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Abstract 

Effects of Focal Segmental Glomerulosclerosis-Associated Mutations on 

Myosin 1e Localization and Activity 

Author’s Name: Jing Bi Karchin                    Sponsor’s Name: Mira Krendel 

  Our lab has discovered that an actin-dependent molecular motor called 

Myosin 1e (Myo1e) is required for maintaining normal morphology and function in 

vivo of podocytes, a specialized epithelial cell in the kidney. We have found that 

Myo1e-null mice develop proteinuria, and mutations in the MYO1E gene, 

including missense mutations A159P and T119I, and nonsense mutation Y695X, 

have been identified in focal segmental glomerulosclerosis (FSGS), a primary 

kidney disease that often leads to end stage renal disease (ESRD). Based on 

these findings, we have proposed that Myo1e and especially its motor domain, 

plays a key role in regulating actin cytoskeleton organization in kidney podocytes.  

 To study Myo1e activity at the junctions, we have used cell culture 

systems. We confirmed that Myo1e is a component of the podocyte slit 

diaphragm using glomerular fractionation assay and immune-gold labeling 

electron microscopy. Disruption of Myo1e motor activity by point mutation 

(A159P) completely disrupted Myo1e cellular localization and led to defective 

actin assembly at nascent cell-cell contacts. Domain mapping experiments in 

MDCK cells have suggested that the Myo1e TH2 domain is necessary, but not 

sufficient for its localization, but addition of the TH1 domain restores its 
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localization to junctions. We have also found that the Myo1e SH3 domain 

interacts with ZO-1, a slit diaphragm and tight junction protein, in in vitro pulldown 

assays, which might contribute to ZO-1 exchange activity at the junctions. 

Another FSGS-associated Myo1e motor domain mutation (T119I) also caused 

mis-localization of Myo1e in the cultured mouse podocytes, suggesting loss-of-

function of the motor domain mutants. We have also shown that ZO-1 is not 

recruited to the nascent cell-cell contacts at the same time with the Myo1e T119I 

mutants.  

 Finally, by using fission yeast as a model system, we have demonstrated 

that human kidney disease-associated mutations in fission yeast caused defects 

in yeast growth and endocytosis processes. Interestingly, after analyzing the 

colocalization patterns between the FSGS-associated Myo1 mutants and 

Chaperone Rng3, we have proposed that these two kidney disease-associated 

mutants likely possess different disease-causing mechanisms. 

 Above all, we have concluded that Myo1e motor domain plays an 

important role in its localization and activity in podocyte actin cytoskeleton, which 

might be the link to the disease mechanism of FSGS at the molecular level.  
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1.1 Relevance of kidney disease 

Kidneys are bean-shaped organs that reside on both sides of the lower 

back in humans (Fig. 1.1A), with outer darker layer called cortex and inner light 

layer named medulla. In mammals, kidneys perform both endocrine and exocrine 

functions. Their excretory activity allows the production of urine, through which 

metabolic waste products are eliminated (Rhoades and Pflanzer, 1995). The 

kidneys perform their endocrine function by producing several hormones and 

enzymes, such as erythropoietin, active form of Vitamin D, and renin (DeLuca, 

1973; Santoro et al., 2015; Souma et al., 2015). Additionally, the kidneys also 

regulate acid-base balance, monitor the concentration of the electrolytes, and 

regulate the osmolality of the body fluids (Rhoades and Pflanzer, 1995).  

The smallest functional unit in the kidney is called nephron (Fig. 1.1B), 

which is comprised of different renal tubules that are responsible for ion and 

water reabsorption, and a ball-shaped structure called glomerulus, where the 

plasma ultrafiltration occurs. The cross section of the glomerulus is shown in Fig. 

1.1C. Blood flows into the glomerulus through afferent arteriole (AA), and is 

filtered into the urinary space (US), and eventually collected by the efferent 

arteriole (EA). During the filtration process, blood flows through the glomerular 

filtration barrier (Fig. 1.2), which consists of fenestrated endothelial cells, 

glomerular basement membrane, and the slit diaphragm between neighboring 

podocyte foot processes, to allow water, gas, ions and waste product pass 

through and to retain large sized molecules such as proteins.  
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Focal segmental glomerulosclerosis (FSGS) is a common form of 

nephrotic syndrome, which can often progress to end stage renal disease 

(ESRD). The defining feature of FSGS is massive proteinuria (protein loss from 

the urine), and often accompanied by hypoalbuminemia and edema (D’Agati et 

al., 2011). Most forms of proteinuria involve defects in podocytes, specialized 

epithelial cells residing on the outer surface of glomerular capillary loops. 

Podocytes form extensions known as foot processes that interdigitate with those 

from adjacent cells (Jefferson et al., 2011). Slit diaphragms are cell-cell junctions 

that bridge adjacent foot processes and are highly permeable to water and small 

solutes but impermeable to proteins. These unique cell adhesion complexes 

possess some features of both tight and adherens junctions (Fukasawa et al., 

2009; Reiser et al., 2000). In glomerular disease, podocyte slit diaphragm and 

the actin cytoskeleton are often targeted by pathological processes (Welsh and 

Saleem, 2011). 

1.2 The development of the kidney 

1.2.1 The organogenesis of the kidney 

The kidney, along with other components of the urogenital system, arises 

from the intermediate mesoderm of the early embryo (Carlson, 2013a; Gilbert, 

2014). There are three major stages in the development of the mammalian 

kidney: pronephros, mesonephros and metanephros. The first stage is also 

considered the kidney that is only found in the lowest vertebrates, but only the 
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last stage will act as a functional kidney in mammals (Carlson, 2013b; Gilbert, 

2014; Saxén and Sariola, 1987).  

The appearance of the pronephros marks the beginning of the kidney 

organogenesis. Pronephric duct and pronephric tubules arise separately from the 

intermediate mesoderm by mesenchyme-epithelial transformation. Eventually, 

the pronephric tubules and the anterior portion of pronephric duct degenerate, 

only leaving the posterior portion of the pronephric duct, which serves as part of 

the excretory system in some mammals and is also known as the Wolffian duct 

or nephric duct (Kuure et al., 2000). The pronephros in higher vertebrates does 

not function, but it is required for the induction of the later kidney structures.  

The middle portion of the nephric duct induces the adjacent mesenchyme 

from the intermediate mesoderm to form a new set of the tubules, known as 

mesonephric tubules, which is the early form of the mesonephros. The 

mesonephros is also the stage for the development of the aorta and gonads 

(Dressler, 2006; Kuure et al., 2000). The nephric duct continues to elongate and 

attaches to the cloaca, which differentiates upon sex specification (Carlson, 

2013b).  

As the nephric duct attaches to the cloaca, the cells of the posterior 

portion of the nephric duct outgrow and form the ureteric bud, which is essential 

for the formation of the metanephric kidney. As the ureteric bud grows into the 

posterior portion of the intermediate mesoderm, the cells in the mesoderm that 



	   	   Chapter	  1	  Introduction	  
	  

	   5	  

surround the ureteric bud form the metanephrogenic blastema (metanephrogenic 

mesenchyme) (Carlson, 2013b; Uetani and Bouchard, 2009). The ureteric bud 

receives signals from the metanephrogenic blastema and undergoes subsequent 

branching. Eventually, the branching of the ureteric bud leads to the formation of 

the collecting ducts within the kidney (Burrow, 2000). Reciprocally, the ureteric 

bud also induces the metanephrogenic mesenchyme to accumulate, which leads 

to the formation of the nephrons, the basic functional units of the kidney.  

