required for EGF-mediated Rac1 and Cdc42 activation 

Thus far, CdGAP knockdown has resulted in translocation of β-PIX to the cell membrane (Fig. 

9A, F), as well as increased cell spreading (Fig. 11A, B). Given its known GAP activity towards 

Rac1 and Cdc42, the Takano lab examined whether CdGAP knockdown results in an increase of 

Rac1/Cdc42 activities in podocytes. Control or CdGAP knockdown podocytes were either left at 

basal conditions or stimulated with EGF for 5 minutes (a sufficiently short stimulation period to 

observe transient Rho GTPase activity). Rac1 and Cdc42 activity levels were detected via GST-

CRIB pulldown. As expected, CdGAP knockdown podocytes exhibited greater basal Rac1 and 

Cdc42 activities than control podocytes (Fig. 12). When stimulated with EGF, control podocytes 

demonstrated an increase in Rac1 and Cdc42 activity (Fig. 12). CdGAP knockdown podocytes, 

however, failed to respond to EGF stimulation, as their Rac1 and Cdc42 activity levels did not 

change (Fig. 12). This suggests that CdGAP maintains low basal Rac1 and Cdc42 activity levels 

but is required for EGF-mediated stimulation of Rac1 and Cdc42. 

A      B 

 

 

 

 

C      D 

 

 

 

Figure 12: CdGAP knockdown enhances basal Rac1 and Cdc42 activities but blunts further 

EGF-induced Rac1 and Cdc42 activation. (A and C) Cell lysates from CdGAP knockdown and 

control (CTRL) podocytes, treated or untreated with 100 ng/ml EGF, were subjected to pull-down 

with GST-CRIB for active (GTP-bound) Rac1 (A) and Cdc42 (C). Representative immunoblots 

are shown. (B and D) Densitometric quantification of active GTP-bound forms of Rac1 (B) and 

Cdc42 (D) normalized to total Rac1 and Cdc42, respectively. n = 7 (B); 9 (D). Statistically 

significant values (*P < 0.05, **P < 0.01, ***P < 0.001) are indicated. 
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CdGAP does not inhibit β-PIX mediated Rac1 activation 

Given the requirement for CdGAP in EGF-mediated Rac1 and Cdc42 stimulation in podocytes 

(Fig. 12), we assessed the effects of CdGAP and β-PIX on Rac1 and Cdc42 activity under basal 

conditions. We hypothesized that if CdGAP is required for EGF-mediated activation of Rac1 and 

Cdc42, it may act synergistically with β-PIX, to support β-PIX Rac1/Cdc42 GEF activity. HEK 

293 cells were transfected with either an empty vector (EV) control, β-PIX alone, CdGAP alone, 

or β-PIX and CdGAP together. Rac1 and Cdc42 activity levels were detected via GST-CRIB 

pulldown (Fig. 13). As expected, β-PIX showed GEF activity towards both Rac1 and Cdc42, with 

greater activation of Cdc42 than Rac1. CdGAP, conversely, blunted activity levels of Cdc42, but 

unexpectedly did not show any detectable GAP activity towards Rac1 (Fig. 13). Double 

overexpression of CdGAP and β-PIX resulted in Rac1 and Cdc42 activity that was comparable to 

that of β-PIX alone (Fig. 13). Thus, CdGAP and β-PIX did not appear to have an additive effect 

on Rac1 nor Cdc42 activity. Instead, this finding suggests that despite its known GAP activity, 

CdGAP does not inhibit the β-PIX-mediated activation of Rac1.  
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Figure 13: CdGAP does not inhibit β-PIX mediated Rac1/Cdc42 activation. HEK 293 cells 

overexpressing an empty vector (EV) control, β-PIX, CdGAP, or β-PIX with CdGAP were lysed 

and subjected to pull-down with GST-CRIB for active (GTP-bound) Rac1 and Cdc42. (A) Active 

and total Rac1 and Cdc42, together with tubulin, were detected by immunoblotting. A 

representative immunoblot is shown. (B, C) Densitometric quantification of Rac1 (B) and Cdc42 

(C) activity, normalized to tubulin. n = 3-5 (B, C). Statistically significant values (*P < 0.05) are 

indicated. 
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Chapter 4: Discussion 

 

The Takano lab has discovered that (1) CdGAP and β-PIX are the top Rac1-interacting GAP and 

GEF in podocytes respectively, and that (2) this GAP and GEF physically interact in vitro by 

coimmunoprecipitation. Given the existence of other functional GAP-GEF interactions involving 

these two proteins (e.g., CdGAP-Intersectin and srGAP1-β-PIX), we were inclined to hypothesize 

the CdGAP-β-PIX interaction was likewise functional. Indeed, we found that CdGAP and β-PIX 

colocalize in human podocytes, and that their interaction affects intracellular localization, Rho 

GTPase activity, as well as cytoskeleton-dependent functions like cell morphology and motility.  

