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ABSTRACT 

a-Actinin-4 is an actin crosslinking protein that supports the foot process 

architecture of the podocytes. Mutations in the ACTN4 gene underlie an autosomal 

dominant form of the glomerular lesion - Focal Segmental Glomerulosclerosis (FSGS). 

Affected individuals have a defective filtration barrier causing protein to leak into the 

urine. The K256E mutation dramatically increases a-actinin-4/actin affinity, alters a-

actinin-4's intracellular localization in podocytes, and impairs cytoskeletal-dependent cell 

spreading and migration. Due to its mislocalization and enhanced affinity for F-actin, we 

hypothesized that the phosphorylation and interaction of K256E a-actinin-4 with its 

known binding partners would be disrupted. Furthermore, K256E a-actinin-4 would 

diminish the dynamic nature of the podocyte actin cytoskeleton upon exposure to 

mechanical stretch - a mimic of the in vivo intraglomerular capillary pressure. Tyrosine 

phosphorylation of a-actinin-4 could not be detected in cells overexpressing focal 

adhesion kinase (FAK) or in response to sodium orthovanadate - a tyrosine phosphatase 

inhibitor. Immunofluorescence, immunoprecipitation, and immunoblot approaches 

revealed that K256E a-actinin-4 exhibits reduced interaction with the adherens junction 

protein, P-catenin, and affects distribution of the actin binding protein, synaptopodin, 

along stress fibers. Finally expression of K256E a-actinin-4 dramatically alters the 

morphology of podocytes, reducing the cytoplasmic surface area, in response to 

mechanical stretch. These findings demonstrate that the K256E a-actinin-4 is sequestered 

away from specific subcellular domains such that it cannot interact with some of its 

endogenous binding partners, while severely impacting the dynamic nature of the actin 

cytoskeleton. These perturbations may therefore underlie podocyte dysfunction in 

actinin-associated FSGS. 
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The most exciting phrase to hear in science, the one that heralds 
the most discoveries, is not "I found it!" but 
"That's funny..." 

~Isaac Asimov 
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1 INTRODUCTION 

1.1 THE KIDNEY 

The kidney is an indispensable organ that removes toxic waste products, and 

excess water and salts from the blood. It also plays a part in controlling blood pressure, 

produces erythropoietin which stimulates red blood cell production and prevents 

anaemia, helps to keep calcium and phosphate in balance for healthy bones, and 

maintains the blood in a neutral (i.e. non acidic) state [4, 5]. The kidneys receive 20-25% 

of the resting cardiac output and filter/retain key plasma components (i.e. albumin) which 

helps keep a proper oncotic balance throughout the body, thereby preventing edema. 

Homeostasis is maintained through 1-1.5 million nephrons - the basic structural and 

functional units of the kidney. 

1.2 THE NEPHRON 

The chief function of the nephron is to reabsorb solute components of blood and 

secrete waste products. Each nephron (Figure 1.1) consists of a glomerulus, where blood 

plasma is filtered, and renal tubules, where the filtered fluid passes through and secretion 

and reabsorption of plasma components is carried out [4, 5]. The beginning of the 

nephron - the glomerulus - is composed of the glomerular capillaries and Bowman's 

capsule, the epithelial sac-like structure that surrounds the glomerular capillaries (Figure 

1.2) [5]. 
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Blood enters the glomerulus via the afferent arteriole of the renal circulation. The 

glomerulus filters the blood and the fluid that enters the Bowman's capsule is called the 

glomerular filtrate. The glomerulus filters approximately 150 and 180 liters of blood in 

females and males, respectively. 

The glomerular filtrate then passes into the renal tubules as it exits from 

Bowman's capsule. The filtered fluid from the proximal convoluted tubule then passes 

through the loop of Henle (descending limb and ascending limp) and the distal 

convoluted tubule where it finally empties into a single collecting duct (Figure 1.1) [5]. 

Urine from all the collecting ducts flows into renal pelvis, and eventually empties into the 

bladder by way of the ureter. 

The remainder of the blood, not filtered into the glomerulus, passes into the 

efferent arteriole and then moves into the vasa recta, the long loop-shaped capillaries that 

intertwine the renal tubules through the interstitial space (Figure 1.1). The reabsorbed 

water and solutes (Na+, K+, CI", H+, etc.) enter into the vasa recta from the renal tubules 

via interstitial space. The efferent venules then combine with those surrounding other 

nephrons to merge into the renal vein, and exit the kidney to join the main bloodstream. 

At this point, 99% of the filtrate returns to the bloodstream via renal tubule reabsorption, 

and only 1-2 liters are excreted as urine. 

1.3 THE GLOMERULUS 

The glomerulus (Figure 1.2) is the basic filtration unit of the nephron. It consists 

of a collection of elaborate capillary loops receiving blood supply from the afferent 
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arteriole of the renal circulation. The rate at which blood is filtered is called the 

glomerular filtration rate (GFR) [4]. The GFR of a given nephron is established by a 

pressure gradient set up by a number of forces (Figure 1.3). The glomerular capillary 

pressure consists of two main forces: First, the hydrostatic pressure, which is the blood 

pressure in glomerular capillaries and capsular space. Second, the colloid oncotic 

pressure, which is the pressure in the capillaries (caused by the presence of proteins such 

as albumin) and capsular space. The net filtration pressure (NFP), that takes into account 

all the pressures, is the driving force that causes the blood to be filtered into the 

Bowman's capsule from the glomerulus. GFR is then calculated to be the surface area 

available for filtration (the ultrafiltration coefficient - Kf) multiplied by NFP, [GFR = Kf 

x NFP]. 

The cellular components in the glomerulus that form the basic filtration unit and 

contribute to the architecture/function of glomerulus are mesangial cells and cells in the 

glomerular filtration barrier. 

Mesangial cells are smooth muscle-like pericytes that are found in the interstitium 

between the capillaries of the glomerulus [6]. The role of the contractile smooth muscle­

like pericytes is to regulate the intraglomerular blood flow [7], thus, the presumptive role 

of mesangial cells is to regulate glomerular filtration by modulating the surface area of 

each capillary loop to control the blood flow [6]. Therefore mesangial cells are not part of 

the filtration barrier per se, but instead participate indirectly in filtration. 

The glomerular filtration barrier consists of the glomerular basement membrane 

(GBM) which is covered by fenestrated endothelial cells on the inner blood-facing 

surface and visceral epithelial cells called podocytes that cover the outer surface of each 
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capillary [5]. The endothelial cells of the glomerulus contain numerous pores (fenestrae) 

large enough to allow anything smaller than a red blood cell to pass through. The GBM 

is very thick (100-200 nm) compared to most basement membranes (40-50 nm), and it 

consists of collagen IV, laminin, and glycosaminoglycans such as heparan sulfate that are 

negatively charged molecules. This helps prevent passage of negatively charged proteins 

(e.g. albumin) into the Bowman's capsule as the negatively charged basement membrane 

repels them. Inasmuch as the endothelial cells and GBM help establish the initial 

obstacle for plasma albumin, the final barrier for filtration is established and maintained 

by the podocytes. 
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Figure 1.1 The Nephron 

Each nephron consists of a glomerulus and renal tubules. Blood enters the nephron via 
the afferent arteriole from renal system. The beginning of the nephron - The Glomerulus 
- filters the blood and the filtrate fluid enters the Bowman's capsule. The glomerular 
filtrate then passes into the renal tubules, the proximal convoluted tubule, the loop of 
Henle (descending limb and ascending limp), the distal convoluted tubule, and finally the 
collecting duct. The blood, not filtered into the Bowman's capsule, passes into the 
efferent arteriole and then moves into the vasa recta, surrounding the renal tubules. The 
reabsorbed water and solutes enter into the vasa recta from the renal tubules to return to 
the main bloodstream. Image from (Ross M.H. et al., 2003) 



6 

Bowman's capsule 

Afferent 
arteriole 
from 
renal artery 

Efferent 
arteriole 
from glomerulus 

Proximal convoluted 
tubule 

Peritubular 
capillaries 

Vasa 
recta 

Distal convoluted 
tubule 

Collecting duct 



7 

Figure 1.2 The Glomerulus 

The glomerulus is the basic filtration unit of the nephron that consists of capillary loops 
covered by podocytes and Bowman's capsule. A - Scanning electron microscopy (EM) 
of the glomerular capillaries covered by podocytes. B - Glomerulus (Bowman's capsule, 
podocytes) and the mesangial cells. Image (A) from Renal Pathology Scanning 
Microscopy site (http://www.med.niigata-u.ac.jp/npa/rpa/rpa.html). 

http://www.med.niigata-u.ac.jp/npa/rpa/rpa.html
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Figure 1.3 Blood Flow and Pressure in Glomerulus 

Blood enters the glomerulus via the afferent arteriole of the renal circulation. The 
glomerulus filters the blood and the filtrate enters Bowman's capsule. 
The rate at which blood is filtered is called the glomerular filtration rate (GFR). The net 
filtration pressure (NFP), which is the net pressure of the glomerular capillary pressure 
(hydrostatic and colloid oncotic pressure), is the driving force that causes the blood to be 
filtered into the Bowman's capsule from the glomerulus. GFR is then calculated to be: 
[GFR = Kf x NFP]. Where Kf is the ultrafiltration coefficient. Image modified from the 
following URL: (http://www.mscd.edu/~biology/2320course/2320info.htm 

http://www.mscd.edu/~biology/2320course/2320info.htm
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1.4 THE PODOCYTES 

The ability of the glomerulus to produce a filtrate free of protein is mainly 

achieved by podocytes. The function of podocytes depends on an elaborate and complex 

structure and cellular morphology. The structure of podocytes (Figure 1.4) consists of the 

cell body, the primary and secondary processes, also known as foot processes, and the slit 

diaphragm. 

The cell body of the podocytes bulges into the urinary space and gives rise to 

primary processes that extend toward the glomerular capillaries by use of their 

longitudinally arranged bundles of microtubules (Figure 1.5B shown in green) [8]. 

Primary processes then branch out as numerous foot processes and completely enwrap 

the glomerular capillaries by use of their actin-base contractile apparatus (Figure 1.5B 

shown in red). By interdigitating with the foot processes of adjacent podocytes, foot 

processes form a sieve bridged by an extracellular structure, known as the slit diaphragm 

(Figure 1.6) [8]. 

The slit diaphragm establishes a barrier to molecules based on their size, charge 

and shape. Furthermore, the role of the slit diaphragm tends to be more complex than 

simply a physical sieve, as it participates in intracellular signaling mechanisms necessary 

to maintain the functional integrity and survival of podocytes [9]. 

1.5 THE SLIT DIAPHRAGM 

The structure of the slit diaphragm is essentially a modified adherens junction [8, 

10]. During the early stage of glomerular development, podocytes are connected by 
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structures resembling tight junctions as they express zonula occludens-1 (ZO-1) [11] and 

desmosomal proteins [12], the common tight junction proteins. Normally, cell to cell 

contacts are maintained through such highly organized junctional structures. Two major 

types of junctions are adherens junctions and tight junctions [13] by transmembrane 

adhesive proteins that are linked to intracellular binding partners, which anchor to the 

actin cytoskeleton and stabilize the junctions [13]. As podocytes begin to form their foot 

processes and slit membrane, the desmosomal proteins disappear [12] and the ZO-1 

protein migrates to where the albumin-restrictive slit membrane develops and the slit 

diaphragm associated proteins, nephrin, podocin, and CD2-associated protein (CD2AP) 

are expressed (Figure 1.6B) [8]. 

Nephrin (180kDa) is an adhesion protein and member of the Ig superfamily and 

an essential structural component of the slit diaphragm [14]. It's extracellular domain is 

part of the slit diaphragm that forms a zipper-like structure, which bridges the distance 

between interdigitating podocyte foot processes to interact with the extracellular domain 

of another nephrin molecule expressed on an adjacent foot process (Figure 1.7) [14]. 

Mutations in the gene encoding nephrin (NPHS1) have been linked to a familial 

form of nephrotic syndrome [15], a condition characterized by massive leakage of protein 

into the urine. In addition, NPHS1 inactivation in mice leads to effacement of podocyte 

foot processes, and neonatal death [16]. These phenotypes indicate that nephrin is a key 

component of the slit diaphragm and the glomerular filtration barrier. 

Nephrin also contains a short cytoplasmic tail with a number of tyrosine residues 

that are phosphorylated and tightly regulated by the src kinase family member Fyn [17]. 

When activated by phosphorylation, nephrin is believed to trigger anti-apoptotic 
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signaling; this is achieved by interacting with phosphoinositide 3 kinase (PI3-kinase), 

which activates the serine-threonine kinase, Akt [9]. Akt then mediates phosphorylation 

of several target proteins such as Bad, a proapoptotic protein of the Bcl-2 family. Upon 

inactivation of Bad by phosphorylation, apoptosis is avoided [9], suggesting that the 

nephrin-PI3-kinase-mediated Akt activity can regulate cellular survival pathways in 

podocytes. 