Vertebrate nephrogenesis is more complex than other organogenesis 

processes because it includes three kidney forms during development. It is 

essential to understand the kidney at its embryonic developmental stage, since it 

is the foundation of developing into mature kidney. Pronephros in human kidney 

is a temporary organ that is not functional, and usually degenerates or becomes 

another organ precursor before the development of the mature kidney (Saxén 

and Sariola, 1987). In lower vertebrates, such as fish and amphibians, the 

pronephros stage of the kidney is equivalent to the embryonic kidney in humans 

and mice. They both are induced early during the development, and share similar 

transcription factor expression patterning, and tissue differentiation events. 

Moreover, the pronephros in all fish and amphibians are well developed to a 

functional organ (Vize et al., 2003). Therefore, researchers have used other 

model systems, such as Xenopus and zebrafish to study embryonic kidney 

development and gene expression patterns (Gerlach and Wingert, 2013; Hensey 

et al., 2002; Jones, 2005; Ryffel, 2003). In addition, in Drosophila, the renal 
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structure called “Malpighian tubule” is structurally equivalent to the ureteric bud 

and functionally similar to the renal tubules in higher vertebrates. Thus, the 

Drosophila Malighian tubule structure and function have been explored in the 

past, and used as a model system to study tubulogenesis in vertebrates (Cagan, 

2003; Denholm et al., 2003; Jung et al., 2005).  

1.2.2 Glomerulogenesis 

The comma-shaped body of the developing glomerulus first appears after 

the cells from the metanephrogenic blastema receive signals from the branching 

ureteric bud and form pre-tubular aggregates (renal vesicle) (Burrow, 2000; 

Horster et al., 1999). As cells continue to differentiate, an S-shaped body forms. 

During this process, the distal end and proximal end of the tubules are identified, 

as well as the distal and proximal clefts, which lead to the formation of the 

lumens of renal tubules (Kriz, 2007).  The induction signals from the ureteric bud 

also induce the metanephrogenic mesenchyme to undergo mesenchyme-to-

epithelial transition to transform into epithelial cells, which are the precursors of 

the specialized epithelial cells termed podocytes (Carlson, 2013b), the epithelial 

cells of the proximal tubules, and the epithelial cells of the distal tubules (Horster 

et al., 1999; Saxén and Sariola, 1987). At this stage, the migratory endothelial 

cells receive signals, presumably from podocyte precursor cells, to settle into the 

distal cleft of the S-shaped body, on the other side of the podocytes precursor 

cells (Burrow, 2000; Kuure et al., 2000), forming the first capillary loop. As the 

glomerulus matures, the capillary loop further divides into six to eight loops 
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(Quaggin and Kreidberg, 2008). There are some debates about the origin of 

these endothelial cells (Saxén and Sariola, 1987). Some have believed that they 

are also originated from the metanephrogenic mesenchyme, while others have 

suggested that they are from a different cell fate outside the kidney. The classical 

experiment that supported the latter evidence was the chimera glomeruli grafting 

experiment, in which the rodent fetal kidney rudiments were grafted onto quail 

chorioallantoic membranes. Using immunolabeling of the nuclear marker of the 

quail cells, the origin of the glomerular endothelial cells in the rodent kidney grafts 

were verified to be host origin (Abrahamson, 1991; Saxén and Sariola, 1987). 

The cells from the comma- and S-shaped body stages will develop into the rest 

of the nephron components, such as the glomerulus and the renal tubules. After 

the endothelial cells settle in, the development of the glomerulus enters the 

capillary loop stage, in which the glomerular basement membrane (GBM) is 

assembled. Studies have demonstrated that the GBM is originated from a mixed 

lineage. At the beginning, it appears to be two basement membranes, endothelial 

basement membrane and early podocytes basement membrane, observed by 

electron microscopy (Abrahamson, 1991). During the development, the two 

basement membranes fuse, accompanied by a change in expression of some 

molecular components of the basement membranes, mainly collagen and laminin 

(Dressler, 2006; Kriz, 2007). The similar grafting experiment that mentioned 

above also provided further information about the composition of the GBM. The 

evidence suggested that the mature GBM has a dual origin, in which the visceral 
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podocytes and endothelial cells both contribute to the GBM biosynthesis and 

maturation (Abrahamson, 2009, 1991; Horster et al., 1999; Saxén et al., 1986).  

1.2.3 Development of renal filtration barrier 

 The glomerular filtration barrier is comprised of three components: 

fenestrated endothelial cells, glomerular basement membrane, and the slit 

diaphragms between the neighboring foot processes of the visceral epithelial 

cells (podocytes) (Fig. 1.2). The precursor of the structure is first initiated during 

the S-shaped stage. During the mesenchyme-to-epithelium transition, the 

metanephrogenic mesenchyme is induced to transform to epithelial-like cells, one 

of which is the primitive podocytes.  

The early podocytes form a layer of columnar epithelial cells with the 

junctional belt at the apical region (Fig. 1.3A) (Kriz, 2007; Quaggin and Kreidberg, 

2008), possibly containing tight junction protein such as ZO-1 and occludins.  As 

the development continues, the podocytes transform to mesenchymal-like cells, 

but still maintain the epithelial characteristics (Fig. 1.3B-C). During this process, 

the podocytes become flatter and gradually lose their apical cell attachment. The 

junctional belt between neighboring podocytes moves from the apical region 

towards the basolateral region (Kriz, 2007). Nephrin and CD2AP, which are two 

major components of the podocyte slit diaphragm, are first detected in the 

capillary loop stage, and eventually become concentrated in the basolateral 

region and in close proximity to glomerular basement membrane (Li et al., 2000). 



	   	   Chapter	  1	  Introduction	  
	  

	   9	  

In addition, podocytes form long protrusions called primary processes, which 

subdivide into many secondary processes known as foot processes. As the 

glomerulus matures, these foot processes interdigitate with the ones from 

neighboring podocytes and entirely cover capillaries. At this stage, podocyte cell 

bodies completely separate from one another and only interact via neighboring 

foot processes (Fig. 1.3D). The spaces between neighboring foot processes are 

called filtration slits, and are covered by a protein complex known as the slit 

diaphragm, which is one of the major components of the glomerular filtration 

barrier. It is comprised of transmembrane proteins nephrin, Neph1, podocin, 

cytoplasmic adaptor proteins ZO-1, CD2AP, and the actin cytoskeleton 

associated proteins Myo1e and α-actinin-4 (Fig. 1.5). The adaptor proteins and 

cytoskeleton associated proteins link the actin cytoskeleton to the 

transmembrane proteins, together maintaining the integrity of the slit diaphragm.  

Glomerular endothelial cells originate from outside the kidney and migrate 

into the distal cleft of the S-shaped body (Abrahamson, 2009). Initially, these 

endothelial cells are cuboidal shaped and lack fenestrations (Ichimura et al., 

2008; Satchell and Braet, 2009). After entering the capillary loop stage, the 

endothelial cells change morphology and become thinner in the cytoplasm. 