 Previous work from the lab has shown that CdGAP binds β-PIX via its BR domain. 

Notably, this is the same domain through which CdGAP interacts with Intersectin. Binding of 

Intersectin to CdGAP results in a loss of GAP activity, likely through conformational change 

involving the PRD domain. It is possible that β-PIX behaves in a similar fashion, and in its binding 

to CdGAP, inhibits GAP activity. Such a possibility would explain the failure of CdGAP to blunt 

basal Rac1/Cdc42 activity in HEK 293 cells overexpressing CdGAP and β-PIX, when compared 

to cells overexpressing β-PIX alone (Fig. 13). Given that the PRD of CdGAP is required for the 

Intersectin-mediated downregulation of GAP activity, it would be interesting to explore whether a 

PRD deficient mutant of CdGAP might overcome β-PIX-mediated inhibition. Nonetheless, the 

preliminary finding that β-PIX mediates CdGAP GAP activity suggests that this GEF and GAP 

may operate under a sophisticated regulatory mechanism. 

 β-PIX was found to bind CdGAP through its SH3-DH domain with inconsistent binding 

(present in some experiments but not others) of the C-terminus (Fig. 7). In trying to resolve the 

roles of the individual SH3 and DH domains in this interaction, we found that SH3 alone is not 

sufficient to bind CdGAP. The capacity of the DH domain alone to bind CdGAP could not be 

resolved due to its low expression level, and under the immunoblotting system in place (owing to 

IgG band signal overlap at the predicted molecular weight). The SH3 domain of β-PIX is important 

to its scaffolding activity, as it is required for shuttling of the PAK-PIX-GIT complex from the cell 

body to the membrane. Notably, Intersectin binds CdGAP via its SH3 domain. It is therefore 

tempting to propose that the SH3 domain β-PIX may be required, but not sufficient, for the binding 

of CdGAP.  
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The DH domain of β-PIX, which likely also participates in the CdGAP binding interaction, 

is required for mediating nucleotide exchange on Rac1 and Cdc42 (Fig. 7). ten Klooster et al. 

found that β-PIX is able to bind both active and inactive Rac1 on its SH3 domain, and that this 

interaction is essential for targeted localization of Rac1 and its subsequent activation (194). It is 

possible that CdGAP binding to the SH3 domain of β-PIX accommodates for a similar targeting 

mechanism, whereby integrin-induced EGF stimulation promotes translocation of β-PIX to the 

cell membrane for subsequent Cdc42 and Rac1 regulation, thus pulling CdGAP along to allow for 

the targeted regulation of focal adhesion turnover. This might explain the joint translocation of 

CdGAP and β-PIX to the cell membrane of podocytes that took place upon EGF stimulation (Fig. 

9).  

 The other site of CdGAP interaction on β-PIX was its C-terminus (Fig. 7). This interaction 

is likely context specific, as it appeared in some coimmunoprecipitation experiments but not 

others. The C-terminus of β-PIX regulates its dimerization, and as such, its translocation to the cell 

membrane. Chadi and Sorokin reported that dimerization of β-PIX is essential for its localization 

to the cell membrane, as well as strong GEF activity towards Rac1 (202). It is possible that 

situational binding of CdGAP to the β-PIX C-terminus impairs its ability to dimerize. In this 

situation, we might expect a reduction in β-PIX membrane localization. This aligns with our 

finding that at basal conditions, membrane-localized β-PIX levels are low, but increase upon 

CdGAP knockdown (Fig. 9F). It would therefore be interesting to determine whether the 

interaction of CdGAP with the C-terminus of β-PIX affects β-PIX dimerization.  