An expanding list of other slit diaphragm associated proteins include P (placental) 

- cadherin, the MAGUK with inverted orientation-1 (MAGI-1), cc-catenin, and P-catenin 

(Figure 1.6B). Such molecular components are believed to be important in maintaining 

the structure and function of slit diaphragm; either by associating with the slit diaphragm 

directly/indirectly to link it to the cytoskeleton or by participating in signaling pathways 

that considered to be important in podocytes survival. Importantly, the integrity of the 

slit diaphragm complex is dependent upon its being tethered to a structurally secure 

cytoskeletal network. It is becoming clear that factors which disrupt the podocyte 

cytoskeleton in a disease state have an immediate impact upon the viability of the slit 

diaphragm and its ability to restrict the passage of albumin into the urine. 
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Figure 1.4 The Podocyte 

Scanning EM of podocytes enwrapping the outer aspect of the glomerular capillaries. 
Podocyte structure consists of the cell body, primary processes, and the secondary 
processes also known as foot processes. Scanning EM image from (Smoyer, W.E. and 
Mundel P., 1998). 
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Figure 1.5 Cytoskeleton of Podocyte Foot Processes 

A - Cross section of a glomerular capillary loop covered by foot processes of the 
podocytes. B - View from the top - Arranged bundles of microtubules in primary 
processes (green) and actin-bundles of contractile apparatus in foot processes (red). 
Image from (Pavenstadt H., et al., 2003). 
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Figure 1.6 Foot Processes and Slit Diaphragm of Podocytes 

The foot processes are extensions of the podocyte that contact the GBM and interdigitate 
with the foot processes of the neighboring podocytes. The slit diaphragm bridges the 
space between two foot processes and forms the sieve that substances cross to reach the 
urinary space. A - Illustrates a transmission EM of podocyte foot processes. Image from 
(Lahdenkari A.T. et al., 2004). B - Illustrates a drawing of two foot processes and most 
of the molecular components required in podocytes to develop and maintain their 
structure and function as the main filtration barrier. Nephrin, P-cadherin, P-catenin, 
synaptopodin, vinculin, and MAGI-1 discussed in introduction are all included in this 
figure. Image from (Michaud J.L., and Kennedy C.R., 2007). 
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Figure 1.7 Nephrin 

Nephrin is an essential structural component of the slit diaphragm. Its extracellular 
domain forms a zipper-like structure, which bridges the distance between interdigitating 
podocyte foot processes. This structure forms pores that establish a barrier to molecules 
based on their size, charge and shape. 
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1.6 FOCAL SEGMENTAL GLOMERULOSCLEROSIS 

A number of diseases target the roughly one million glomeruli in each kidney. 

When the glomerulus is damaged, it allows protein (albumin) to leak into the urine, 

commonly called proteinuria. Over time, the excess protein within the tubular lumen 

becomes toxic to the kidney. The ensuing damage will eventually lead to kidney failure, 

which requires life-sustaining dialysis or kidney transplant. 

One class of glomerular diseases is called focal segmental glomerulosclerosis 

(FSGS), which is one of the leading causes of end-stage renal disease. FSGS is actually a 

type of lesion that occurs when scar tissue forms in some of the glomeruli of the kidney. 

The term "focal" means that some of the glomeruli are scarred, while others remain 

unaffected. The term "segmental" means that only part of an individual glomerulus is 

damaged. 

The scarring process is initiated from podocyte damage. When podocytes are 

injured, the cell-cell contacts at the slit diaphragm, cell-matrix contacts and the 

cytoskeletal structure of the foot processes are altered and eventually the cell takes on an 

"effaced" phenotype (Figure 1.8). Foot process effacement is also referred to as process 

simplification, retraction, or fusion [8]. The mechanism by which cells develop an 

effaced phenotype, is not fully understood, however, it is commonly accepted that 

disappearance of the structure of the slit diaphragm and development of proteinuria are 

accompanied by increased deposition of actin filaments along the base of foot processes -

an event that likely contributes to effacement and the loss of the slit diaphragm. 
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Most people affected by FSGS do not have a family history of kidney disease. 

However, familial FSGS is considered in families with two or more family members with 

FSGS and, most have mutation in genes encoding nephrin [15, 16], podocin [18], CD2AP 

[19], TRPC6 (transient receptor potential cation channel, subfamily C, member 6) [20] 

and cc-actinin-4 [21]. 
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Figure 1.8 Podocyte Foot Process Effacement 

When podocytes are damaged, the cells exhibit an effaced phenotype. The cell-cell 
contacts at the slit diaphragm of the foot processes show an abnormal phenotype and 
eventually lead to the disappearance of the slit diaphragm. A - Illustrates a scanning EM 
of normal foot processes of podocytes. B - Illustrates a scanning EM of effaced foot 
processes. C - Illustrates a scanning EM of the normal podocytes D - Illustrates a 
scanning EM of the diseased podocytes, possibly detaching from the GBM. Image A and 
B from (Lahdenkari A.T. et al., 2004) and Image B and C from 
(http://biology.ucf.edu/~logiudice/zoo3713/ZOO%203713 and 
http://www.nephrohus.org/uz/article.php3 ?id_article= 137) 

http://biology.ucf.edu/~logiudice/zoo37
http://www.nephrohus.org/uz/article.php3
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1.7 a-ACTININ-4 

a-Actinin is a ubiquitous actin-bundling/crosslinking protein belonging to the 

spectrin superfamily [22, 23]. The a-actinin family consists of two non-muscle isoforms 

(a-actinins 1 and 4) and two skeletal muscle isoforms (cc-actinin-2 and 3) [24, 25]. The 

muscle-specific isoforms, a-actinin-2 and a-actinin-3 cross-link F-actin together in the 

region of the Z-disc of the sarcomeres in striated muscle cells [22, 26, 27]. The 

bundling/crosslinking abilities of a-actinin-2 and a-actinin-3 are insensitive to calcium 

[26] while those of a-actinin-1 and a-actinin-4 are responsive to calcium [28]. Thus, the 

binding affinity of the a-actinins (1,4) can be regulated by calcium. 

a-Actinin-1 and a-actinin-4 are widely expressed, though only a-actinin 4 

(~100kDa) is highly expressed in the glomerular podocytes [1]. a-Actinin-4 was first 

discovered by S. Hirohashi's group in 1998 as a new molecular marker that is associated 

with cell motility and cancer invasion [29]. In podocytes, a-actinin-4 co-localizes with 

focal adhesions, stress fibres and adherens junctions while being excluded from the 

nucleus. On the other hand, in some cancer cell lines, a-actinin-1 localizes to focal 

adhesions and adherens junctions, while, a-actinin-4 does not localize to these sites and is 

mostly found in the cytoplasm and in the nucleus upon inhibition of PI3-kinase [29]. 

These findings suggest that a-actinin-1 and a-actinin-4 might have some redundant and 

some distinct roles depending on the cell line and they might compensate for one another 

in case the expression of the other isoform is not significant. 
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Interestingly, mutations in the gene encoding a-actinin-4 (ACTN4) account for 

approximately 4% of familial FSGS in families with an autosomal dominant pattern of 

inheritance [1, 30]. Thus, a-actinin 4 is thought to be important for maintaining the 

structure and function of podocytes. 

1.7.1 Structure of a-Actinin-4 

The putative structure of the a-actinin-4 protein is shown in Figure 1.9. a-actinin-

4 exists as an antiparallel homo-dimer equipped with several regulatory domains: an N-

terminal actin-binding domain (ABD) composed of two calponin-homology (CH) 

domains, where the second calponin-domain contains a phosphoinositide binding site 

(PI), a central region with four a-helical spectrin-like repeats (R1-R4) which allows a-

actinin-4 to dimerize and gives it a significant elasticity [25], and a C-terminal 

calmodulin-like (CaM) domain with two EF-hand motifs [25]. Interestingly, the FSGS 

causing mutations are found in a highly-conserved region located in the linker sequence 

between the ABD and first spectrin-like repeat (Figure 1.9). These regulatory domains 

may function to relay a number of specific intracellular signals in order to modulate the 

binding of a-actinin-4 to actin filaments or other associating proteins and thereby alter its 

intracellular location and function. 
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Figure 1.9 Structure of a-Actinin-4 

a-actinin-4 forms an anti-parallel dimmer. It consists of an actin-binding domain (ABD) 
(composed of two calponin-homology domains) at the N-terminus of each monomer with 
a phosphoinositide binding site (PI), a-actinin-4 also contains four spectrin-like repeats 
(R1-R4) and two EF-hand calcium regulation domains (EF). FSGS-associated mutations 
are found in the linker region between the actin binding domain and the 1st spectrin like 
repeat. 
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1.8 REGULATION AND FUNCTION OF a-ACTININ-4 

1.8.1 Function of a-Actinin-4 

Further studies from our lab demonstrated that a-actinin-4 localizes to distinct 

subcellular domains of podocytes, including the cortical actin network, focal adhesions, 

and actin stress fibers. In contrast, the disease-causing K256E a-actinin-4 dramatically 

increases the affinity of a-actinin-4 for F-actin thereby excluding a-actinin-4 from the 

cell periphery while impairing cell migration, spreading and formation of foot process­

like projections in cultured podocytes [3] suggesting that the podocyte cytoskeleton is 

dysregulated. 

To better understand the progression of a-actinin-4 associated-FSGS a transgenic 

mouse model was developed in our lab [2]. Mice expressing the a-actinin-4 transgene, 

with a K256E mutation, in a podocyte-specific manner using the nephrin promoter 

developed proteinuria, foot process effacement and glomerular sclerosis [2]. These 

findings strongly supported a role for podocyte a-actinin-4 in the maintenance of the 

glomerular filtration barrier. 

At the same time, Pollak's group developed a mouse model lacking the ACTN4 

gene [31]. Mice homozygous for the ACTN4 null alleles developed damaged podocytes 

leading to proteinuria and progressive glomerular disease while heterozygous ACTN4 

null mice showed no apparent phenotype [31]. Furthermore, they developed knock-in 

mice expressing the FSGS-associated mutant and showed an increased degradation of 

mutated a-actinin-4 in fibroblasts taken from these mice [32]. These mice also developed 
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foot process effacement in podocytes leading to progressive proteinuria and glomerular 

disease. 

1.8.2 Flexibility of oc-Actinin-4 

A recent study has shown that cc-actinin is a flexible cross-linker of actin filaments 

by studying 2D electron micrographs of F-actin cross-linked with a-actinin [33]. They 

showed 8000 actin crossover repeats, each with one to five a-actinin molecules bound 

that can turn 60°, 120° and 180° about its ABD. These properties of a-actinin may 

explain the non-flexibility of actin filaments observed when FSGS-associated K256E a-

actinin-4 is associated with them, possibly resulting in inhibition of their structural 

flexibility. 

1.8.3 Regulation of oc-Actinin-4 Function 

The putative regulatory domains housed within the a-actinin-4 protein sequence 

suggest that the binding affinity of this molecule may be modulated by intracellular 

signal transduction. In fact, a group showed that PI3-kinase derived phosphoinositides 

that bind to the PI binding site of a-actinin may regulate actin stress fiber formation in 

cells by controlling the extent to which microfilaments are bundled [34, 35]. Furthermore 

the EF hands of a-actinin-4 appear to be responsive to calcium since our lab 

demonstrated that wildtype a-actinin-4 is displaced from F-actin with increasing levels of 
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Ca2+ whereas the K256E a-actinin-4 remains tightly associated with actin (unpublished 

data). 

1.8.4 Regulation of tx-Actinin-1 by Focal Adhesion Kinase 

Focal adhesion kinase (FAK) is a key component of the signal transduction 

pathways triggered by integrins [36], which is important in regulation of cell spreading, 

migration, survival, and proliferation [37]. Activation and autophosphorylation of FAK is 

achieved by association of FAK with integrins via cytoskeletal proteins at focal 

adhesions. Upon autophosphorylation, FAK associates with a number of signaling 

molecules containing the Src homology 2 domain [38], including Src family members, 

resulting in activation of these kinases. The activation of the FAK/Src complex leads to 

tyrosine phosphorylation of a number of other substrates, which are involved in cell 

adhesion, cell proliferation, and survival. The signaling function of FAK is dependent 

upon its localization to focal adhesions since a FAK mutant that fails to localize to focal 

adhesions exhibits impaired autophosphorylation in response to cell adhesion and fails to 

phosphorylate downstream substrates [39]. 

One group showed that a-actinin-1, an isoform of a-actinin-4, can act as a 

substrate for FAK and can be phosphorylated on tyrosine 12 (corresponding to Y32 of 

murine a-actinin-4) in activated human platelets [40]. a-Actinin-1 was not 

phosphorylated in cells lacking FAK, while re-expression of FAK in these cells restored 

a-actinin phosphorylation [41]. They also showed that phosphorylation of a-actinin-1 

negatively regulates the binding of a-actinin-1 to actin [41]. These findings suggest that 



33 

a-actinin-4 could be another substrate of FAK that leads to regulation of cell adhesion, 

cell proliferation and survival when tyrosine phosphorylated. 

1.8.5 Interaction of oc-Actinin-4 with p-Catenin 

In addition to its interaction with actin filaments, a-actinin-4 may serve as a 

docking protein that binds a number of other intracellular proteins to form complex 

multimeric structures within the podocyte. An important interaction was association of a-

actinin-4 with P-catenin at adherens junctions in colorectal cancer cells [42]. This 

interaction is extremely interesting because it is involved in the structure of adherens 

junctions (slit diaphragm in the case of podocytes). The importance of the adherens 

junction is that it determines cellular morphogenesis, maintains cellular architecture and 

regulates major cellular processes including motility, polarity, growth, differentiation, 

and survival [43]. 

In cancer cells, when a-actinin-4 interacts with p-catenin, P-catenin's binding to 

E (epithelial)-cadherin is reduced [42]. However, podocytes do not express E-cadherin 

but instead express P (placental)-cadherin. P-cadherin (120kDa) is another adhesion-

transmembrane protein of podocytes with an extracellular domain that also contributes to 

the zipper-like structure between the interdigitating foot processes. It consists of a 

cytoplasmic domain that links to P-catenin and/or gamma-catenin. P-cadherin and 

nephrin link to the actin cytoskeleton in podocytes, via the adaptors, ZO-1, CD2AP, o/P-

catenin, and cc-actinin [8]. However, P-catenin does not bind to actin filaments directly 
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but mediates the linkage via a-actinin. This suggests that interaction of a-actinin-4 with 

p-catenin might play a role in establishing the structure of slit diaphragms in podocytes. 