Before this stage, maturing podocytes, located on the other side of the basal 

membrane, start sending a signal, specifically vascular endothelial growth factor 

(VEGF), to the endothelial cells to initiate “pore” formation (Breier et al., 1992; 

Esser et al., 1998). The theories of how endothelial cells respond to VEGF and 
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form fenestrations are still in debate. One of the theories has suggested the 

importance of the rearrangement of the actin cytoskeleton. The VEGF secreted 

from podocytes binds the VEGF receptor on endothelial cells, which in sequence 

activates the Rac pathway downstream signaling molecule. Rac activation is well 

known for regulating the actin cytoskeleton, and eventually leads to fenestration 

formation (Eriksson et al., 2003). An opposing theory on the formation of 

fenestrations in endothelial cells states that they arise from the preexisting 

intracellular vesicles (Satchell and Braet, 2009), and then by fusion of these 

vesicles with both apical and basal membranes (Dvorak et al., 1996). Once the 

fenestrations are fully developed, they lose their diaphragms or any protein 

complexes expressed around the pore (Ioannidou et al., 2006). Glomerular 

endothelial cells also have their own basal membrane, which contributes to the 

mature glomerular basement membrane formation.  

The glomerular basement membrane (GBM) is the third component of the 

glomerular filtration barrier. It is located between the podocytes and fenestrated 

endothelial cells. The maturation of the GBM starts from the beginning of 

glomerulogenesis. The immature podocytes and endothelial cells both secrete 

their own basal membranes. As maturation proceeds, these two membranes fuse 

together to form the final state of basement membrane (Saxén et al., 1986). 

Collagen I expression is gradually lost from the initial basal membranes before 

fusion, while Collagen IV becomes the major collagen in the GBM composition. 

During this process, other molecular components of the GBM also shift. In the 
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comma- and S-shaped body stages, the main components of the GBM are 

collagen IV α1 and α2 chains (COL4A1 and COL4A2), and laminin-1 (α1β1γ1 

heterotrimer). When entering the capillary loop stage, COL4A3, COL4A4, and 

COL4A5 are required, in addition to the original two expressed, and laminin-11 

(α5β2γ1 heterotrimer) replaces laminin-1. After the final fusion event and towards 

the maturation of the glomerulus, the mature GBM is comprised of COL4A3, 

COL4A4, and COL4A5, and laminin-11. Other than the collagen IV and laminin, 

agrin and nidogen are also expressed in the GBM (Miner, 1999, Miner, 2012). 

Agrin, as a major heparin sulfate proteoglycan in the GBM, contributes to the net 

negative charge of the GBM, and is thought to repel any negatively charged 

molecules, such as albumin (Kanwar et al., 2007). Over the years, however, 

some studies have shown controversial results, that neither podocyte-specific 

knockout of agrin nor reducing the anionic sites in the GBM alters the 

permeability of the GBM or causes proteinuria (Harvey et al., 2007; van den 

Hoven et al., 2008). The most recent study by Axelsson et al. has shown that the 

charge effect of the GBM only applies to small sized molecules, but not large 

molecules (Axelsson et al., 2011). Interestingly, there is a new theory about 

albumin permeability across the GBM. Hausmann et al. created a mathematical 

model, in which the albumin filtration across the GBM is due to the 

electrophoretic effect by the electric potential generated by the filtrates 

(Hausmann et al., 2010). However, the exact mechanism of how the GBM 

facilitates the renal filtration is still under investigation.  
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1.3 Epithelial tight junctions in the kidney  

The ultimate function of the kidney is to maintain homeostasis of water 

and sault in the human body. In order to do that, each segment of the nephron 

has to properly select the ions or molecules that are allowed to pass through. 

Renal epithelial cells and their tight junctions play an essential role in this process. 

From the proximal end of the nephron to the distal end, the permeability of the 

renal tubules changes from “leaky” epithelium to tight epithelium, corresponding 

to their physiological roles (Denker and Sabath, 2011). Table 1.1 lists the major 

epithelia in the nephron and their potential physiological functions. As we noted, 

the podocyte slit diaphragm is the most complex one of them all.  

The podocytes slit diaphragm is a specialized junction (Fig. 1.4). Not only 

does it contain tight junction proteins such as ZO-1, JAM-A (junction adhesion 

molecule-A) and occludin, it is also a modified adherens junction with P-cadherin 

and catenins (Reiser et al., 2000, Fukasawa et al., 2009). Characteristically, the 

slit diaphragm expresses a special set of proteins such as nephrin, Neph1, 

podocin, and CD2AP, all playing an essential role in maintaining the structural 

and functional integrity of the renal filtration barrier (Holzman et al., 1999; 

Schwarz et al., 2001, Shih et al., 2001, Harita et al., 2008). The glomerular slit 

diaphragm undergoes dynamic disassembly and reassembly to facilitate renal 

filtration, which requires the coordination of the underlying cytoskeleton. In 

podocyte cell bodies and major processes, the dominant filaments are 

microtubules and intermediate filaments, which play a role in supporting podocyte 
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shape (Faul et al., 2007).  In the foot processes, the actin-based cytoskeleton 

consists of actin filaments, non-muscle myosin II, α – actinin 4 and synaptopodin 

(See Appendix chapter 1 for more details), which together play essential roles in 

linking the podocyte slit diaphragm to the glomerular basement membrane via 

signaling through integrins and other adaptor proteins. Therefore, the podocyte 

actin cytoskeleton becomes a major target under many pathological events 

(Welsh and Saleem, 2011).  

1.4 Functions of the non-muscle myosins in the kidney 

Myosins are a diverse family of actin-based molecular motors that play 

important roles in muscle contraction (Herzog et al., 2015), cargo transportation 

(Van Den Berg and Hoogenraad, 2012), tension regulation including cell shape 

change, cell motility and endocytosis (Diz-Munoz et al., 2013; Nambiar et al., 

2009). Thus far, there are more than 20 classes of myosins found in eukaryotes, 

which have been classified based on the phylogeny of their motor domains 

(Richards and Cavalier-Smith, 2005). The motor domains are highly conserved 

through evolution and bind to actin in an ATP-dependent manner. They exhibit 

strong actin binding in the ADP-bound state and weak actin binding in the ATP-

bound state. The force generated by motor domain ATP hydrolysis is used to 

carry cargo along the actin filaments. Myosins have one to six IQ (Isoleucine and 

Glutamine) motifs that bind to light chain calmodulin or calmodulin-like molecules, 

playing a role in stabilizing the myosin motor-neck region and amplifying the force 

for the movement along actin filaments (Tyska and Warshaw, 2002). The tail 
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domains of different classes have their own distinct structures and functions, but 

within one class they likely perform similar or compensatory functions (Sellers, 

2000).  

The Class II myosins are known as conventional myosins that include 

both muscle (skeletal and cardiac) and non-muscle myosins (smooth muscle and 

other non muscle tissue types). This myosin class exists as a dimer in solution 

with two heavy chains and four light chains (two regulatory light chains and two 

essential light chains). Phosphorylation of the regulatory light chains by myosin 

light chain kinase (MLCK) activates the myosin II motor proteins. Upon tail 

domain self assembly, they form as a tetramer known as the thick filament 

between actin filaments, initiating muscle contraction (Trybus, 1994; Szent-

Györgyi, 2004). Unconventional myosins refer to those other than Myosin II, while 

non-muscle myosins refers to any myosins that are not skeletal or cardiac muscle 

myosins, but it can be conventional myosin (non-muscle myosin IIs). In this 

section, we are mainly focusing on non-muscle myosins and the overall 

information is listed in Table 1.2. The schematic domain structures of these 

myosins are illustrated in Figure 1.5. 