 There is, however, an alternate interpretation of the significance of CdGAP binding the β-

PIX C-terminus. The C-terminus is an important β-PIX regulatory domain containing two 

phosphorylation sites, Ser-516 and Thr-526. The study by Kutys and Yamada that identified the 

β-PIX-srGAP1 interaction also discovered that this interaction was promoted by 

dephosphorylation of Thr-526. They found that when fibroblasts are seeded on collagen, activation 

of α2 integrin promotes protein phosphatase 2A (PP2A) activity, causing dephosphorylation of the 

Thr-526 residue. This, in turn, allowed for binding of β-PIX and srGAP1 and subsequent activation 

of Cdc42, but not Rac1 (206). Rac1 activation by β-PIX, instead, required that the Thr-526 residue 

of β-PIX is phosphorylated; one study has demonstrated that this can happen in response to 

fibroblast growth factor that triggers a Ras/ERK/PAK2 signaling cascade (209). It appears that 
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Rac1 activation by β-PIX takes place downstream of Cdc42 activation (194). It could therefore be 

that dephosphorylation of the Thr-526 residue on β-PIX supports its association with CdGAP, as 

it does in the case of srGAP1. However, if this is the case, it is not immediately clear what happens 

upon EGF stimulation. Phosphorylation of Thr-526 allows PAK1 to bind β-PIX. Subsequent β-

PIX-mediated activation of Cdc42 causes PAK1 autophosphorylation and dissociation from the β-

PIX DH domain, which in turn binds and activates Rac1 (194). Yet, collagen plated fibroblasts 

exhibiting β-PIX-srGAP1 interaction had reduced PAK1 binding to β-PIX (206). It could therefore 

be that under basal conditions, CdGAP-β-PIX interaction is modulated by Thr-526 

dephosphorylation with little PAK1 binding, but that upon EGF stimulation, Thr-526 is 

phosphorylated and CdGAP is somehow recruited to the cell periphery in complex with PAK1. 

Further examination of the effects of Thr-526 phosphorylation on β-PIX interaction with CdGAP 

and PAK1 could, therefore, provide useful mechanistic insight. 

 Whatever the mechanism of joint CdGAP-β-PIX translocation to the cellular periphery 

may be, it is likely that it culminates in the release of β-PIX-mediated inhibition of CdGAP GAP 

activity. This may happen through dissociation of the CdGAP-β-PIX complex, or perhaps through 

conformational change that releases the previously folded CdGAP PRD-GAP domains into an 

open confirmation, such that the GAP domain is accessible for Rac1/Cdc42 inhibition. This is 

supported by the observation that, despite their physical interaction, CdGAP and β-PIX still exert 

opposite effects on cytoskeletal dynamics, as they promote two different types of cell morphology. 

CdGAP knockdown in human podocytes resulted in an increase of cell area (i.e., cell spreading) 

(Fig. 11). This finding is in line with a previous report from the lab of Dr. Lamarche that shows 

that expression of a GAP-null CdGAP mutant in fibroblasts supports cell spreading, as well as 

other reports demonstrating that CdGAP overexpression (in numerous cell types) causes reduction 

in cell area (i.e., cell rounding) (177, 179, 180, 183). To assess the effects of β-PIX activity on 

podocyte morphology, we had to generate a mouse shRNA knockdown cell line, as β-PIX ablation 

causes human podocytes to detach from their substrate, making subsequent experiments difficult. 

Knockdown of β-PIX in mouse podocytes resulted in a mild decrease in cell area (i.e., cell 

rounding). A similar finding has been observed in collagen-plated fibroblasts (206). β-PIX 

knockdown podocytes also exhibited fewer membrane ruffles, a finding that supports this GEF’s 

known role in ruffle formation (190). Collectively, these findings support the previously 
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established effects of CdGAP and β-PIX on cell morphology, especially given their respective 

GAP and GEF activities. 

 While CdGAP and β-PIX knockdown gave rise to opposing effects on cell morphology in 

accordance to their respective GAP and GEF activities, their overexpression did not create such a 

strong opposing effect. To assess cell migration, HEK 293 cells were overexpressed with either an 

empty vector control, CdGAP, β-PIX, or CdGAP and β-PIX together. Cells were seeded on a 

laminin-521 substrate, a wound was made, and migration was observed over the following 12 

hours, as it was expected that proliferation was unlikely to impact cell migration over such a short 

time period. In our assay, overexpression of CdGAP promoted cell migration, while β-PIX 

overexpression showed a mild inhibitory effect (Fig. 10). A previous study has shown, very 

similarly, that CdGAP overexpression in HEK 293 cells gives rise to increased cell migration 

(176). Another study of Neu-NT-expressing mammary tumor cells found that while CdGAP 

knockdown itself didn’t alter cell motility, it rendered the cells unresponsive to TGF-β induced 

cell migration (173). This is in line with the finding that CdGAP is required for durotaxis, as 

CdGAP deficient human osteosarcoma U2OS cells are unresponsive to changes in matrix rigidity 

(210). These data suggest that CdGAP is a driver of cell motility, as was the case in our migration 

assay. Yet, another report has found that CdGAP overexpression in U2OS cells deceased cell 

migration, while CdGAP knockdown promoted it (208). The cause for this discrepancy may 

simply be that CdGAP operates in a context-dependent manner. Indeed, tumor cells often operate 

on an altered genetic program, and it is well established that dysregulation of Rho GTPase activity 

is a common factor to many cancer types (211). That said, in the context of our experiment, CdGAP 

was a clear driver of cell migration.  