1.8.6 Interaction of a-Actinin-4 with Synaptopodin 

Synaptopodin is a 110 kDa proline-rich protein associated with actin filaments 

and it is expressed in the foot processes of podocytes and in the dendritic spines of the 

telencephalic synapses [44]. Synaptopodin appears almost as a linear protein without any 

globular domain structure and this may result in a side to side arrangement along the 

actin microfilaments (Figure 1.6B) [44]. 

Synaptopodin is believed to modulate the actin-based architecture and motility of 

the podocyte foot processes as its expression begins in the capillary loop stage, at which 

podocytes begin to form their foot processes and slit diaphragm [45]. 

Synaptopodin-deficient mice are viable and fertile and the structure of their 

podocytes appears to be normal [46]. Furthermore, the number and length of their 

dendritic spines are normal, however, the spine apparatuses are completely absent from 

their hippocampal neurons [46]. Subsequently, Mundel's group showed that 

synaptopodin-deficient podocytes exhibit difficulty in re-forming their actin filaments in 

vivo and in vitro [47]. These phenotypes were explained by their discovery that 

synaptopodin has three isoforms, neuronal Synpo-short, renal Synpo-long, and Synpo-T 

(which consists of only the C terminus of Synpo-long). They showed that Synpo-T acts in 

a redundant manner for Synpo-long only in podocytes since in mice deficient 

synaptopodin, Synpo-T is not upregulated in the brain. 
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Synaptopodin is also involved in stress fibre assembly and regulation of 

cytoskeletal dynamics through RhoA (small GTPase) [48]. RhoA is involved in 

regulating many signal transduction pathways including cytoskeletal dynamics by 

promoting the formation of actin-myosin-stress fibres and cell migration [49, 50]. Thus, 

by blocking the activity of SMAD-specific ubiquitin regulatory factor 1 (Smurf-1), which 

is responsible for degradation of RhoA, synaptopodin is able to regulate RhoA signaling 

such as cytoskeletal dynamics and cell migration [48] 

Importantly, synaptopodin interacts with a-actinin-4 in podocytes to facilitate 

actin filament elongation and to prevent the formation of short branched filaments [47]. 

This indicates that the interaction of the two actin bundling proteins found in podocytes is 

important in the regulation of the actin cytoskeleton. 

1.8.7 Interaction of a-Actinin-4 with MAGI-1 

The MAGUK with inverted orientation (MAGI) proteins consist of three 

members that make up a subfamily of a larger group of proteins known as the MAGUKs 

(Membrane-Associated GUanylate Kinase) [51]. MAGUK proteins are proposed to 

function as molecular scaffolds within cells. They are found at several types of cell 

junctions, postsynaptic densities within neurons as well as the tight and adherens 

junctions of epithelial cells [51]. 

MAGI-1 (137 kDa) is expressed in podocytes and localizes to the slit diaphragm 

(Figure 1.6B). As a scaffold protein, MAGI-1 might be involved in the molecular 
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architecture of the slit diaphragm since it interacts with nephrin [52], and links to the 

actin cytoskeleton by interacting with synaptopodin and oc-actinin-4 [51]. 

1.8.8 Interaction of a-Actinin-4 with Vinculin 

The delicate foot process architecture of glomerular podocytes depends on 

maintaining the slit diaphragm (cell-cell adhesion) and integrin mediated cell-GBM 

interaction. Foot processes of podocytes are attached to their underlying GBM through 

complex transmembrane structures known as focal adhesions. These are complexes that 

provide a molecular bridge between the extracellular matrix, the plasma membrane, and 

the actin cytoskeleton. In podocytes, focal adhesions are composed of integrins (a3p\), 

major cell surface receptors for extracellular matrix molecules (Collagen IV and laminin), 

and membrane-cytoplasmic linker proteins, such as vinculin, and other proteins such as 

talin and paxillin, that are involved in linkage of integrin to the actin cytoskeleton [53]. 

Vinculin is a 117 kDa membrane-cytoskeletal protein and consists of a globular 

head domain that contains binding sites for talin and a-actinin as well as a tyrosine 

phosphorylation site, while the tail region contains binding sites for paxillin and lipids 

[54, 55]. Cells that lack vinculin exhibit impairment in cell adhesion, spreading and 

stress fiber formation. They also form fewer focal adhesions and lamellipodia [55-57]. 

These phenotypes indicate that vinculin's ability to interact with the cytoskeleton via 

other focal adhesion proteins appears to be critical for control of cell migration and 

motility. 
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In an early study, a-actinin-1, an isoform of cc-actinin-4, was shown to bind to 

vinculin [58]. The downstream of this interaction was not investigated, however, we 

believe that this interaction may be related to the phenotypes our laboratory recently 

observed in podocytes expressing the FSGS-associated a-actinin-4 (i.e. impairment in 

cell migration, spreading and fewer cytoplasmic extensions). 

1.8.9 Interaction of a-Actinin-4 with Akt 

Akt (also known as protein kinase B) is a member of the serine/threonine-specific 

protein kinase family [59]. Akt is a downstream effector of PI3-kinase and it was shown 

to be involved in cellular survival pathways [60]. Akt needs to be translocated to the 

plasma membrane via its pleckstrin homology domain in order to be activated [61, 62] 

and is dependent upon the product of PI3-kinase, (3,4,5) phosphoinositide [63]. 

The three isoforms of Akt are named Akt-1, Akt-2 and Akt-3. All Akt isoforms 

are assumed to have identical or similar substrate specificity [64, 65]. In most tissues, 

expression of Akt 1 is the predominant isoform [59]. Akt 1-null mice exhibit growth 

deficiency [66], and Akt2-null mice exhibit mild growth deficiency, loss of adipose 

tissue, and insulin resistance with elevated plasma triglycerides [67]. These phenotypes 

indicate that both Aktl and Akt2 participate in the regulation of growth. 

Akt activation is involved with inhibition of the apoptosis pathway, induction of 

the protein synthesis pathways leading to tissue growth, and metabolic functions of 

insulin and growth factors such as protein and lipid synthesis, carbohydrate metabolism, 
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and transcription [60]. Another important pathway that Akt is involved in is actin 

filament remodeling through PI3-kinase [68]. 

Recent work revealed that a-actinin-4 associates with Aktl [69]. When a-actinin-

4 interacts with Aktl in human ovarian surface epithelial (hOSE) cells it regulates Akt 

phosphorylation by mediating its translocation to the cell membrane [69]. This suggests 

that a-actinin-4 might also regulate phosphorylation of Akt in podocytes and the K256E 

a-actinin-4 mutant might fail to translocate Akt to the cell membrane due to its inability 

to dissociate from actin filaments. 

In summary, FSGS-associated mutations in a-actinin-4 may compromise 

cytoskeletal dynamics and thereby result in defective podocyte function leading to FSGS. 

To date, the interaction of p-catenin, synaptopodin, MAGI-1, vinculin FAK and Akt with 

the FSGS-associated mutant a-actinin-4 has not been studied; however uncovering 

whether such interactions are impaired by the disease-associated K256E mutant could 

give us insights into the development of podocyte damage during the early stages of 

FSGS. 
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2 RATIONALE 

Due to its altered affinity for F-actin and aberrant subcellular localization, the 

question arises as to whether signaling through the various regulatory domains, or 

interactions with other proteins no longer exerts influence over actin/oc-actinin-4 

association, its intracellular location, and its effects on cellular dynamics. Therefore we 

sought to investigate the interaction of FSGS-associated mutant a-actinin-4 with a 

number of putative binding partners to understand the mechanism by which K256E a-

actinin-4 leads to defective podocyte function. 
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HYPOTHESIS 

The FSGS-associated mutant K256E a-actinin-4 exhibits altered association and 

regulation by its intracellular binding partners. 
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4 OBJECTIVES 

1) To determine if a-actinin-4 is tyrosine phosphorylated. 

To determine the influence of phosphorylation on the actin affinity of 

wildtype and K256E a-actinin-4 for F-actin. 

2) To identify differences between wildtype and K256E a-actinin-4 with various 

interacting partners expressed in podocytes. 

3) To examine morphological changes of podocytes expressing wildtype 

and K256E a-actinin-4 by mimicking glomerular pressure in vitro. 
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MATERIALS AND METHODS 

CONSTRUCTS 

5.1.1 Vectors 

pcDNA3 HA-FAK - Cloning site is between Xbal and EcoRV of pcDNA3. 
Hemagglutinin (HA) epitope tag was introduced at the N-terminus of FAK. This 
construct was provided by Dr. Luc Sabourin (Ottawa Health Research Institute, 
Ottawa, ON) 

pEGFP-Nl- a-actinin-1 - Human a-actinin-1 was cloned into the Hind III site 
of pEGFP-Nl. The green fluorescence protein (GFP) epitope tag was introduced 
at the C-terminus of a-actinin-1. This construct was provided by Dr. Carol A. 
Otey (University of North Carolina). 

pcDNA3 HA-a-actinin-4 - Wildtype and K256E constructs were generated by 
cloning the murine HA-ACTN4 cDNA into pcDNA3 as described previously by 
our laboratory [2]. The double-HA epitope tag was introduced at the N-terminus 
of a-actinin-4. 

pEGFP- a-actinin-4 -pCDNA3 HA-a-actinin-4 constructs (wildtype or K256E) 
were sub-cloned into pEGFP-N2. The stop codon was changed to an Xmal site by 
polymerase chain reaction (PCR) and the GFP epitope tag was introduced at the 
C-terminus of a-actinin-4. 

5.1.2 Adenoviral Constructs 

pcDNA3 HA-a-actinin-4 - The HA-tagged wildtype and K256E adenoviral 
constructs were developed in collaboration with Dr. R. Parks (Ottawa Health 
Research Institute, Ottawa, ON). As previously described by our lab [3], the HA-
ACTN4 expression cassette replaced the El-region and transcription is directed 
rightward, relative to the conventional human adenovirus serotype 5 map. The 
El-deleted, first-generation adenovirus vectors used in these studies were 
constructed using a combination of conventional cloning techniques and Rec A-
mediated recombination [70, 71], and were grown and titred on Human 
Embryonic Kidney-293 (HEK) cells, as described previously [72]. 
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pEGFP- a-actinin-4 - Two constructs of pEGFP-a-actinin-4 (wildtype, K256E) 
were sub-cloned into pShuttle-CMV to be used in the AdEasy Adenoviral Vector 
System (Stratagene, La Jalla, CA). The adenoviral constructs were then given to 
University of Ottawa Adenoviral Core Facility to sub-clone the pShuttle vector 
into pAdEasy-1 Vector and to thereby derive the adenoviruses. 

5.2 TRANSIENT TRANSFECTION OF COS-7 AND NIH 3T3 CELLS 

Transformed African Green Monkey Kidney Fibroblast (Cos-7) and Mouse 

embryonic fibroblast (NIH 3T3) cells were grown on collagen I coated plastic culture 

plates in Dulbecco's Modified Eagle's basal Medium (DMEM) supplemented with 10% 

Fetal Bovine Serum (FBS) (Invitrogen Corp., Carlsbad, CA), and penicillin-streptomycin 

solution (100 units/ml penicillin and 0.1 mg/ml streptomycin; Invitrogen Corp., Carlsbad, 

CA). Cells were passaged every 3-5 days and maintained at 37 °C and 5% CO2. 

Prior to any experiment, media was aspirated and the cells were rinsed twice with 

phosphate buffered saline (PBS). Transient transfection of Cos-7 and NIH 3T3 cells was 

carried out using the PolyFect Reagent (Qiagen Inc., Valencia, CA). Where indicated, the 

HA-tagged FAK construct (2jxg) was co-transfected along with constructs for either oc-

actinin-4 (2u,g) or a-actinin-1 (2|ig). After 48 hours of transfection, cells were treated 

with 200jxM of sodium orthovanadate (Sigma-Aldrich Co., St. Louis, MI) for 2 hours 

prior to cell lysis. 
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5.3 CELL CULTURE OF PODOCYTES 

Conditionally immortalized mouse podocytes were provided by Dr. K. Endlich 

(University of Heidelberg, Germany). These cells were grown from isolated glomeruli of 

mice, carrying the temperature-sensitive mutant of the immortalizing Simian Vacuolating 

Virus-40 (SV40) large T antigen [73]. The inactivation of the temperature-sensitive 

mutant of the SV40 large T antigen is enhanced at 38°C- matching the body temperature 

of the mouse. These cell lines exhibit stable expression of nephrin and essential podocyte 

proteins such as P-cadherin, podocin, CD2AP, ZO-1, synaptopodin, cortactin, etc. 

Formation of cell-cell contacts is also visible in these cell lines [73]. 

Podocytes were grown on Collagen I coated plastic culture plates in normal 

podocyte growth medium (Roswell Park Memorial Institute (RPMI-1640)) supplemented 

with 10% FBS, lOOug/ml normocin (Cedarlane Labortories Limited, Hornby, ON) and 

penicillin-streptomycin solution (100 units/ml penicillin and 0.1 mg/mL streptomycin)). 

Cells were passaged (between 18 to 35) every 3-5 days and propagated at 33 °C with the 

addition of lOunit/ml y-interferon (IFN) (Invitrogen Corp., Carlsbad, CA). To induce 

podocyte differentiation, the cells were then cultured in podocyte differentiation media 

(without y-IFN) at 38 °C for ten to fourteen days. 