1.4.1 Myosin 1c 

Myosin 1c (Myo1c), also previously known as Myosin Iβ from bovine 

adrenal gland and Myr2 from rat kidney (Reizes et al., 1994; Sherr et al., 1993; 

Zhu and Ikebe, 1994; Zhu et al., 1996), is a short tailed Class I myosin (Fig. 1.5). 
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Initial studies on Myosin Iβ showed that it was widely expressed in various 

tissues, and localizes to the cell leading edge (Sherr et al., 1993; Wagner et al., 

1992). In the rat kidney, it is enriched in the proximal tubule microvilli and plays a 

role in the recovery of the proximal tubule cells from ischemia (Boyd-White et al., 

2001). Subsequent study from Wagner’s group showed that Myo1c was 

expressed in rat kidney collecting duct cells and enriched at the plasma 

membrane (Wagner et al., 2005). It has been suggested that Myo1c plays a role 

in the delivery and insertion of epithelial Na+ channel (ENaC) to the plasma 

membrane from the cytosol, and activation of the existing channels at the plasma 

membrane (Wagner et al., 2005). Myo1c, like other class I myosins, has a highly 

conserved motor domain that generates force upon ATP-hydrolysis. Its motor 

activity is usually required for its role in vesicular trafficking (Bond et al., 2011). 

Myo1c neck domain contains four IQ motifs that bind to light chain calmodulin, 

and a short tail domain with positive charged residues that binds to phospholipids 

at the plasma membrane (Gillespie and Cyr, 2004). In the kidney podocytes, 

Myo1c was also found to interact with nephrin and Neph1, transmembrane 

proteins that support the structure of the slit diaphragms, and play a role in 

targeting them to the slit diaphragms and maintaining slit diaphragm integrity (Arif 

et al., 2011). To further study Myo1c role in the kidney, the same group of 

researchers generated Myo1c-null zebrafish and they discovered that knocking 

down Myo1c in zebrafish using morpholinos resulted in developmental defects in 

the fish glomeruli (Arif et al., 2013).  
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1.4.2 Myosin 1e 

Myosin 1e (Myo1e) is a long tailed class I myosin (Fig. 1.5) that plays a 

role in cell migration and adhesion, endocytosis, and cell-cell contacts assembly 

(Bi et al., 2013; Cheng et al., 2012; Krendel et al., 2007; Ouderkirk and Krendel, 

2014). Myo1e is widely expressed in different tissues in vertebrates (Kim et al., 

2006). In the kidney, it is highly enriched in the podocytes and its specialized 

junction known as slit diaphragms (Bi et al., 2013; Pierchala et al., 2010). A 

Myo1e rat homolog, Myr3, has also been shown to localize to adherens junctions 

in Hela cells (Stöffler et al., 1998), suggesting a common role of class I myosins 

activity at the cell-cell contacts. The motor domain of Myo1e is highly conserved 

and binds to actin with low affinity (El Mezgueldi et al., 2002) in an ATP-

dependent manner. Myo1e has a single IQ motif in the neck region, which binds 

to light chain calmodulin, and a long tail domain consisting of three tail homology 

(TH) subdomains. The TH1 domain binds to negatively charged phospholipids 

with high affinity (Feeser et al., 2010). The TH2 domain is rich in proline residues 

and highly positively charged. Studies from other groups and our own have 

shown that the TH2 domain contains an ATP-insensitive actin binding site (Jung 

and Hammer III, 1994). The very C-terminus of Myo1e is a Src homology 3 (SH3) 

domain, which is responsible for protein-protein interactions with proline-rich 

containing proteins (Krendel et al., 2007). Myo1e-null mice developed proteinuria 

and kidney failure with no other significant syndromes, and the ultrastructures 

from Myo1e-deficient mice, both global and podocyte-specific knock-out, showed 
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foot process effacement, loss of slit diaphragms, and thickening of the glomerular 

basement membrane (Chase et al., 2012; Krendel et al., 2009), which are similar 

phenotypes that are found in human focal segmental glomerular sclerosis 

(FSGS) patients. Mutations in the Myo1e motor domain have been associated 

with childhood familial FSGS (Al-Hamed et al., 2013; Mele et al., 2011; Sanna-

Cherchi et al., 2011). A recent study using fission yeast as a model system 

showed that functional motor domain is required for myosin I activity (Bi et al., 

2015). The exact role of Myo1e at the podocyte slit diaphragm is still under 

investigation.  

1.4.3 Non-muscle myosin IIA (NMMIIA) 

Non-muscle myosin IIA (NMMIIA) belongs to class II conventional non-

sarcomeric myosin (Fig. 1.5) (Sellers, 2000). There are three non-muscle myosin 

IIs in vertebrates, NMMIIA, NMMIIB, and NMMIIC, encoded by MYH9, MYH10, 

and MYH14, respectively, and they share a high sequence and structural 

homology (Arrondel et al., 2002; D’Apolito et al., 2002; Simons et al., 1991). 

NMMIIA is broadly expressed in most cell types in vertebrates, including skeletal 

muscle cells, and smooth muscle cells (Löfgren et al., 2003; Morano et al., 2000; 

Swailes et al., 2006; Yuen et al., 2009). NMMII exists as a dimer of two heavy 

chains in solution. Structurally, they consist of two heavy chains, two regulatory 

light chains (RLC), and two essential light chains (ELC). Phosphorylation in RLC 

mediates dimerization of NMMII dimers, and without this process, the tail of 

NMMII folds back to the head, preventing it from associating with others (Vicente-
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Manzanares et al., 2009). The coiled-coil tail of NMMII self assembles into 

bipolar filaments, and this anti-parallel hexamer binds to actin filaments through 

its motor domain and generates contractile force by moving actin filaments 

(Vicente-Manzanares et al., 2009). Mutations in the coiled-coil region have been 

found to affect NMMIIA assembly (Franke et al., 2005). NMMIIs play an essential 

role in cell migration and cell adhesion (Even-Ram et al., 2007; Swailes et al., 

2006). In the kidney, NMMIIA is expressed in podocytes and proximal tubules. By 

binding through Dab2 (Disabled-2), a endocytosis associated protein, NMMIIA 

associates with megalin (a novel albumin receptor found in proximal tubule 

microvilli) indirectly, regulating megalin endocytosis in proximal tubule cells 

(Hosaka et al., 2009). Pharmacologically inhibiting NMMIIA has been shown to 

delay inflammation infiltration in TNF-induced acute kidney injury and 

experimental obstructive nephropathy model (Si et al., 2010), suggesting a role of 

NMMIIA in regulating immune cell migration and invasion upon inflammatory 

response in the kidney. By interacting with MG53 (Mitsugumin 53), a muscle 

specific tripartite motif containing (TRIM) family protein that initiates membrane 

repair at the damaged site (Cai et al., 2009a, 2009b; Kim et al., 2014), NMMIIA 

facilitates MG53-containing vesicles traveling to the damaged membrane site, 

and inhibition of the motor activity of NMMIIA via pharmacological drug 

compromises MG53-mediated cell membrane repair (Lin et al., 2012). In kidney 

proximal tubules, MG53-mediated cell membrane repair can potentially prevent 

kidney from the inflammatory and fibrotic responses, indicating a role of NMMIIA 
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in vesicle trafficking in the kidney proximal tubule cells (Duann et al., 2015). 

NMMIIA also plays an essential role in the development of kidney. In developing 

mouse kidney, mesenchyme-specific MYH9 deletion leads to edema in proximal 

tubule and renal failure (Recuenco et al., 2014). In zebrafish, NMMIIA plays a 

role in the development of tubules and endothelial cells (Müller et al., 2011). 