Conversely, β-PIX overexpression appeared to slow cellular migration in our wound 

healing assay (Fig. 10). This is not in line with other studies that have found β-PIX knockdown to 

blunt both total and directional cell migration (by impaired activation of both Rac1 and Cdc42) 

(202, 212). Given the poor effects on cell health seen in β-PIX knockdown human podocytes, as 

well as HEK 293 cells overexpressing the DH domain of β-PIX, it is possible that the HEK 293 

overexpression system was not optimal for assessment of β-PIX effects on cell motility. Indeed, 

the overexpression protocol was designed with maximum transfection efficiency in mind and did 

not account for the potential of resulting cellular toxicity. Although our findings do not lend 
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themselves to a concrete conclusion on the role of β-PIX in cell migration, dual overexpression of 

CdGAP and β-PIX in HEK 293 cells yielded migration that was similar to that of cells 

overexpressing CdGAP alone. This suggests that between this GEF and GAP, CdGAP is the 

primary driver of cell migration. Such a possibility would support the view that the functional 

purpose of the CdGAP-β-PIX interaction is β-PIX-mediated shuttling of the complex to the site of 

focal adhesions upon extracellular stimulation (such as that created by a wound in a wound healing 

assay), where CdGAP can exert its functional effects upon cytoskeletal dynamics.  

In assaying CdGAP GAP activity, we also discovered that CdGAP knockdown blunts 

EGF-induced Rac1/Cdc42 activation in podocytes (Fig. 12). While it may be that the already-

elevated basal Rac1/Cdc42 activities of CdGAP knockdown podocytes have reached their 

maximum threshold, there is another interesting possibility: that CdGAP is somehow required for 

EGF-induced β-PIX GEF activity. As aforementioned, CdGAP has been identified as an important  

mediator of TGF-β induced cell migration and focal adhesion-based mechanosensing (173, 210). 

On the basis of this, we might speculate that CdGAP contributes to EGF-induced integrin signal 

transduction and may be necessary for the functional translocation of β-PIX. It would be interesting 

to compare other β-PIX activation markers (e.g. phosphorylation of β-PIX itself and its 

downstream effectors) between control and CdGAP knockdown podocytes to determine the role 

of CdGAP in this GAP-GEF partnership. 

 As in any study that aims to ascertain the nature of disease in vitro, the question of 

physiological relevance is a critical one. In this study, we used HEK 293 cells where the use of 

podocytes was technically challenging, i.e., overexpression studies. As aforementioned, β-PIX 

knockdown in human podocytes caused challenges owing to immediate detachment from 

substrate. However, in considering the relevance of the CdGAP-β-PIX relationship to glomerular 

disease, we must remember that this GAP and GEF do not operate in a vacuum, but are rather part 

of an intricate Rho GTPase regulatory network (213). Both CdGAP and β-PIX interact with 

numerous signaling partners in podocytes, and dysregulation of both is deleterious to glomerular 

function in vivo. This study sheds light on two Rho GTPase regulatory members of the podocyte 

network, and the need for their balanced activities. 

In conclusion, the findings of this work support a mechanism that allows for targeted 

regulation of Rac1 and Cdc42 by CdGAP and β-PIX in podocytes. Under a basal state, CdGAP 
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retains β-PIX in the cytosol, where β-PIX binding may inhibit GAP activity of CdGAP via the BR 

domain. Upon integrin-mediated EGF signaling, the two proteins jointly translocate to the cell 

membrane. Given the known role of β-PIX in Cdc42/Rac1 targeting to focal adhesions, it is likely 

that the joint translocation of CdGAP and β-PIX in this context facilitates the targeting of CdGAP 

to focal adhesions. At this point, CdGAP may undergo a conformational change or dissociate from 

β-PIX to render its GAP activity available for inactivation of Rac1/Cdc42. Thus, the CdGAP-β-

PIX interaction may facilitate the precise regulation of focal adhesion assembly and disassembly, 

and sheds light on the complex regulatory network of Rho GTPases in podocytes by their upstream 

GEFs and GAPs. Indeed, untangling the Rho GTPase network is critical for our understanding of 

proteinuric kidney diseases and may have implications in the development of small molecule 

treatments.  
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