Prior to any experiment media was aspirated and the cells were rinsed twice with 

PBS. Podocytes were infected with adenoviral constructs encoding either wildtype or 

K256E a-actinin-4 tagged with GFP (multiplicity of infection (MOI) of 200 plaque 

forming unit (pfu)/ml), or adenoviral constructs encoding wildtype or K256E tagged with 

HA (MOI of 25 pfu/ml). Adenoviral constructs were added to podocytes in Opti-mem I 
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Reduced Serum Medium (Invitrogen Corp., Carlsbad, CA). After one hour of incubation, 

normal podocyte growth media was added to the cells. The cells were then incubated at 

38 °C for three days without media change and experiments performed on the fourth day. 

5.4 PULLDOWN ASSAY 

Following transient transfection of Cos-7 cells with either wildtype or K256E oc-

actinin-4 constructs, cells were washed twice with PBS and were scraped in 1 ml of PBS 

and collected in 1.5 ml microcentrifuge tubes. The cells were centrifuged at 16 000 x g 

for 10 minutes and were lysed in 500ui of sedimentation buffer (lOmM Tris, pH 7.4, 

150mM NaCl, ImM ethylene glycol tetraacetic acid (EGTA), ImM ethylenediamine 

tetraacetic acid (EDTA), 1% Triton X-100, and 0.5% ninodet-40 (NP-40)) containing 

protease inhibitor cocktail (5ul; Sigma-Aldrich Co., St. Louis, MI) and ImM of 

phenylmethylsulphonyl fluoride (PMSF). Samples were incubated at room temperature 

(RT) for 10 minutes. 400|il of the sample was collected and put in a new 1.5 ml 

microcentrifuge tube and the rest was used for whole lysate analysis. Samples were 

centrifuged for 15 minutes at speed of 16 000 x g at RT. Supernatant was collected and 

put in a small microcentrifuge glass tubes and centrifuged at 100 000 x g for 30 minutes. 

Supernatant (Triton X-100 soluble) was collected for further analysis. Pellets (Triton X-

100 insoluble) from low speed and high speed fractions were resuspended and sonicated 

in 400fxl of ddHiO. Protein concentration of each sample was determined using a 

bicinchoninic Acid (BCA) Protein Assay Kit (Pierce Biotechnology Inc., Rockford, IL). 

Equal amounts of protein were loaded for each sample onto 10% sodium dodecyl 
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sulphate- polyacrylamide gel electrophoresis (SDS-PAGE) resolving gel and processed 

for immunoblot analysis. 

5.5 PROTEIN EXTRACTION AND QUANTITATION 

Cells were washed twice with PBS and were scraped with 1 ml of PBS and 

collected in 1.5 ml microcentrifuge tubes. The cells were centrifuged at 16,000 x g for 10 

minutes and lysed using M-PER Mammalian Protein Extraction Reagent (Pierce 

Biotechnology Inc., Rockford, IL) containing protease inhibitor cocktail (5ul; Sigma-

Aldrich Co., St. Louis, MI). For phosphorylation analyses, phosphatase inhibitors, 

sodium orthovanadate (Sigma-Aldrich Co., St. Louis, MI), sodium fluoride (Sigma-

Aldrich Co., St. Louis, MI) and di-sodium dihydrogen pyrophosphate (VWR 

International, Mississauga, ON) were included in the buffer. Elimination of cell debris 

was obtained by centrifuging the cell lysate at 16,000 x g for 5 minutes. Supernatants 

were collected and protein concentration was determined using BCA Protein Assay Kit 

(Pierce Biotechnology Inc., Rockford, IL). 

5.6 IMMUNOPRECIPITATION ANALYSIS 

Equal volumes of protein lysate (~300|0.g/(ll) were transferred to 1.5 ml 

microcentrifuge tubes. 20iil of Immunopure-Immobilized protein A/G (Pierce 

Biotechnology Inc., Rockford, IL) was added and incubated for 1 hour at 4°C on a 

rotating apparatus to remove non-specifically bound proteins. The beads were then 
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centrifuged and supernatant was transferred to a new 1.5 ml microcentrifuge tube. 2-5|ig 

of antibody (GFP or (3-catenin) was added to supernatant. 25jil of protein A/G were then 

added and the sample was incubated overnight at 4°C on a rotating apparatus. The beads 

were then centrifuged and supernatant was removed. The beads were washed five times 

with 1ml of cold PBS for 2 minutes each wash. Supernatant was discarded from final 

wash and the pellets were re-suspended in 35|xl of 2 X sodium dodecyl sulphate (SDS) 

sample buffer. The samples were boiled for 5 minutes and centrifuged for 1 minute. 25ul 

of supernatant was loaded on one 7.5% SDS-PAGE resolving gel and the remaining 

sample (10u,l) was loaded on another 7.5% SDS-PAGE resolving gel to determine 

efficiency of immunoprecipitation. 

5.7 IMMUNOBLOT ANALYSIS 

Equal amounts of protein were loaded for each fraction onto 7.5-10% SDS-PAGE 

resolving gel. Gels were run at 130 V using the Bio-Rad Power Pac 300 and then electro-

transferred to Hybond-ECL nitrocellulose membrane (Amersham Pharmacia Biotech, 

Piscataway, NJ). After performing the electrotransfer, membranes were incubated in 

blocking buffer (5% milk in tris-buffered saline tween-20 (TBS-T)) overnight at 4°C. 

Following the blocking step appropriate primary antibodies were diluted in 2% skim milk 

in TBS-T and the membrane probed for 1 hour at RT. Membranes were then washed in 

TBS-T three times for 10 minutes each and subsequently incubated in 2% skim milk in 

TBS-T containing anti-rabbit IgG, horseradish peroxidase-linked whole antibody from 
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donkey or anti-mouse IgG, horseradish peroxidase-linked whole antibody from sheep 

(Amersham Pharmacia Biotech, Piscataway, NJ) for 1 hour at RT. 

The membranes were washed again in TBS-T three times for 10 minutes. Proteins 

were detected using Super Signal West Pico Chemiluminescent detection kit and in case 

of lower expression the Super Signal West Femto Maximum Sensitivity Substrate (Pierce 

Biotechnology Inc., Rockford, IL) and exposed to Kodak X-Omat Blue film for an 

appropriate exposure time. 

5.8 ANTIBODIES 

(3-catenin Rabbit Polyclonal IgG: Upstate Cell Signaling Solutions (Lake Placid, NY). 
1:1000 and 1:100 dilutions used for immunoblot and immunofluorescence respectively. 
2flg/500|lg of protein concentration used for immunoprecipitation. 

BD Living Colors Full Length A.v. Rabbit Polvcolonal IgG: BD biosciences-Clontech 
Laboratories, Inc. (Mountain View, CA). 1:1000 dilutions used for immunoblot and 
l|0,g/500)j,g for immunoprecipitation. 

HA-7 Mouse Monoclonal IgG: Monoclonal Anti-HA H 9685. Sigma-Aldrich Co. (St. 
Louis, MI). 1:1000 and 1:100 dilutions used for immunoblot and immunofluorescence 
respectively. 

HA Rabbit Polvcolonal IgG: BD Biosciences-Clontech Laboratories, Inc. (Mountain 
View, CA). 1:1000 and 1:100 dilutions used for immunoblot and immunofluorescence 
respectively. 

MAGI-1 (H-70) Rabbit Polyclonal IgG: Santa Cruz Biotechnology, Inc. (Santa Cruz, 
CA). 1:100 and 1:50 dilutions used for Immunoblot and immunofluorescence 
respectively. 

Phospho AKT (Ser473) Rabbit Polyclonal IgG: Cell Signaling Technology, Inc. 
(Danvers, MA). 1:1000 dilutions used for immunoblot. 

Phosphotyrosine Mouse Monoclonal IgG: Upstate Cell Signaling Solutions (Lake Placid, 
NY). 1:500 dilutions used for immunoblot. 
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Svnaptopodin Monoclonal IgG: Fitzgerald Industries International, Inc. (Concord, MA). 
1:50 and 1:10 used for immunoblot and immunofluorescence respectively. 

Total AKT Rabbit Polyclonal IgG: Cell Signaling Technology, Inc. (Danvers, MA). 
1:1000 dilutions used for immunoblot. 

Vinculin Mouse Monoclonal IgG: Sigma-Aldrich Co. (St. Louis, MI). 1:200 and 1:50 
dilutions used for immunoblot and immunofluorescence respectively. 

5.9 IMMUNOFLUORESCENCE 

Differentiated podocytes were plated (-10 000 cells) onto collagen I coated glass 

coverslips in 12-well culture dishes and infected with the various adenoviral constructs. 

72 hours after infection, the coverslips were washed twice with PBS and were fixed by 

incubating in cold 4% paraformaldehyde in PBS for 30 minutes at RT. Fixed cells were 

then washed with PBS containing lmM Mg++ and 0.5 mM Ca++ and permeablized with 

0.2% Triton X-100 in PBS for 15 minutes at RT. After cells were washed with 

PBS/Mg++/Ca++, permeabilized cells were incubated in blocking solution (2% BSA, 0.1% 

Triton X-100, PBS/ Mg++ /Ca++) for 15 minutes at RT. The specific primary antibody for 

each experiment was left to incubate for 1 hour at RT. After cells were washed with 

PBS/0.1% Triton/Mg++ /Ca++ the secondary antibodies (Alexa Fluor 488 anti-rabbit, anti-

mouse, Alexa Fluor 555 anti-rabbit, Alexa Fluor 594 anti-mouse, or Alexa Fluor 488-

Phalloidin) (Molecular Probes, Eugene, Oregon) depending on the primary antibody were 

added for 1 hour at RT. To visualize nuclei, cells were also incubated with 4',6-

diamidino-2-phenylindole (DAPI) (dilution 1:5000; Roche, Indianapolis, IN). Cells were 

once again washed with PBS/0.1% Triton/Mg++ /Ca++ and then coverslips were mounted 

using Vestashield fluorescent mounting media (Fluoromount G; Electron Microscopy 
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Sciences, Hatfield, PA). Podocytes were then visualized under a fluorescence microscope 

(Zeiss Axioskop 2 MOT, Zeiss Germany) and images were taken using a Zeiss AxioCam. 

5.10 EQUIBIAXIAL CYCLIC STRETCH 

Differentiated podocytes were plated onto six-well collagen I coated stretch plates 

(Flexcell International, Hillsborough, NC) (~ 2 x 105 cells) (Figure 5.1 A). After allowing 

for attachment and spreading for 48-72 hours, the cells were infected with adenovirus for 

either wildtype or K256E oc-actinin-4 tagged with GFP. Following three days of 

infection, the media of the podocytes was replaced with fresh podocyte growth media, 

and the silicone plates were mounted onto vaccum based 25mm loading stations of the 

Flexercell FX-4000 apparatus (Flexcell International, Hillsborough, NC) (Figure 5. IB). 

Podocytes were then subjected to 10% elongation at a frequency of 0.5 Hz for various 

times (1 hour to 24 hours) using the FX-4000T computer-regulated bioreactor (Figure 

5.1C). The control (non-stretched) cells were not subjected to mechanical stress, but were 

nevertheless cultured on the collagen I coated silicone membrane six-well plates. 

5.11 STATISTICAL ANALYSIS 

Statistical analysis was performed using Graph Pad Prism software. Unpaired 

Student t-test was used to compare 2 groups. One way Analysis of Variance (ANOVA) 

was used to determine the significant differences among groups of more than 2 

conditions. Statistically significant results were denoted at a P-value of < 0.05. 
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5.12 DENSITOMETRY QUANTIFICATION 

Densitometric quantification was performed for immunoblot analysis and surface 

area measurement of cells using ID Kodak Project Manager software. The cell 

perimeters were traced and the enclosed cytoplasmic area was measured in pixels. The 

pixels obtained from ID Kodak Project Manager software was multiplied by the square of 

micron (urn) per pixel determined by the fluorescence microscope objectives (Zeiss 

AxioCam). 

5.13 QUANTIFICATION ANALYSIS 

Cells were manually counted in a blinded manner using DAPI stained cells to 

obtain number of cells in stretch experiments. 
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Figure 5.1 Mechanical Stretch Device 

A - The six-well collagen I coated stretch plates. These culture plates have flexible, 
matrix-bonded growth surfaces of silicone. B - Vacuum based 25mm loading stations. C 
- The FX-4000T computer-regulated bioreactor that can deliver equibiaxial cyclic stress 
(0.5 Hz and 10% linear strain) over the time course of 1 to 24 hours. Stretch is regulated 
by vacuum pressure. Image from Flexcell International official website 
(http ://w w w. flexcellint.com/) 

http://flexcellint.com/
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6 RESULTS 

6.1 PHOSPHORYLATION OF oc-ACTININ-4 

6.1.1 Tyrosine Phosphorylation of oc-Actinin-4 in NIH 3T3 and Cos-7 Cells 

Cell survival requires the coordination of many processes including cytoplasmic 

spreading, cell migration and proliferation. These functions involve the 

assembly/disassembly of many structures such as focal adhesion complexes. Several 

protein-protein interactions have been identified at focal adhesions and most of these 

proteins have multiple binding partners [53]. These interactions are involved in a variety 

of signaling pathways, allowing cells to adapt to matrices of diverse properties. Tyrosine 

phosphorylation is one of the key signaling events occurring at focal adhesions. FAK is a 

tyrosine kinase localized to focal adhesions which participates in cell proliferation and 

survival by phosphorylating and activating a variety of proteins as cells adhere to 

extracellular matrix [74-76]. 

Previous studies have shown that a-actinin-1, an isoform of a-actinin-4, is 

tyrosine phosphorylated by FAK in Cos-7 cells [40]. Phosphorylation of a-actinin-1 

negatively regulates its binding to actin, suggesting a role in the turnover of focal 

adhesions that occurs during migration and motility [41]. 