Genetic studies have identified several mutations in MYH9 gene that are 

associated with renal dysfunction (Capria et al., 2004; Freedman et al., 2009a; 

Freedman et al., 2009b; Kao et al., 2008; Kopp et al., 2008; Rao and 

Balakrishnan, 2009), and most of these mutations reside in the NMMIIA motor 

domain and coiled-coil tail (Zhang et al., 2012), suggesting the underlying 

mechanism for disease progression is likely due to lack of motor activity or 

disassembly of the NMMIIA protein. Interestingly, podocyte-specific MYH9 

deletion is not sufficient for mice to acquire glomerular disease. The disease only 

appears in mice upon secondary stimulation, which is consistent to what is seen 

in some of the human patients with MYH9 risk allele that their renal function only 

starts to decline upon HIV infection or other stimulus (Johnstone et al., 2011).  

1.4.4 Myosin VI 

Mammalian Myosin VI was first identified in pigs (Hasson and Mooseker, 

1994). It contains a motor domain that binds to actin in an ATP-dependent 

manner, a 50 amino acid linker region, and one IQ motif that binds to light chain 

calmodulin (Fig. 1.5) (Hasson and Mooseker, 1994). Its tail domain contains a 

coiled-coil region that is responsible for dimerization mediated by cargo binding 
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(Yu et al., 2009) and a C-terminal globular cargo binding domain (CBD). Myosin 

VI has been confirmed as a processive motor and the only myosin motor that 

moves towards the pointed (-) end of the actin filament (Nishikawa et al., 2002; 

Rock et al., 2001; Wells et al., 1999). There are 3 splice forms found in 

mammalian tissues resulting from amino acids insertion to the tail domain: the 

large insert, the small insert, and no insert (Buss et al., 2001). However, only the 

isoform with the large insertion to the tail domain was exclusively found in the 

kidney proximal tubule epithelial cells. In murine adult kidneys, Myosin VI 

localizes to the apical domain of the proximal tubule epithelium and at the base of 

the actin-rich microvilli (Biemesderfer et al., 2002). In these cells, Myosin VI 

associates with clathrin, AP-2 (adaptor protein-2) and Dab-2 (Disabled-2), and is 

involved in clathrin mediated endocytosis or vesicle trafficking (Buss et al., 2001; 

Morris et al., 2002). Myosin VI deficient mice developed renal defects including 

dilated proximal tubule, reduced intake of horseradish peroxidase, and elevated 

blood pressure (Gotoh et al., 2010), which are consistent with the secondary 

effects caused by the defective endocytosis pathways. Yang et al. showed that 

upon hypertension, Myosin VI localization was redistributed from the top to the 

base of the microvilli in proximal tubule epithelial cells (Yang et al., 2005), which 

likely resulted in defects in cargo transport and subsequently an altered plasma 

membrane composition, and explained the defects in proximal tubule physiology. 

Due to the structural similarities among microvilli in the kidney proximal tubule, 

the microvilli in intestinal brush border and the stereocilia in hair cells, mutations 
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in Myosin VI gene also link to the histological abnormalities to the intestinal brush 

border of Snell’s waltzer mice, human deafness disease, and the developmental 

defects of the stereocillia (Ahmed et al., 2003; Avraham et al., 1997, 1995; 

Melchionda et al., 2001; Self et al., 1999).  

1.4.5 Myosin VIIB 

Myosin VIIB is primarily expressed in the intestine and kidney, where it 

localizes to the enterocytes or proximal tubule brush borer microvilli, respectively 

(Chen et al., 2001). It has a highly conserved motor domain but with a small 

insertion in the Loop 2, which has been thought to participate in promoting weak 

ADP-Pi binding to actin (Henn and De La Cruz, 2005). Myosin VIIB neck region 

contains 5 IQ motifs, while the tail domain contains MyTH4 (Myosin tail homology 

4)-FERM (protein 4.1, ezrin, radixin, moesin) domain repeats (Fig. 1.5), which 

have been implicated for a role in microtubule binding (Weber et al., 2004), and a 

novel SH3 domain that binds proline-rich containing proteins (Chen et al., 2001). 

It has been shown that the MyTH4-FERM domain in Myosin VIIA tail is involved 

in cargo binding (Wu et al., 2011). Due to the structural similarity between Myosin 

VIIA and VIIB, the MyTH4-FERM repeats in Myosin VIIB tail might also be 

involved in cargo binding, subsequently playing a role in vesicular trafficking of 

essential proteins in kidney proximal tubule cells.  

1.4.6 Myosin IXA  
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Myosin IXA (also previously known as Myr7 in rat) is the second class IX 

myosin identified in mammals. It has the highest expression pattern in the brain 

and testis, with lower expression level in the kidney, adrenal gland, lung, and 

spleen (Chieregatti et al., 1998).  The head domain of Myosin IXA contains a N-

terminal extension, a large insertion in the Loop 2 region binding to actin, and an 

ATP binding site. There are total of 6 IQ motifs unevenly distributed in the neck 

region of human Myosin IXA, which bind to light chain calmodulin (Fig. 1.5). The 

tail domain of Myosin IXA consists of a zinc ion binding region, a Rho-family 

GTPase activating protein motif (GAP) that negatively regulates Rho activity, and 

a software predicted coiled-coil region at the C-terminus (Chieregatti et al., 1998). 

It has been shown that unlike other known myosins, Myosin IXA is a single 

headed processive motor, with a rate-limiting ATP hydrolysis, high affinity to actin 

and slow dissociation of Mg2+-ATP from actin. The current model of explanation 

suggested that the large positively charged insertion in the Loop 2 of the motor 

domain plays a role in this process (Kambara and Ikebe, 2006; Liao et al., 2010; 

Nishikawa et al., 2006; Xie, 2010). In the kidney, Myosin IXA is exclusively 

expressed in the proximal tubule, at the luminal side of the proximal tubule 

epithelial cells, playing a role in inhibiting megalin (a multi-ligand receptor at the 

brush boarder of the proximal tubule epithelial cells and binds to albumin) 

endocytosis. Proteinuria has also been observed in Myosin IXA knockout mice, 

which is likely due to the defects in proximal tubule cells protein uptake and 

endocytosis (Thelen et al., 2015).   
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1.5 Steroid-Resistant Nephrotic syndrome and Focal Segmental 

Glomerulosclerosis 

Nephrotic syndrome (NS) represents heterogeneity of multiple primary 

renal disorders that are clinically featured as massive proteinuria (protein loss 

from the urine), hypoalbuminemia (albumin loss from the blood), edema (swelling 

of the surrounding renal tissues), and/or hyperlipidemia (an abnormally high 

concentration of fats or lipids in the blood) (Jefferson et al., 2011). It is the most 

frequent-diagnosed kidney disease that may lead to end stage renal disease 

(ESRD). Focal segmental glomerulosclerosis (FSGS) is a common cause of 

steroid-resistant nephrotic syndrome (SRNS) in children and adults (Gigante et 

al., 2011; Gipson et al., 2011; Machuca et al., 2009), and because the treatment 

methods are limited, patients suffering from SRNS usually progress to end stage 

kidney disease and renal failure early in life. FSGS is a disease of podocytes, 

which are specialized epithelial cells in renal glomeruli. Podocyte actin 

cytoskeleton and its associated proteins play key roles in maintaining podocyte 

shape and regulating the dynamics of the slit diaphragms (Pavenstädt et al., 

2003; Welsh and Saleem, 2011). In the past two decades, mutations in podocyte 

genes have been identified through various genetic methods that are linked to 

FSGS and SRNS. These mutations may be inherited from older generations, or 

sporadically generated. The mutations found in familial FSGS are inherited 

following Mendelian ratios, and can be divided into two categories: autosomal 

recessive mutations, which are typically considered as loss-of-function mutations, 
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and clinically the diseases are most commonly found in children and the 

diseased person only exists in one generation; and autosomal dominant 

mutations, which are gain-of-function mutations and diseases are late onset and 

span multiple generations (Pollak, 2014; Rood et al., 2012). In this section, we 

will briefly introduce some novel podocyte genes that are associated with FSGS 

or nephrotic syndrome. 

1.5.1 NPHS1  

More than 15 years ago, Kestila et al. used a positional cloning approach 

to identify two major mutations in NPHS1 gene that are associated with the 

congenital nephrotic syndrome of the Finnish type (NPHS1), an autosomal 

recessive disorder that affects 1 in 8200 births in Finland (Kestilä et al., 1998; 

Männikkö et al., 1995; Olsen et al., 1996). The first mutation, also known as Fin-

major, reveals a 2-bp (base pair) deletion in the exon 2 that creates a frame shift 

and results in a stop codon later in exon 2; The other mutation, termed Fin-minor, 

is a nonsense mutation in the exon 26 (Patrakka et al., 2000). NPHS1 gene is 

29-exon long and encodes for a 1241-amino acid transmembrane protein, 

nephrin. Nephrin is highly expressed in glomerular podocytes, and enriched in 

the slit diaphragms (Tryggvason, 1999). Nephrin interacts with another 

transmembrane protein, podocin, together playing a key role in maintaining 

normal kidney ultrafiltration. Nephrin also interacts with adaptor protein Nck, 

linking the plasma membrane to the actin cytoskeleton in podocytes (Jones et al., 

2006; Verma et al., 2006). Immunofluorescence staining in kidney sections from 
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Fin-major or Fin-minor patients with antibodies against nephrin reveals negative 

staining for nephrin, which indicates the lack of nephrin (Patrakka et al., 2000; 

Ruotsalainen et al., 2000). Using the stable HEK293 cell line expressing various 

nephrin mutants, Liu et al. demonstrated that mutant nephrin only accumulated in 

the ER region, instead of cell surface. Additionally, nephrin distribution was 

altered in mutant expressing cells, which suggests that the missense mutations 

in NPHS1 gene are likely to lead to the protein misfolding, ultimately resulting in a 

defective intracellular transport of nephrin (Liu et al., 2001). Conventional nephrin 

knockout mice were born at a normal Mendelian ratio but immediately developed 

massive proteinuria and died within 24 hours. Renal biopsy of these 

prenatal/neonatal mice showed podocytes foot processes effacement, absence 

of the slit diaphragm, and the formation of fibrotic tissue (Putaala et al., 2001; 

Rantanen et al., 2002). In order to study nephrin function in the adult kidney, 

Juhila et al. generated inducible rat nephrin transgenic mice to prevent perinatal 

lethality of mice lacking nephrin. These transgenic mice lacked endogenous 

nephrin expression but expressed rat nephrin induced by doxycycline, and 

developed a severe renal phenotype (Juhila et al., 2010). 

1.5.2 NPHS2  

Positional cloning also identified another gene, NPHS2, in which mutations 

have been associated with autosomal recessive steroid-resistant nephrotic 

syndrome (Boute et al., 2000). In the initial study conducted by Boute et al., the 

mutations they identified were missense, nonsense, or deletion of one or more 
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nucleotides that resulted in frameshift and premature stop codon. One missense 

mutation nt413G à A on exon 3 (R138Q) accounts for one third of the mutations 

detected (Boute et al., 2000). Immunostaining with anti-podocin antibody 

revealed that kidney biopsy from a patient with the R138Q mutation showed 

negative staining for podocin (Schwarz et al., 2001), which suggested that the 

R138Q mutation results in the loss of function of podocin in kidney podocytes, 

likely due to the misfolding of the protein. Typically as a rule, patients with 

NPHS2 mutations show early onset of FSGS or SRNS within the first two 

decades of life. However, exceptions exist, and several other mutations in the 

NPHS2 gene have been identified to associate with late onset of the disease 

(Fotouhi et al., 2013; Karle et al., 2002; McKenzie et al., 2007; Tonna et al., 

2008; Tsukaguchi et al., 2002; Mao et al., 2007; Yu et al., 2005). Among these 

mutations, a R229Q (nt686G à A) polymorphism definitely caught researchers’ 

attention. Besides the patients tested, R229Q polymorphism was also found in 

3% of healthy controls, but the mutation was only found on one allele, and 

another missense mutation was found on the opposite allele (Karle et al., 2002). 

The authors suggest that for patients with late onset FSGS and/or SRNS, 

besides screening for R229Q polymorphism on NPSH2 gene, other markers 

should also be tested. NPHS2 encodes for a transmembrane protein, podocin, 

which is exclusively expressed in kidney podocytes, specifically in slit diaphragm 

(Roselli et al., 2002). Research has shown that the C-terminus of podocin 

interacts with CD2AP and nephrin, and this interaction is essential for maintaining 
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a healthy and functional slit diaphragm (Schwarz et al., 2001). To further study 

the disease mechanism of loss-of-function of podocin in SRNS and/or FSGS, 

researchers have generated podocin-deficient mice (Mollet et al., 2009; Ratelade 

et al., 2008; Roselli et al., 2004). These mice lack endogenous podocin and 

exhibited similar phenotype as patients with NPHS2 mutations. However, 

constitutively knocking out NPHS2 in mice resulted in early termination of life 

(Roselli et al., 2004).  Thus, researchers generated podocyte-specific podocin 

knockout mice. These mice developed FSGS and tubular damage (Mollet et al., 

2009). To further investigate the effects of the disease associated mutation 

R138Q, an equivalent mutation (R140Q) was made in knockin mice by gene 

targeting and homologous recombination (Philippe et al., 2008). 

1.5.3 PLCε1 

Mutations in PLCε1 were identified to associate with SRNS or FSGS 

(Hinkes et al., 2006). Clinical features of children carrying PLCε1 mutations 

included severe nephrotic syndromes with massive proteinuria and edema. 

Kidney biopsies from PLCε1 patients showed signs of FSGS (Boyer et al., 2010). 

The PLCε1 gene codes for PLCε1, which belongs to a family of phospholipase. 

PLCε1 has been showed to interact with IQGAP and plays a role in the 

development of glomeruli (Hinkes et al., 2006). Knockdown plce1 in zebrafish 

caused the disruption of the barrier formation in the pronephric glomeruli and foot 

process effacement, which is similar as zebrafish NPHS1 or NPHS2 knockdown 

(Hinkes et al., 2006). Recently, PLCε1 has been found to induce TRPC6 
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activation in podocytes (Kalwa et al., 2015). Surprisingly, however, PLCε1 

deficient mice do not exhibit any renal phenotypes (Jefferson and Shankland, 

2007).  