This was of great interest since our laboratory has shown that the K256E mutation 

in a-actinin-4 impairs migration and spreading of podocytes. We therefore investigated 

whether a-actinin-4 is likewise regulated by FAK-induced phosphorylation. 
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To determine tyrosine phosphorylation of a-actinin-4, NIH 3T3 cells were 

transfected with either a-actinin-4 or a-actinin-1 constructs (both GFP-tagged) (Figure 

6.1, lanes 2-3) and co-transfected with a FAK construct (HA tagged) (Figure 6.1, lanes 5-

6). Cells were then treated with sodium orthovanadate for 2 hours to block endogenous 

tyrosine phosphatase activity. Immunoblotting of cell lysates with an anti-GFP antibody 

was carried out to verify transfection efficiency (Figure 6.1 A). Anti-GFP antibody was 

used to immunoprecipitate either wildtype a-actinin-4 or a-actinin-1 and the samples 

were then subjected to immunoblotting using an anti-GFP antibody (Figure 6. IB) or an 

anti-phosphotyrosine antibody (Figure 6.1C). Our data showed that neither a-actinin-4 

nor a-actinin-1 were phosphorylated in NIH 3T3 cells in conjunction with FAK 

overexpression or in the presence of sodium orthovanadate. 

To determine tyrosine phosphorylation of a-actinin-4, Cos-7 cells were 

transfected with either wildtype a-actinin-4 or a-actinin-1 (GFP-tagged) (lanes 2 and 3) 

and co-transfected with a FAK construct (HA tagged) (Figure 6.2, lanes 7-8). Cells were 

then treated with sodium orthovanadate (Figure 6.2, lanes 4-8). An anti-GFP antibody 

was used to immunoprecipitate a-actinin-4 or a-actinin-1 and the immunoblots were 

probed with an anti-GFP antibody (Figure 6.2A) or an anti-phosphotyrosine antibody 

(Figure 6.2B). Our data showed that neither a-actinin-4 nor a-actinin-1 were 

phosphorylated in Cos-7 cells, regardless of the overexpression of FAK, or the presence 

of sodium orthovanadate. 

To illustrate the efficiency of the immunoprecipitation method to study 

phosphorylation of actinin-4, we transfected Cos-7 cells with HA tagged FAK (Figure 

6.3). We then used an anti-HA antibody to immunoprecipitate FAK (Figure 6.3A) and 
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probed the immunoblots with an anti-phosphotyrosine antibody. We were able to detect 

autophosphorylation of FAK following immunoprecipitation (Figure 6.3B). Furthermore, 

cell lysates expressing wildtype or K256E a-actinin-4 were either left untreated, or 

treated with sodium orthovanadate to block tyrosine phosphatases (Figure 6.4). The blots 

were then probed with an anti-phosphotyrosine antibody. Our results indicate that treating 

the samples with sodium orthovanadate indeed inhibits the tyrosine phosphatases, as seen 

by the increased tyrosine phosphorylation of FAK, and that of the cell lysates. Thus, our 

conditions were suitable to determine phosphorylation of a-actinin-4. 

These results clearly show that our experimental conditions, while able to 

promote total cellular tyrosine phosphorylation, including FAK autophosphorylation, 

were unable to achieve tyrosine phosphorylation of a-actinin-4 or a-actinin-1 in either 

NIH 3T3 or Cos-7 cells. 
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Figure 6.1 Tyrosine Phosphorylation of a-Actinin-4 in NIH-3T3 Cells 

A - Cells were un-transfected (lane 1) and transfected with either oc-actinin-1 or a-
actinin-4 (lanes 2 and 3) and co-transfected with FAK (lanes 5 and 6). Cells were then 
treated with sodium orthovanadate (200uM) for 2 hrs and cell lysates were processed for 
immunoblotting using an anti-GFP antibody to verify transfection. B - Samples were 
subjected to immunoprecipitation and immunoblotting using an anti-GFP antibody. C -
Samples were subjected to immunoprecipitation using the anti-GFP antibody and an anti 
phosphotyrosine antibody for immunoblotting. Blots are representative of three repeated 
experiments. 
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Figure 6.2 Tyrosine Phosphorylation of a-Actinin-4 in Cos-7 Cells 

Lanes 1-3 - Cells were either un-transfected or transfected with constructs 
overexpressing either oc-actinin-1 or oc-actinin-4. Lanes 4-6 - Cells were treated with 
sodium orthovanadate (200 uM) for 2 hrs. Lanes 7-8 - Cells were co-transfected with 
FAK and treated with sodium orthovanadate (200uM) for 2hrs. A - Samples were 
subjected to immunoprecipitation and immunoblotting using an anti-GFP antibody to 
verify immunoprecipitation. B - Samples were subjected to immunoprecipitation using an 
anti-GFP antibody and an anti-phosphotyrosine antibody for immunoblotting. Blots are 
representative of three repeated experiments. 
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Figure 6.3 Tyrosine Phosphorylation of FAK in Cos-7 Following 
Immunoprecipitation 

Cells were either un-transfected (control) or transfected with FAK tagged with HA. A -
Samples were subjected to immunoprecipitation and immunoblotting using an anti-HA 
antibody to verify immunoprecipitation. B - Samples were subjected to 
immunoprecipitation using an anti-HA antibody and an anti-phosphotyrosine antibody 
for immunoblotting. Blots are representative of two repeated experiments. 
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Figure 6.4 Tyrosine Phosphorylation of Cos-7 Cell Lysates Promoted by Sodium 
Orthovanadate 

Lanes 1-3 - Cos-7 cells were either un-transfected (control) or transfected with either 
wildtype or K256E oc-actinin-4 without being treated with sodium orthovanadate. 
Lanes4-6 - Cells with no expression of oc-actinin-4 (control) and cells overexpressing 
wildtype or K256E cc-actinin-4 were treated with sodium orthovanadate (200 uM) for 2 
hrs to verify the induction of tyrosine phosphorylation in Cos-7 cells due to inhibition of 
endogenous phosphatases. Blots are representative of two repeated experiments. 
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6.1.2 Influence of phosphorylation on Actin Affinity of Wildtype and 
K256E a-Actinin-4 

Since we were unable to show direct tyrosine phosphorylation of oc-actinin-4 we 

investigated whether other kinases within the cell may have an effect on the ability of oc-

actinin-4 to bind to F-actin indirectly. 

To test whether the cellular tyrosine phosphorylation level regulates the affinity of 

a-actinin-4 for actin we performed an actin sedimentation assay using cell lysates from 

sodium orthovanadate-treated cells, in order to block tyrosine phosphatase activity within 

the cell. 

Cos-7 cells were transfected with either HA-tagged wildtype or K256E cc-actinin-

4 and treated with sodium orthovanadate (200JLIM) for 2hrs. Lysates were processed to 

obtain Triton-X-100 soluble (containing unbound a-actinin-4, and non-crosslinked actin 

filaments) and Triton-X-100 insoluble fractions (containing a-actinin-4 crosslinked actin 

filaments/bundles). Immunoblots were probed with an HA-antibody to determine the 

proportion of a-actinin-4 in each pool after treatment with sodium orthovanadate (Figure 

6.5). The data indicate that the distribution of wildtype and K256E a-actinin-4 in Triton 

X-100 fractions was not affected by elevating total cellular tyrosine phosphorylation 

levels, suggesting that the affinity of a-actinin-4 for F-actin may not be regulated by 

signaling pathways involving tyrosine kinases. 
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Figure 6.5 The Interaction of Wildtype and K256E a-Actinin-4 with The Actin 
Cytoskeleton Following Induction of Cellular Tyrosine 
Phosphorylation 

A - Cos-7 cells were transfected with either wildtype or K256E a-actinin-4 without being 
treated with sodium orthovanadate. B - Cells were treated with sodium orthovanadate 
(200uM) for 2 hrs prior to obtaining triton X-100 soluble and insoluble fractions by 
centrifugation at 16,000 x g. 
Lys: Cell lysate. TI: Triton insoluble fraction. TS:P: Triton soluble pellet. TS:S: Triton 
soluble supernatant. Blots are representative of one experiment. 
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6.2 INTERACTION AND CO-LOCALIZATION OF oc-ACTININ-4 WITH 
BINDING PARTNERS 

6.2.1 Interaction and Co-localization of oc-Actinin-4 with P-Catenin in 
Podocytes 

P-Catenin is an adherens junction protein with multifunctional properties and its 

interaction with different binding partners determines its role and subcellular localization 

[42, 77]. Although p-catenin is expressed in podocytes, its role in podocyte biology and 

injury is unclear. However, it likely acts as an adaptor between P-cadherin and actin 

filaments at the slit diaphragm in vivo. 

Recent studies showed that a-actinin-4 is able to associate with P-catenin in 

cancer cells [52]. In that study, the authors showed that this interaction regulates binding 

of P-catenin with E-cadherin. We investigated the interaction of a-actinin-4 with P-

catenin in podocytes and since K256E exhibits increased affinity for actin and an altered 

subcellular distribution. We therefore postulated that such mutations may challenge its 

ability to associate with P-catenin at the cell periphery. 

To investigate the interaction of wildtype and K256E a-actinin-4 with P-catenin, 

podocytes were infected with adenovirus to overexpress either wildtype or K256E a-

actinin-4 tagged with HA and cell lysates were immunoprecipitated using an anti-P-

catenin antibody (Figure 6.6). The immunoblots were then probed with either an anti-HA 

antibody (Figure 6.6A) or an anti-P-catenin antibody (Figure 6.6B). Similar amounts of 

P-catenin were immunoprecipitated from each sample (Figure 6.6B) and an equal amount 

of a-actinin-4 was expressed within each cell lysate (Figure 6.6C). In contrast to 

wildtype, K256E a-actinin-4 exhibited minimal interaction with P-catenin (Figure 6.6A) 
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as confirmed by densitometric quantification (by 2.5 fold; Figure 6.6D). Results were 

normalized to total protein content of cell lysates (n=3, p<0.01). 

For co-localization of wildtype and K256E a-actinin-4 with p-catenin, podocytes 

were infected with adenoviral constructs encoding HA-tagged wildtype or K256E oc-

actinin-4. Localization was determined by immunofluorescence using an anti-p-catenin 

and an anti-HA antibody (Figure 6.7). Wildtype a-actinin-4 co-localized with p-catenin 

at the cell periphery. Conversely, K256E a-actinin-4 associated predominantly along 

stress fibers and failed to associate with (3-catenin at the cell periphery. However, our 

results also showed that intracellular localization of P-catenin was not altered in cells 

expressing either wildtype or K256E a-actinin-4. 

These phenotypes indicate that the K256E mutation in a-actinin-4 diminishes the 

interaction of a-actinin-4 with P-catenin while not affecting the intracellular localization 

of P-catenin. Thus the subcellular localization of P-catenin is independent of its 

interaction with a-actinin-4. However, we cannot preclude whether the loss of a link to 

the actin cytoskeleton affects the function of p-catenin in K256E a-actinin-4 expressing 

podocytes. 
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Figure 6.6 Interaction of P-Catenin and a-Actinin-4 in Podocytes 

P-catenin was immunoprecipitated from the podocyte lysates using an anti-P-catenin 
antibody and blots probed with either anti-HA or anti-p-catenin antibody (blots are 
representative of three repeated experiments). A - In contrast to wildtype, K256E a-
actinin-4 exhibits minimal interaction with P-catenin. B - Similar amounts of P-catenin 
were immunoprecipitated from each sample. C - Equal expression of oc-actinin-4 was 
detected within each cell lysate. D - Densitometric quantification representing the three 
repeated experiments shows that there was significantly less K256E oc-actinin-4 
immunoprecipitated with P-catenin. Results were adjusted for total HA-tagged protein 
content of the cell lysate and normalized to mutant 
(n=3, **P<0.01). 
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Figure 6.7 Co-localization of oc-Actinin-4 with (3-Catenin in Podocytes 

Podocytes were infected with adenoviral constructs encoding either wildtype or K256E 
a-actinin-4 tagged with HA. Localization was determined by immunofluorescence using 
an anti-P-catenin (2° antibody conjugated to Alexa Fluor 555) and an anti-HA (2° 
antibody conjugated to Alexa Fluor 488) antibody (Images are representative of three 
repeated experiments). Wildtype a-actinin-4 co-localizes with P-catenin at the cell 
periphery (arrowheads). Conversely, K256E a-actinin-4 associates predominantly with 
stress fibers and not with P-catenin at the cell periphery (arrowheads). 
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6.2.2 Interaction and Co-localization of a-Actinin-4 with Synaptopodin in 
Podocytes 

Synaptopodin plays a role in actin-based cell shape and motility since it is an 

actin-associated protein in postsynaptic densities and podocytes [44], hence the name 

synapto-pod-in. Asanuma and colleagues demonstrated that the interaction of 

synaptopodin with a-actinin-4 promotes actin filament elongation [47]. However, the 

interaction of K256E a-actinin-4 with synaptopodin has not been investigated. Since 

K256E a-actinin-4 is strongly associated with actin filaments, we hypothesized that 

K256E a-actinin-4 would exhibit greater interaction with synaptopodin than wildtype a-

actinin-4. 

To investigate the interaction of wildtype and K256E a-actinin-4 with 

synaptopodin, an anti-GFP antibody was used to immunoprecipitate either wildtype or 

K256E a-actinin-4 tagged with GFP in podocytes. The immunoblots were probed with 

an anti-synaptopodin antibody (Figure 6.8A). Similar amounts of a-actinin-4 were 

immunoprecipitated from each sample (Figure 6.8B). Both wildtype and K256E a-

actinin-4 interacted similarly with synaptopodin (Figure 6.8A). Densitometric 

quantification confirmed that there were no significant differences between the 

association of synaptopodin with either wildtype or K256E a-actinin-4 (Figure 6.8C). 