1.5.4 MYO1E 

MYO1E was identified through linkage analysis and homozygosity 

mapping from a cohort of pediatric patients with nephrotic syndrome (NS) as a 

new gene that is associated with autosomal recessive childhood NS (Sanna-

Cherchi et al., 2011). Human MYO1E gene encodes a Class I non-muscle, 

Myosin 1e (Myo1e). Previous studies have shown that Myo1e is a component of 

the slit diaphragm and plays a role in maintaining junction integrity (See Chapter 

2) (Bi et al., 2013). Direct exome sequencing and next generation sequencing for 

candidate genes have identified three mutations in the MYO1E gene (Al-Hamed 

et al., 2013; Mele et al., 2011; Sanna-Cherchi et al., 2011). The Y695X mutation 

is a nonsense mutation, which creates a truncated protein lacking the tail domain 

of Myo1e. Both A159P and T119I mutations are missense mutations located in 

the motor domain of Myo1e, one is adjacent to the Switch I region that binds to 

actin (A159P), and the other is part of the P-loop (T119I) that involves in 

nucleotide binding and ATP hydrolysis (Bi et al., 2015). Mutation of either 

conserved amino acid will disrupt the motor activity of Myo1e.  Using fission 

yeast as a model system, we demonstrated that these motor domain mutations 

resulted in loss of function of Myo1 in fission yeast, similar as myo1-null fission 

yeast strains (See Chapter 4) (Bi et al., 2015). Surprisingly, we found that the 
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T140I mutation in yeast (equivalent to T119I in human FSGS patients) disrupts 

motor domain activity without decreasing protein stability, whereas the A181P 

mutation (equivalent to A159P in human FSGS patients) is likely to destabilize 

the protein in addition to disrupt motor domain activity, suggesting two different 

disease mechanisms in patients with the A159P mutation and the T119I mutation. 

Myo1e knockout mice are viable, but develop proteinuria at about 2-3 weeks of 

age. Ultrastructures show the thickening of the glomerular basement membrane 

and podocyte foot processes enfacement, similar to FSGS patients (Chase et al., 

2012; Krendel et al., 2009). Myo1e has also been shown to interact with dynamin 

and synaptojanin-1 through its SH3 domain, suggesting the involvement in 

endocytosis (Krendel et al., 2007). We have proposed that deficiency in Myo1e, 

especially lack of motor activity is the main cause of the defects in podocyte 

endocytosis, which in turn results in slit diaphragm disorganization, and defective 

podocyte and basement membrane interaction.  

1.5.5 ACTN4 

The first autosomal dominant form of familial FSGS was caused by 

mutations in ACTN4 gene (Kaplan et al., 2000). In humans, ACTN4 gene 

encodes an actin bundling protein, α-actinin 4, which is broadly expressed with 

its enrichment in kidney podocyte foot processes (Honda et al., 1998) 

(Drenckhahn and Franke, 1988). Over the years, there have been more than a 

dozen mutations found in ACTN4 gene that are associated with familial or 

idiopathic FSGS (Dai et al., 2009; Šafaríková et al., 2013; Weins et al., 2005). 
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Most of the mutations reside in the highly conserved actin-binding domain of α-

actinin 4, resulting in an increased actin binding affinity of the protein (Kaplan et 

al., 2000; Weins et al., 2007, 2005), which in consequence alters the dynamics of 

the actin cytoskeleton in podocytes, suggesting a disease causing mechanism. 

Mice lacking ACTN4 are viable but born with a lower Mendelian ratio, suggesting 

that α-actinin 4 deficiency might cause perinatal lethality. Additionally, proteinuria 

was observed in most of the littermates. There were no consistent differences in 

podocyte gene expression or glomerular basement membrane thickness, and no 

other histological abnormalities were observed outside the kidney (Kos et al., 

2003). In humans, heterozygous alleles of ACTN4 gene lead to autosomal 

dominant form of FSGS. However, heterozygous mice showed no abnormal 

symptoms. Together with above observations, it has been suggested that α-

actinin 4 deficient mice might also exhibit a recessive form of the disease.  

1.5.6 TRPC6 

Mutations in TRPC6 gene, encoding the cation channel protein transient 

receptor potential action channel 6 (TRPC6), have been identified to be 

associated with FSGS (Heeringa et al., 2009; Winn et al., 2005). These 

heterozygous mutations cause an autosomal dominant form of the disease with 

late onset disease progression, with one exception of an early onset progression 

in human patients, at the age of nine (Heeringa et al., 2009). TRPC6 channels 

are voltage gated Ca2+ channels and broadly expressed in many tissues 

(Freichel et al., 2005). In the kidney, TRPC6 has been shown to be a component 
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of the podocyte slit diaphragms, playing a key role in regulating Ca2+ signaling 

through interactions with nephrin and podocin (Reiser et al., 2005). 

Overexpression of wild type TRPC6 in cells causes a hyper-activity of Ca2+ influx 

(Heeringa et al., 2009). In nephrin knockout mice, TRPC6 expression was 

significantly increased, leading to a hyper-activity of Ca2+ influx, which is similar 

to the phenotype caused by most of the disease associated TRPC6 mutations 

(Reiser et al., 2005). All mutations found so far are located in the either N- or C-

terminus of TRPC6 protein, which might play a role in its interaction with other 

proteins (Dryer and Reiser, 2010). TRPC6 deficient mice were viable, and 

showed no histological abnormalities in other renal tissues. There were no 

significant differences in the mRNA or protein expression level of podocyte genes 

or other TRPC genes, in blood pressure readings, or albumin content in the urine 

at the baseline. However, upon induction of renal injury and hypertension, 

TRPC6 deficient mice exhibited less proteinuria compared to wild type mice, 

suggesting that TRPC6 adversely regulates renal function (Eckel et al., 2011).  

1.5.7 INF2 

Genetic studies including genotyping diseased families, linkage analysis 

and direct sequencing identified mutations in the INF2 gene that are associated 

with autosomal dominant FSGS (Brown et al., 2010). The individuals with INF2 

mutations develop later onset FSGS and moderate proteinuria, but progress to 

ESRD later, similar to patients with autosomal dominant ACTN4 mutations 

(Brown et al., 2010). Histological findings showed podocyte foot process 
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effacement, as well as unusual actin bundles in foot processes (Brown et al., 

2010). Variable renal phenotypes have also been reported among diseased 

family members within one single family (Lee et al., 2011). Genetic studies 

comparing with sporadic cases indicated that mutations in INF2 gene account 

significantly for the familial FSGS (Barua et al., 2013; Boyer et al., 2011; 

Gbadegesin et al., 2012). INF2 encodes inverted formin 2 (INF2), which belongs 

to a subset of formin family of diaphanous formins. INF2 contains formin 

homology 1 (FH1) and 2 (FH2) domains that are responsible for actin 

polymerization and filament elongation (Faix and Grosse, 2006). The N- and C-

termini of INF2 contain diaphanous inhibitory domain (DID) and diaphanous 

autoregulatory domain (DAD)/WASP homology 2 (WH2) domains, respectively, 

which form an autoinhibitory conformation and is released by binding of GTP-

bound Rho (Goode and Eck, 2007). With the discovery of a second actin binding 

site, INF2 has been shown to both polymerize and depolymerize actin filaments 

(Chhabra and Higgs, 2006). All FSGS associated mutations discovered so far are 

located to the highly conservative residues in the N-terminal DID of INF2. Using a 

cell culture system to express some of the FSGS associated INF2 mutants, 

researchers were able to show that disease associated mutations alter the 

distribution of INF2 and actin filaments in cells (Brown et al., 2010). This 

suggests that INF2 mutations causing FSGS are likely due to rearrangements of 

the podocyte actin cytoskeleton. Mutations in INF2 gene are also associated with 

a neurological disorder called Charcot-Marie-Tooth (CMT) disease (De Rechter 
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et al., 2015). However, whether there is a direct linkage between FSGS and CMT 

is still under investigation.  