For co-localization of wildtype and K256E a-actinin-4 with synaptopodin, 

podocytes were infected using adenoviral constructs encoding either wildtype or K256E 

a-actinin-4 tagged with GFP. Localization was determined by direct visualization of GFP 

fluorescence and by immunofluorescence using an anti-synaptopodin antibody (Figure 

6.9). Wildtype a-actinin-4 co-localized with synaptopodin along stress fibers and 
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additionally, synaptopodin displayed a diffuse distribution within the cytoplasm. In 

contrast, synaptopodin expression along stress fibers is reduced in podocytes expressing 

K256E a-actinin-4. 
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Figure 6.8 Interaction of Synaptopodin and oc-Actinin-4 in Podocytes 

a-Actinin-4 was immunoprecipitated using an anti-GFP antibody and blots probed with 
either anti-synaptopodin or anti-GFP antibodies (blots are representative of three repeated 
experiments). A - Wildtype and K256E oc-actinin-4 interact similarly with synaptopodin. 
B - Similar amounts of oc-actinin-4 were immunoprecipitated from each cell lysate 
sample. C - Densitometric quantification representing the three repeated experiments 
shows no significant difference between association of synaptopodin with wildtype and 
K256E a-actinin-4. Results were adjusted for total protein content of cell lysate and 
normalized to mutant (n=3). 
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Figure 6.9 Co-localization of oc-Actinin-4 with Synaptopodin in Podocytes 

Podocytes were infected with adenoviral constructs encoding either wildtype or K256E 
oc-actinin-4 tagged with GFP. Localization was determined by direct visualization of GFP 
fluorescence and by immunofluorescence using an anti-synaptopodin antibody (2° 
antibody conjugated to Alexa Fluor 594) (Images are representative of three repeated 
experiments). Wildtype cc-actinin-4 co-localizes with synaptopodin along stress fibers. In 
these cells synaptopodin exhibits a diffuse distribution. In contrast, podocytes over-
expressing K256E a-actinin-4 appear to express lower level of synaptopodin along stress 
fibers. 
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6.2.3 Interaction and Co-localization of oc-Actinin-4 with MAGI-1 in 
Podocytes 

MAGI-1, a tight junction protein, plays a role as a non-F-actin binding molecular 

scaffold, facilitating the assembly of multiprotein complexes on the inner surface of the 

plasma membrane [78, 79]. In podocytes, MAGI-1 interacts with various proteins 

including nephrin [52, 80], suggesting that it may participate in the ordering of the slit 

diaphragm. Other studies showed that MAGI-1 links to the actin cytoskeleton via the two 

actin bundling proteins, synaptopodin and cc-actinin-4 [51]. Since K256E cx-actinin-4 

exhibits abnormal intracellular localization due to its high affinity for actin we 

investigated the interaction of this mutant form of a-actinin-4 with MAGI-1 as compared 

to wildtype a-actinin-4. 

To investigate the interaction of a-actinin-4 with MAGI-1, an anti-GFP antibody 

was used to immunoprecipitate wildtype and K256E a-actinin-4 tagged with GFP in 

podocytes and the immunoblots were probed with an anti-MAGI-1 antibody (Figure 

6.10A). Similar amounts of a-actinin-4 were immunoprecipitated from each sample 

(Figure 6.10B). Our results show that both wildtype and K256E a-actinin-4 interact 

similarly with MAGI-1. 

To study co-localization of wildtype and K256E a-actinin-4 with MAGI-1, 

podocytes were infected with adenoviral constructs encoding either wildtype or K256E 

a-actinin-4 tagged with GFP. Samples were then subjected to immunofluorescence and 

localization was determined by direct visualization of GFP fluorescence and by using 

indirect immunofluorescence with an anti-MAGI-1 antibody (Figure 6.11). Our findings 

indicate that MAGI-1 localizes at the cell periphery, along stress fibers, and in the 
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nucleus. Wildtype a-actinin-4 co-localizes with MAGI-1 at the cell periphery and along 

stress fibers while K256E a-actinin-4 co-localizes with MAGI-1 predominantly along 

stress fibers. Furthermore, our results show that intracellular localization of MAGI-1 is 

not altered in podocytes expressing either wildtype or K256E a-actinin-4. Thus, 

interaction of a-actinin-4 with MAGI-1 has no influence over intracellular localization of 

MAGI-1. 
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Figure 6.10 Interaction of MAGI-1 and ct-Actinin-4 in Podocytes 

a-Actinin-4 was immunoprecipitated using an anti-GFP antibody and blots probed with 
either an anti-MAGI-1 or an anti-GFP antibody (blots are representative of two repeated 
experiments). A - Wildtype and K256E a-actinin-4 interact similarly with MAGI-1. B -
Similar amounts of a-actinin-4 were immunoprecipitated from each cell lysate sample. 
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Figure 6.11 Co-localization of oc-Actinin-4 with MAGI-1 in Podocytes 

Podocytes were infected with adenoviral constructs encoding either wildtype or K256E 
oc-actinin-4 tagged with GFP. Localization was determined by direct visualization of GFP 
fluorescence and by immunofluorescence using an anti-MAGI-1 antibody (2° antibody 
conjugated to Alexa Fluor 555) (Images are representative of three repeated 
experiments.). MAGI-1 tends to localize around cell periphery, stress fibers and in the 
nucleus (arrowheads). Wildtype oc-actinin-4 co-localizes with MAGI-1 along stress fibers 
and cell periphery (arrowheads). In contrast, K256E a-actinin-4 co-localizes with MAGI-
1 along stress fibers (arrowhead). 
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6.2.4 Interaction and Co-localization of a-Actinin-4 with Vinculin in 
Cos-7 and Podocyte Cells 

Vinculin is a cytoskeletal focal adhesion protein that plays a role in cell adhesion, 

spreading and lamellipodia extension by interacting with other focal adhesion proteins 

[55-57]. Early studies by Belkin and Koteliansky showed that vinculin interacts with a-

actinin-1 at focal adhesions [58]; however, the role of this interaction was not 

investigated. Cells deficient in vinculin exhibit impairment in cell adhesion, spreading, 

and display formation of fewer focal adhesions, and impairment of lamellipodia 

formation [55-57]. Since our lab has shown that podocytes expressing K256E oc-actinin-4 

also exhibit impairment in cell spreading, and formation of peripheral projections (similar 

to foot processes in vivo) [3], we investigated the interaction between vinculin and oc-

actinin-4, and whether such an association is disrupted by the K256E mutation. 

To investigate the interaction of wildtype and K256E a-actinin-4 with vinculin, 

an anti-GFP antibody was used to immunoprecipitate wildtype and K256E a-actinin-4 

tagged with GFP in either Cos-7 (Figure 6.12) or podocytes (Figure 6.13). The 

immunoblots were probed with an anti-vinculin antibody (Figure 6.12A and Figure 

6.13 A). Similar amounts of a-actinin-4 were immunoprecipitated from each sample 

(Figure 6.12B and Figure 6.13B) and similar amounts of endogenous vinculin could be 

detected within Cos-7 cell lysates irrespective of the expression of wildtype or K256E a-

actinin-4 (Figure 6.12C). However, under the experimental conditions employed, we 

were unable to demonstrate association of either wildtype or K256E a-actinin-4 with 

vinculin by immunoprecipitation in Cos-7 cells or in podocytes (Figure 6.12A and Figure 

6.13A respectively). 
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To study co-localization of wildtype and K256E cc-actinin-4 with vinculin, 

podocytes were infected using adenoviral constructs encoding wildtype or K256E a-

actinin-4 tagged with GFP. Localization was determined by direct visualization of GFP 

fluorescence and by indirect immunofluorescence using an anti-vinculin antibody (Figure 

6.14). Our results show that wildtype oc-actinin-4 co-localizes with vinculin at focal 

contacts. In contrast, while K256E a-actinin-4 associated strongly with stress fibers it 

mostly co-localizes with vinculin at mature focal adhesions while being absent from more 

newly formed focal contacts. 
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Figure 6.12 Interaction of Vinculin and a-Actinin-4 in Cos-7 Cells 

A - a-actinin-4 was immunoprecipitated from un-transfected (control) and transfected 
cells using an anti-GFP antibody and blots were probed with an anti-vinculin antibody. 
These data show no association of wildtype and K256E a-actinin-4 with vinculin. B -
Samples were subjected to immunoprecipitation and immunoblotting using the anti-GFP 
antibody to show similar amounts of a-actinin-4 were immunoprecipitated from each cell 
lysate. C - Similar amounts of endogenous vinculin are present within each cell lysate. 
Blots are representative of two repeated experiments. 
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Figure 6.13 Interaction of Vinculin and oc-Actinin-4 in Podocytes 

A - a-actinin-4 was immunoprecipitated using an anti-GFP antibody and blots were 
probed with an anti-vinculin antibody. These data show no association of wildtype and 
K256E a-actinin-4 with vinculin. B - Samples were subjected to immunoprecipitation 
and immunoblotting using an anti-GFP antibody to demonstrate similar amounts of a-
actinin-4 immunoprecipitated from each cell lysate. Blots are representative of two 
repeated experiments. 
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Figure 6.14 Co-localization of oc-Actinin-4 with Vinculin in Podocytes 

Podocytes were infected with adenoviral constructs encoding either wildtype or K256E 
a-actinin-4 tagged with GFP. Localization was determined by direct visualization of GFP 
fluorescence and by immunofluorescence using an anti-vinculin antibody (2° antibody 
conjugated to Alexa Fluor 594) (Images are representative of three repeated 
experiments). Wildtype a-actinin-4 co-localizes with vinculin at newly formed focal 
contacts (arrowheads). In contrast, K256E a-actinin-4 co-localizes with vinculin at 
mature focal adhesions (arrowheads). 
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6.2.5 Akt Phosphorylation Within Podocytes Overexpressing Wildtype and 
K256E oc-Actinin-4 

Akt plays a critical role in controlling the balance between survival and apoptosis. 

This protein is activated by various growth and survival factors involving PI3-kinase 

[60]. Upon phosphorylation, Akt inhibits apoptosis by inactivating several proteins 

involved in cell death [81-83], In podocytes Akt is stimulated by PI3-kinase via the 

association of two important proteins of the slit diaphragm, nephrin and CD2AP [9]. 

A recent study showed that a-actinin-4 can interact with Akt. Interestingly, 

siRNA-mediated ACTN4 silencing down-regulated Akt phosphorylation by blocking Akt 

translocation to the membrane in hOSE cells [69]. Such inhibition of Akt 

phosphorylation could result in inhibition of cell proliferation and survival. Since the 

K256E a-actinin-4 is reluctant to dissociate from actin filaments, we hypothesized that it 

may not be able to facilitate Akt translocation and phosphorylation and thereby 

dysregulate cell survival pathways in podocytes. 

To investigate the levels Akt phosphorylation in podocytes, cells were infected 

with adenoviral constructs encoding either wildtype or K256E a-actinin-4 tagged with 

HA. The immunoblots were probed with an anti-phospho-Akt (Ser473) antibody (Figure 

6.15A) or an anti-total Akt antibody (Figure 6.15B). Densitometric quantification of 

immunoblots revealed that baseline Akt phosphorylation and total Akt expression are 

unchanged within podocytes expressing either wildtype or K256E a-actinin-4. 

Furthermore, podocytes serum starved for 2 hours and treated with 10% FBS for 30 

minutes prior to cell lysis exhibited significant Akt phosphorylation (Figure 6.16A). The 

immunoblots were probed with an anti-total Akt antibody (Figure 6.16B) or an anti-HA 
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antibody to verify transfection efficiency (Figure 6.16C). However, no differences in 

serum-induced Akt phosphorylation were detected in podocytes expressing either K256E 

or wildtype a-actinin-4 (Figure 6.16A). 
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Figure 6.15 Akt Phosphorylation in Podocytes Overexpressing Wildtype or 
K256E oc-Actinin-4 

Podocyte cells were infected with adenoviral constructs encoding either wildtype or 
K256E a-actinin-4 tagged with HA (blots are representative of three repeated 
experiments.). A - Immunoblots were probed with an anti-phospho-Akt antibody and an 
anti-total Akt antibody (the ultra-sensitive Pierce SuperSignal Femto kit was required to 
detect baseline phospho-Akt levels) (B). C - Densitometric quantification representing 
the three repeated experiments adjusted for total Akt expression (normalized to mutant) 
shows no significant difference in the levels of Akt phosphorylation within podocytes 
expressing either wildtype or K256E a-actinin-4 (n=3). 



P
h

o
sp

h
o

-A
kt

 n
o

rm
al

iz
ed

 t
o

 
to

ta
l 

A
kt

 
(r

el
at

iv
e 

d
en

si
to

m
et

ri
c 

u
n

its
) 

o
 

w
 

m
 

<D
 

O
 

(D
 

Q
. 

Q
. 

CD
 

7s
 

O
l m
 

>7
 

2*
 O

 
7"

 O
" 

o
 

(A
 

"O
 

O
 



98 

Figure 6.16 Akt Phosphorylation in Serum-Stimulated Podocytes 

Podocyte cells were either un-infected or infected with adenoviral constructs encoding 
wildtype or K256E oc-actinin-4 tagged with HA. Cells were then serum starved for 2 hrs 
and treated with 10% FBS for 30 minutes prior to lysis. A - Immunoblots were then 
probed with an anti-phospho-Akt antibody or an anti-total Akt antibody (B). C - Equal 
expression of cc-actinin-4 was detected within each cell lysate. Blots are representative of 
two repeated experiments. 
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6.3 MORPHOLOGICAL CHANGES OF PODOCYTES EXPRESSING 
WILDTYPE AND K256E cc-ACTININ-4 IN RESPONSE TO 
MECHANICAL STRETCH 

6.3.1 Co-localization of ot-Actinin-4 and The Actin Cytoskeleton During 
Mechanical Stretch 

Increased glomerular capillary pressure, which includes hydrostatic and oncotic 

pressures, contributes towards glomerulosclerosis in FSGS [84]. When the 

intraglomerular pressure is increased it causes stress-tension and stretch of glomerular 

cells, including podocytes [85]. These cells respond and adapt to applied mechanical 

forces by remodeling their actin cytoskeleton. Since the FSGS-associated mutation in oc-

actinin-4 increases its affinity for actin filaments, we hypothesized that the remodeling of 

the actin cytoskeleton would be impaired in podocytes expressing K256E oc-actinin-4 and 

this would compromise their architectural integrity. 

To test our hypothesis, podocytes were cultured on collagen-I coated silicone 

membranes and an equibiaxial mechanical stretch was applied to mimic the glomerular 

capillary pressure in vivo. Cells were infected with adenoviral constructs encoding either 

GFP-tagged wildtype or K256E oc-actinin-4 (Figure 6.17). A Flexercell Tension Plus -

FX-4000T system was employed to deliver equibiaxial cyclic stress (0.5 Hz and 10% 

linear strain) over the time course of 1 to 24 hours. Using phalloidin-FITC, co-

localization of wildtype or K256E oc-actinin-4 with the actin cytoskeleton was 

determined. Un-infected podocytes and those overexpressing wildtype oc-actinin-4 exhibit 

adaptation to the mechanical stretch at each time point. The actin stress fibers respond to 

the application of stretch by initially disassembling (after 1 hour stretch) and 

subsequently reassembling (after 4 hours to 24 hours). The cell surface area was 
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maintained throughout the 24 hours of stretch. Conversely, podocytes expressing K256E 

a-actinin-4 became progressively elongated beginning at 4 hours, and by 24 hours the 

actin cytoskeleton became extensively condensed. 



102 

Figure 6.17 Mechanical Stretch of Podocytes Overexpressing Wildtype or K256E 
a-Actinin-4 

Podocytes were cultured on collagen-I coated silicone membranes. Equibiaxial cyclic 
stress (0.5 Hz and 10% linear strain) was applied to the membranes for various durations 
(1 and 24 hour time points shown). Using phalloidin-FITC, co-localization of GFP-
tagged wildtype and K256E a-actinin-4 with the actin cytoskeleton was determined 
(Images are representative of three repeated experiments.). Un-infected podocytes and 
those overexpressing wildtype a-actinin-4 exhibit adaptation to the mechanical stretch at 
each time point by reorganizing the actin cytoskeleton. Conversely podocytes expressing 
K256E a-actinin-4 become thin and elongated after 24 hours of stretch. 
Data represent three repeated experiments (n=3). 
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6.3.2 Podocyte Surface Area and Cell Number Following Mechanical 
Stretch 

The surface area of cells was determined in mechanical stretch experiments using 

Kodak ID project software (Figure 6.18). The average surface area of un-infected 

podocytes not exposed to mechanical stretch (1550 ± 50 urn2) was not statistically 

different from those that were stretched (1550 + 200 urn2). The surface area of those 

podocytes overexpressing wildtype a-actinin-4, either having remained un-stretched 

(2050 ± 150 urn2) or stretched (1600 ± 100 um2) for 24 hours, remained similar. In 

contrast, podocytes over-expressing K256E a-actinin-4 showed a significant reduction in 

surface area after 24 hours of stretch (300 + 20 |Lim2) compared to non-stretched 

podocytes over-expressing K256E a-actinin-4 (1800 ± 200 |0,m2). 

Since podocytes expressing K256E a-actinin-4 exhibited abnormal structure and 

reduced cell surface area following 24 hours of stretch we investigated whether the 

mechanical stretch induced cell detachment in a manner resembling the detachment of 

podocytes from the GBM in vivo during the onset of FSGS. Cell number was determined 

by counting DAPI-stained nuclei (Figure 6.19). Podocytes overexpressing either wildtype 

or K256E a-actinin-4 showed no significant difference in cell number; thus, mechanical 

stretch forces cells expressing the K256E mutation to become thin and elongated but they 

remain attached to the collagen-I coated silicone membrane. 
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Figure 6.18 Surface Area Analysis from Mechanical Stretch Experiments 

Podocytes were cultured on collagen-I coated silicone membranes. Equibiaxial cyclic 
stress (0.5 Hz and 10% linear strain) was applied to the membranes for up to 24 hours. 
Un-infected podocytes and those overexpressing wildtype cc-actinin-4 exhibit normal 
surface area after 24 hours of stretch. Conversely podocytes expressing K256E a-actinin-
4 show a significant reduction in their surface area after 24 hours of stretch (**P<0.01). 
Data are from three repeated experiments (n=3). 
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Figure 6.19 Quantitative Analysis from Mechanical Stretch Experiments 

Podocytes were cultured on collagen-I coated silicone membranes. Equibiaxial cyclic 
stress (0.5 Hz and 10% linear strain) was applied to the membranes for 24 hours. Cell 
number was determined by manually counting cells stained with DAPI. Podocytes 
overexpressing wildtype or K256E a-actinin-4 show no significant difference in the 
number of cells; thus, cells expressing K256E a-actinin-4 become thin and elongated but 
show no reduction in quantity. Data are from three repeated experiments (n=3). 
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7 DISCUSSION 

a-Actinin-4 is an actin filament crosslinking protein that is highly expressed in 

podocytes, where it supports the structure and function of the foot processes of the 

glomerular filtration barrier. Mutations in the a-actinin-4 gene lead to a familial form of 

glomerular disease called FSGS [1]. Each of the disease-causing mutations (e.g., K256E) 

dramatically increase the affinity of a-actinin-4 for F-actin [2], perturbs cellular 

migration and spreading, while altering its intracellular localization in podocytes [3]. 

Due to these defects in K256E a-actinin-4 biology, we hypothesized that K256E mutation 

would affect the interaction between a-actinin-4 and its known association partners 

involved in a variety of cellular processes, including FAK, (3-catenin, synaptopodin, 

MAGI-1, vinculin, and Akt. 

7.1 PHOSPHORYLATION AND oc-ACTININ-4 ACTIN AFFINITY 

A variety of protein kinases phosphorylate target proteins in order to regulate their 

actions, associations, and localization within the cell. FAK is a major tyrosine kinase 

involved in signaling events originating at focal adhesions and its actions influence cell 

proliferation, cell migration and survival by regulating the turnover of the adhesion 

complexes on the underside of the cell. 

a-actinin-1, an isoform of a-actinin-4, can be phosphorylated by FAK in adherent 

platelets, but not in other cell types such as Cos-7, NIH 3T3, or HeLa cells unless 

intracellular phosphatases are inhibited with sodium orthovanadate. This indicates that 
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phosphorylation of a-actinin-1 is tightly regulated by phosphatases in these cells. 

Importantly, phosphorylation of a-actinin-1 reduced its affinity for actin filaments as 

evidenced by the introduction of glutamic acid in place of tyrosine 12 on a-actinin-1 to 

mimic phosphorylation. Additionally, phosphorylation of a-actinin-1 was dependent 

upon co-expression of FAK since cells lacking FAK were unable to exhibit 

phosphorylation of a-actinin-1 [41]. Since a-actinin-1 has an affinity for actin filaments 

and localizes to focal adhesions it was concluded that phosphorylation of a-actinin-1 by 

FAK could facilitate the turnover of adhesion complexes as well as the actin cytoskeleton 

thereby facilitating the process of migration and spreading. Interestingly, cells from 

FAK-deficient mice also exhibit reduced mobility in vitro [86], and cells treated with a 

FAK inhibitor exhibit impaired cell migration [87], similar to podocytes expressing 

K256E a-actinin-4. We believe that the association of a-actinin-4 with actin filaments is 

likewise tightly regulated in podocytes. As K256E a-actinin-4 associates with actin 

filaments with greater affinity than does wildtype a-actinin-4 it is possible that when 

mutated in this manner, a-actinin-4 loses the sensitivity of its regulatory sites (e.g. 

phosphorylation) and fails to dissociate from the actin filaments, thereby inhibiting the 

turnover of these filaments. Based upon these results and on regulation of a-actinin-1 by 

phosphorylation, we investigated whether a-actinin-4 could be phosphorylated by FAK. 

The amino acid sequences of a-actinin-1 and a-actinin-4 are highly homologous. The 

tyrosine amino acid residue of a-actinin-1 reported to be phosphorylated by FAK in Cos-

7 cells, corresponds to tyrosine 32 on a-actinin-4. However, our results indicate that 

neither wildtype nor K256E a-actinin-4 are tyrosine phosphorylated by FAK in NIH 3T3 

(Figure 6.1) and in Cos-7 (Figure 6.2) cells under our experimental conditions (Figure 6.3 
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and 6.4), despite the fact that FAK appeared to be autophosphorylated. Furthermore, we 

were unable to reproduce the findings of Izaguirre et al., with respect to FAK-induced 

phosphorylation of actinin-1. The reason for this discrepancy is presently unclear. 

Subsequent to direct tyrosine phosphorylation studies we investigated the 

regulation of a-actinin-4/actin binding by indirect tyrosine phosphorylation of a-actinin-

4. In this approach, cells were treated with the tyrosine phosphatase inhibitor, sodium 

orthovanadate (Figure 6.5) to prolong tyrosine phosphorylation within the cells. The 

soluble a-actinin-4 (Triton x-100 soluble) and actin bound a-actinin-4 (Triton x-100 

insoluble) subcellular fractions were then obtained. If the interaction of a-actinin-4 with 

actin is regulated by tyrosine phosphorylation, either directly or indirectly, then it would 

follow that the distribution of a-actinin-4 in the Triton soluble fraction should have 

increased following treatment of the cells with sodium orthovanadate treated cells. 

However, our results illustrate that both wildtype and K256E a-actinin-4 showed no 

changes in their actin affinity under conditions of maximized cellular tyrosine 

phosphorylation levels. 

Taken together, our findings suggest that tyrosine phosphorylation and signaling 

does not play a major role in regulating the interaction of a-actinin-4 with actin 

filaments. Therefore, it is likely that other signaling mechanisms play an important role in 

the regulation of a-actinin-4 in podocytes, and remain to be discovered. 
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7.2 INTERACTION AND CO-LOCALIZATION OF oc-ACTININ-4 WITH 
BINDING PARTNERS 

7.2.1 Interaction and Co-localization of ct-Actinin-4 with (3-Catenin in 
Podocytes 

Cell to cell adhesion plays a critical role in establishing and maintaining the 

architecture and functional integrity of epithelial cells such as podocytes. Cell to cell 

contacts are regulated by a variety of adhesion structures (adherens junctions, focal 

contacts, and tight junctions) [88]. Each structure consists of distinct adhesion proteins 

that interact with the cytoskeleton. Any disruption in these interactions can lead to 

dysregulation of cell to cell adhesion and eventually lead to cell functional failure. 

In podocytes, the cell to cell adhesion is particularly important to the integrity of 

the filtration barrier in the kidney and is maintained by the slit diaphragm which is a 

modified adherens junction. The structure/function of the slit diaphragm, aside from 

simply attaching two neighboring podocytes together, is that it forms the filtration barrier 

without which proteinuria will initiate a progression towards end stage renal disease. 

It is becoming apparent that the structure of the slit diaphragm is maintained 

through its linkage to the cytoskeleton and disruption of these associations leads to 

disappearance of the slit diaphragm. For example, proteins such as CD2AP, podocin, ZO-

1 or MAGI-1 are the adaptors that link nephrin to actin filaments by binding to actin 

filaments [8] directly or by binding to a-actinin-4. Loss of expression for nephrin, 

CD2AP or podocin in gene-targeted mice, or under experimental or clinical disease 

contexts, results in slit diaphragm destruction, foot process effacement and filtration 

barrier dysfunction [16, 18, 19, 89]. 
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Another example includes P-catenin, which binds to a-actinin-4 and links actin 

filaments to P-cadherin, which is another transmembrane protein aside from nephrin that 

contributes to the zipper-like structure of the slit diaphragm. As p-catenin is an adherens 

junction protein and a binding partner of a-actinin-4 [42], the importance of this 

association was of great interest. We hypothesized that the FSGS-causing mutant might 

show altered interaction with P-catenin. Indeed our immunoprecipitation results show 

minimal interaction of K256E a-actinin-4 with (3-catenin compared to wildtype a-

actinin-4 (Figure 6.6). However, it seems that the intracellular location of |3-catenin does 

not change (situated around cell periphery) within podocytes expressing K256E a-

actinin-4. Furthermore, as K256E a-actinin-4 exhibits an aberrantly high affinity for actin 

filaments, it tends to be sequestered away from the cell periphery where P-catenin is 

found. This altered localization of K256E a-actinin-4 might affect its ability to co-

localize and interact with P-catenin around cell periphery including filopodia and 

lamelopodia (Figure 6.7). The functional consequences of this reduced association are 

unclear, however, the podocytes of transgenic mice expressing FSGS-associated mutant 

a-actinin-4 exhibit loss of foot process structure and cell to cell adhesion resulting in 

effacement. It is unclear whether cell-cell contacts were perturbed between podocytes 

expressing K256E a-actinin-4. Nevertheless, our findings might explain one of the initial 

steps leading to podocyte effacement - that is disruption of adherens junction complexes 

due to loss of interaction between P-catenin and a-actinin-4. Further studies will be 

required to uncover the downstream molecular events that may be perturbed by the 

reduced association of P-catenin and K256E a-actinin-4. The regulation of this 
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interaction might be of great importance in maintaining the proper structure and function 

of podocytes. 

7.2.2 Interaction and Co-localization of a-Actinin-4 with Synaptopodin in 
Podocytes 

It is becoming increasingly apparent that the podocyte cytoskeleton is the 

common target for podocyte damage in glomerular diseases, as most mutations in 

proteins that lead to foot process effacement are cytoskeletal proteins, including actin 

binding proteins (such as cc-actinin-4) or the proteins that are connected to the 

cytoskeleton (nephrin, podocin, and CD2AP) [16, 18, 19]. 

Synaptopodin is an actin binding protein that associates with oc-actinin-4 and 

regulates actin bundling activity of oc-actinin-4 in podocytes by inhibiting the branching 

of actin filaments induced by a-actinin-4 [47]. The interaction of oc-actinin-4 with its 

binding partner, synaptopodin, was of great interest and we hypothesized that compared 

with wildtype a-actinin-4, the FSGS causing mutant might show a different pattern of 

association with synaptopodin - either increasing its interaction due to the enhanced actin 

association, or displacing synaptopodin from actin filaments. Indeed our data show that 

synaptopodin expression along stress fibers is reduced in podocytes expressing K256E oc-

actinin-4 (Figure 6.9). However, co-immunoprecipitation experiments showed no 

differences in association of synaptopodin with wildtype and K256E a-actinin-4 (Figure 

6.8). 

The apparently opposing results of the immunoprecipitation and 

immunofluorescence studies may be explained by at least two possibilities. First, in our 
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immunoprecipitation results, the a-actinin-4 located in the cytoplasm and a-actinin-4 

around the cell periphery may be preferentially immunoprecipitated over that which is 

tightly associated with actin filaments. In that case the same amount of synaptopodin may 

be interacting with "unbound" wildtype and K256E a-actinin-4. Second, synaptopodin is 

not expressed in undifferentiated podocytes, thus, in our immunofluorescence results, 

podocytes expressing K256E a-actinin-4 may have reverted back towards an 

undifferentiated state, as compared with podocytes expressing wildtype a-actinin-4. 

Overall our findings may indicate that the enhanced affinity of K256E a-actinin-4 

for actin filaments may displace and prevent synaptopodin from regulating the actin 

cytoskeleton. This dysregulation may be one of the steps in inhibition of actin 

cytoskeleton turnover in podocytes resulting in cell migration and cell spreading 

impairments. Finally, we did not observe any apparent differences in actin branching 

levels in K256E a-actinin-4 expressing podocytes, that may have arisen due to the low 

levels of synaptopodin. It is possible that the gain of affinity activity of a-actinin-4 could 

have overridden these effects. 

7.2.3 Interaction and Co-localization of a-Actinin-4 with MAGI-1 in 
Podocytes 

The glomerular slit diaphragm is a modified adherens junction consisting of 

trafficking of proteins acting as a regulatory barrier and forming a signaling platform that 

regulates cell growth, proliferation and differentiation. As discussed earlier, mutations in 

the genes encoding for slit diaphragm proteins or altered interaction of these proteins can 
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lead to irregular downstream molecular events. This may cause podocyte damage and 

eventually lead to kidney disease. 

MAGI-1, an important molecular scaffold protein that is expressed in many 

epithelial cells, and acts as a binding partner for a-actinin-4 and nephrin in podocytes 

[51, 52]. This association was of great interest since it indicates that MAGI-1 plays an 

important role in the structure of the slit diaphragm and may act as an adaptor to link the 

slit diaphragm to the cytoskeleton. 

We speculated that the FSGS causing mutant might show different interaction 

with MAGI-1 and the outcome will be the disruption of the linkage between slit 

diaphragm and cytoskeleton that leads to foot process effacement. However our 

immunoprecipitation data shows that MAGI-1 associates with both wildtype and K256E 

a-actinin-4 equally (Figure 6.10). Furthermore immunofluorescence data shows that 

podocytes expressing wildtype and K256E a-actinin-4 exhibit similar intracellular 

localization of MAGI-1, around the cell periphery, along stress fibers and in the nucleus. 

However, wildtype a-actinin-4 tends to co-localize with MAGI-1 around cell periphery 

and along stress fibers and K256E a-actinin-4 co-localization is restricted only to stress 

fibers (Figure 6.11). 

Even though interaction between MAGI-1 with wildtype and K256E a-actinin-4 

seems similar, further studies are required to investigate the importance of the association 

of MAGI-1 with a-actinin-4 and the downstream molecular events that take place after 

this interaction. It is possible that in podocytes, when a-actinin-4 associates with MAGI-

1 around the cell periphery the complex participates in a different signaling pathway 

compared to when a-actinin-4 associates with MAGI-1 around stress fibers. The former 
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interaction may be involved in regulation of the slit diaphragm and the latter may further 

inhibit the turnover of actin cytoskeleton by restricting filament flexibility. 

7.2.4 Interaction and Co-localization of oc-Actinin-4 with Vinculin in 
Cos-7 and Podocyte Cells 

Aside from the structure of slit diaphragm, the attachment of foot processes to the 

GBM is also essential for the structural integrity of the podocyte foot process. Cell to 

matrix contacts are mediated by complex structures known as focal adhesions. Focal 

adhesions not only attach cells to their matrix they are also important within the cells for 

cell survival functions such as migration, spreading and lamellipodia extension [90] as 

they are required to assemble and disassemble, a phenomenon known as focal adhesion 

turnover [91]. Detachment of podocytes from the extracellular matrix represents a key 

event that follows foot process effacement during glomerular diseases such as FSGS. A 

cytoskeletal-initiated impairment of cell migration and spreading might involve the 

disruption of focal adhesion complexes and inhibition of its turnover. For example, cells 

that lack vinculin - a focal adhesion protein - exhibit impairment in cell adhesion, 

spreading, and fewer focal adhesions [55-57]. Furthermore, cells from FAK-deficient 

mice exhibit an increase in the number of focal adhesions and reduced cell migration 

[86], suggesting that deficiency in any of the focal adhesion proteins may either increase 

or decrease the number of focal adhesions within the cell and eventually affect the 

turnover of these complexes. 

It is possible that in FSGS, podocytes either lose their focal adhesion complexes 

leading to their detachment from the GBM or they fail to regulate their focal adhesion 
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turnover leading to a more subtle impairment of their function. Two previous studies 

investigated the adhesion properties of podocytes in disease states in vitro and in vivo. 

The first study was carried out in our lab where we showed that podocytes expressing 

K256E a-actinin-4 do not exhibit reduced adhesion compared to podocytes expressing 

wildtype a-actinin-4. However, Martin Pollak's group detected podocytes in the urine of 

the mice deficient in a-actinin-4 suggesting a decrease in podocyte number through 

detachment from the GBM [92]. They also showed that a-actinin-4 deficient podocytes 

had decreased adhesion to glomerular basement membrane components suggesting that 

a-actinin-4 is important for podocyte attachment to GBM. 

To follow up with these studies, we wanted to investigate whether a-actinin-4 

binds to vinculin and if this interaction becomes aberrant once a-actinin-4 is mutated 

thereby explaining the impairment of adhesion properties, cell spreading and lamellipodia 

extension in podocytes. Interestingly, a-actinin-1 was demonstrated to associate with 

vinculin [58]. However, our results show that neither wildtype nor K256E a-actinin-4 

associate with vinculin in either Cos-7 cells (Figure 6.12) or podocytes (Figure 6.13), 

despite an apparent co-localization with vinculin as determined by co-

immunofluorescence experiments in podocytes (Figure 6.14). Our findings may be 

explained by at least two possibilities. The first is that there might be other focal adhesion 

proteins that require association with a-actinin-4 that regulate adhesion of podocytes to 

the GBM or disruption in the turnover of the focal adhesions when a-actinin-4 fails to 

interact with them. The second possible conclusion is that a-actinin-4 does not play a 

major role in maintaining the focal adhesion properties of podocytes to GBM. However, 

the role of a-actinin-4 in the turnover of focal adhesions is yet to be investigated. Overall, 
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based on our results the impairment in cell spreading and lamellopodia extension 

observed in podocytes [3] is not the result of disruption in the association of oc-actinin-4 

with vinculin. 

7.2.5 Akt Phosphorylation within Podocytes Overexpressing Wildtype and 
K256E oc-Actinin-4 

The slit diaphragm maintains the functional integrity of podocytes by 

participating in signaling pathways that are triggered through nephrin. One of these 

pathways involves Akt, a serine/threonine kinase, which is phosphorylated downstream 

of PI3-kinase. Akt mediates cellular survival pathways by inhibiting apoptosis through 

inactivation of several proteins involved in cell death. A recent study showed that oc-

actinin-4 regulates Akt by mediating its translocation to the cell membrane in hOSE cells 

[69]. Thus, we wanted to test whether K256E oc-actinin-4, being restricted to stress fibers, 

is incapable of regulating Akt phosphorylation in podocytes which might increase the 

susceptibility of these cells to apoptosis. 

Our results indicated no significant differences in Akt phosphorylation in 

podocytes expressing either wildtype or K256E oc-actinin-4 under basal conditions 

(Figure 6.15) or following serum stimulation of the cells (Figure 6.16). This may indicate 

that Akt activity is independent of a-actinin-4 in podocytes, such that other proteins 

might regulate its phosphorylation. 
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7.3 MORPHOLOGICAL CHANGES OF PODOCYTES EXPRESSING 
WILDTYPE AND K256E a-ACTININ-4 WHILE SUBJECTED TO 
MECHANICAL STRETCH 

Kidney filtration is achieved by the cyclical application of both hydrostatic and 

oncotic pressure within the glomerular capillaries [85]. These pressures are continuously 

exerted on podocytes and therefore these cells, which cover the glomerular capillaries, 

need to be equipped with a flexible cytoskeletal network in order to contend with these 

pressures. FSGS is associated with an increased glomerular capillary pressure [84]. 

When these pressures are increased, one can imagine that podocytes with an aberrant 

cytoskeletal phenotype might not be able to adapt to the stress-tension and stretch. We 

therefore hypothesized that podocytes expressing K256E a-actinin-4 while subjected to 

mechanical stretch, would exhibit impaired morphological changes compared to 

podocytes expressing wildtype a-actinin-4. 

Our results show that podocytes expressing wildtype a-actinin-4 are indeed able 

to adapt to the mechanical stretch over a 24 hours time period (Figure 6.17). The actin 

stress fibers, initially arranged in parallel bundles, initially disassemble upon the 

application of mechanical stretch in vitro. These stress fibers subsequently reassemble in 

a more random orientation over a 24 hour timeframe without affecting the cell surface 

area (Figure 6.18). As expected, podocytes expressing K256E a-actinin-4 have difficulty 

adapting to these distensive forces and become thin and elongated after 24 hours of 

stretch while the actin cytoskeleton condenses exhibiting numerous aggregates of 

actin/actinin-4 (Figure 6.17 and Figure 6.18). 

Since detachment of podocytes from the GBM is observed in many glomerular 

lesions, we wanted to investigate whether podocytes expressing K256E a-actinin-4 lose 
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their focal adhesions and detach from the collagen-coated silicone membranes when they 

are subjected to mechanical stretch. Quantitative analysis from mechanical stretch 

experiments shows no significant difference in the number of cells between podocytes 

expressing wildtype and K256E a-actinin-4 (Figure 6.19). Perhaps 24 hours is 

insufficient to cause detachment of stretch. However, these findings are consistent with 

those of the adhesion assays as previously reported by our lab [3]. 

In this study we used in vitro mechanical stretch of cultured podocyte cells, which 

mimics the pressure within the glomerular capillaries. This approach provides an 

understanding of the architecture/function of podocytes as they depend on a dynamic 

actin cytoskeleton for survival when constantly subjected to stretch. It is likely that 

podocytes constantly need to remodel their actin cytoskeleton to contend with the forces 

exerted on them. However, the K256E mutant may inhibit the turnover of the actin 

filaments by binding forcefully thereby preventing any remodeling of actin. The result is 

that these cells become rigid and eventually fail to function as filtration barriers. Upon 

stretch podocytes expressing K256E a-actinin-4 resemble the podocytes in vivo when 

they are damaged as they appear elongated and condensed and unable to enwrap the 

glomerular capillaries (Figure 7.1). 

Taken together, the data presented in this series of studies shows that a mutation 

in the gene encoding for a-actinin-4 that leads to a familial form of FSGS exhibits altered 

association with an important adherens junction protein, P-catenin, and it alters the 

expression and localization of synaptopodin along stress fibers. It also impairs the ability 

of the actin cytoskeleton to adjust to distensive forces while still maintaining its presence 

at focal adhesions. We can therefore conclude that the function of a-actinin-4 is crucial 
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for maintaining the structure of podocytes. This study also shows that a-actinin-4 is not 

regulated by tyrosine phosphorylation and does not regulate phosphorylation of Akt. 

Future studies will undoubtedly be aimed at investigating which regulatory domains of oc-

actinin-4 are muted by the FSGS-associated mutation(s), thereby leading to podocyte 

dysfunction. 
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Figure 7.1 Podocyte Damage in Vivo and in Vitro 

When podocytes are damaged, the cells exhibit an effaced and elongated phenotype in 
vivo resembling what we observed in vitro. A - Illustrates a scanning EM of the normal 
podocytes enwrapping the glomerular capillaries resembling the podocytes 
overexpressing wildtype cc-actinin-4 after 24 hours of stretch resembling (B). C -
Illustrates a scanning EM of the damaged podocytes resembling the podocytes 
overexpressing K256E oc-actinin-4 after 24 hours of stretch (D). 
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