1.5.8 CD2AP 

CD2AP codes for a cytoplasmic adaptor protein, termed CD2-associated 

protein (CD2AP), which plays important roles in antigen docking, endocytosis, 

regulation of epithelial junctions (Dustin et al., 1998; Van Duijn et al., 2010; 

Welsch et al., 2005). Researchers generated CD2AP deficient mice and 

discovered that besides the immune system malfunction, these mice also 

exhibited severe renal defects and died within 7 weeks of age (Shih et al., 1999). 

Ultrastructures from 7 day old CD2AP deficient mice showed podocytes foot 

process effacement, but with normal endothelial cells and glomerular basement 

membrane (Shih et al., 1999). Using biochemical and microscopic analysis, 

CD2AP has been shown to be a component of the podocyte slit diaphragm and 

to interact with nephrin through its C-terminus (Shih et al., 2001), and might play 

a role in glomerulogenesis (Li et al., 2000). Interestingly, CD2AP heterozygous 

mutant mice did not exhibit proteinuria during the course of the 1 year study 

period, but histological study showed defects in subcellular structures, similar to 

CD2AP-null mice and patients with FSGS (Kim et al., 2003). By direct 

sequencing CD2AP gene in patients with FSGS, researchers have found several 

mutations that are associated with sporadic FSGS (Gigante et al., 2009; Löwik et 

al., 2007).  
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1.5.9 WT-1 

WT-1 (Wilms’ Tumor associated gene) encodes for WT-1, a tumor 

suppressor gene that plays a key role in urogenital development (Kreidberg et al., 

1993). Homozygous mutation in WT-1 gene in mice resulted in embryonic 

lethality, while heterozygous mutation is associated with urogenital malformation, 

mental retardation and development of Wilms’ Tumor (Kreidberg et al., 1993). 

Mutations in the splice site between exon 8 and 9 or complete deletion of one 

WT-1 allele are associated with FSGS phenotype with formation of the lesion and 

diffuse mesangial sclerosis (see review (Morrison et al., 2008)). WT-1 is 

expressed in kidney podocytes and regulates the expression of podocalyxin 

(Palmer et al., 2001). Using WT-1 knockout mice carrying a yeast artificial 

chromosome containing the human WT-1 locus, researchers were able to rescue 

the developmental defect in WT-1-null mice. However, reduced WT-1 expression 

due to the transgene significantly decreased nephrin and podocalyxin expression 

level in podocytes, which alone could cause glomerular disease (Guo et al., 

2002). A recent genetic study has identified a novel missense mutation that is 

responsible for autosomal dominant FSGS (Hall et al., 2015). Overexpressing 

this mutation in cells resulted in apoptosis and defects in focal contact assembly 

(Hall et al., 2015). 

1.6 Rationale, hypothesis, and research question 
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Our lab has discovered that an actin-dependent molecular motor called 

Myo1e is required for maintaining normal podocyte morphology and glomerular 

function in vivo (Chase et al., 2012). We have found that Myo1e-null mice 

develop proteinuria (Krendel et al., 2009), and mutations in the MYO1E gene, 

including missense mutations A159P and T119I, have been identified in FSGS 

(Al-Hamed et al., 2013; Mele et al., 2011; Sanna-Cherchi et al., 2011). Based on 

these findings, we have proposed that Myo1e plays a key role in regulating actin 

cytoskeleton organization and slit diaphragm integrity in kidney podocytes.  

We have previously identified the important roles of Myo1e in podocytes in 

vivo, which led us to further study Myo1e functional activity in podocytes in 

culture. The ultimate goal of this project is to clarify the molecular mechanisms 

linking Myo1e loss to podocyte injury. Based on the main hypothesis and primary 

outcomes of the project, I have focused on a more narrow research question for 

my doctoral thesis: what is the significance of Myosin 1e motor domain 

activity, and how does it affect the podocyte actin cytoskeleton and 

junctions?  

1.7 Thesis organization 

In this thesis, I begin with the modification of a junction model to mimic slit 

diaphragm assembly, which is used frequently in the subsequent chapters. I also 

identified the initial Myo1e motor and tail domain activity in cells (Chapter 2). 

Then I attempted to use a cell culture system to study any defects that are 
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caused by Myo1e motor domain mutations (Chapter 3). In the following chapter, I 

characterized the mutant Myo1e activity using fission yeast as a model system 

(Chapter 4). Finally, I conclude with a discussion and future directions for the 

project (Chapter 5).  

Appendix chapters are the side projects that I have done over the years in 

the lab. The synaptopodin project was from my rotation project (Appendix 

Chapter 1), while the N164A project was to characterize a rigor binding mutant of 

Myo1e and its activity in the cells (Appendix Chapter 2). The last chapter is 

adapted from a methods paper on using adenoviral vectors to visualize podocyte 

actin cytoskeleton (Appendix Chapter 3).  

1.8 Attributions 

Chapter 1  

Chapter 1 is written by myself and edited by my colleagues for grammatical 

errors. Most of the materials used are referenced at the end of this chapter. 

Permission to use the figures from other articles has been obtained from 

Nephron Experimental Nephrology, and the New England Journal of Medicine.   

Chapter 2 

Chapter 2 is adapted from the following article published in 2013: 

Bi, J., Chase, S.E., Pellenz, C.D., Kurihara, H., Fanning, A.S., Krendel, M., 

2013. Myosin 1e is a component of the glomerular slit diaphragm complex that 
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regulates actin reorganization during cell-cell contact formation in podocytes. Am. 

J. Physiol. Renal Physiol. 305, 532–544. 

I designed and performed most of the experiments with the technical help 

from Chase, SE and Pellenz, CD, including glomerular fractionation, 

immunofluorescence staining, live-cell imaging, calcium switch experiments and 

pull down assays. Chase, SE helped generate Myo1e-null mice and Pellenz, CD 

isolated and subcloned Myo1e-null podocytes from Myo1e-null mice. Dr. Kurihara, 

H conducted the electron microscopy expements and prepared the EM figures. 

Dr. Fanning, AS supplied MDCK cells for domain mapping expement. Dr. Krendel, 

M and I prepared the figures and wrote the manuscript, with input from Dr. 

Kurihara and Dr. Fanning. Permission to reuse it as a thesis chapter has been 

obtained from Amercian Physiological Society.  

Chapter 3 

Chapter 3 is written by myself and edited by my colleagues for grammatical 

errors. I designed and performed all the experiments, analyzed all the data, and 

prepared all the figures. This chapter is not yet ready for publication, since there 

are still a few more experiments to perform in order to finish the story.  

Chapter 4 

Chapter 4 is adapted from the following article published in 2015: 
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Bi, J., Carroll, R.T., James, M.L., Ouderkirk, J.L., Krendel, M., Sirotkin, V., 

2015. Effects of FSGS-associated mutations on the stability and function of 

myosin-1 in fission yeast. Dis. Model. Mech. doi:10.1242/dmm.020214 

J.B., R.T.C., M.K., and V.S. designed the experiments. J.B., R.T.C., M.J., 

and V.S. performed the experiments. J.L.O. prepared the myo1-A181P construct. 

J.B. analyzed the data and prepared Figures. J.B., M.K., and V.S. wrote the 

manuscript with input from R.T.C and M.J. Permission to reuse it as a thesis 

chapter has been obtained from Disease Models and Mechanisms.  

Chapter 5 

Chapter 5 is written by myself and edited by my colleague for grammatical errors. 

Some of the materials come from my 2014 AHA predoctoral grant proposal 

(14PRE20380534). Dr. Krendel and I have discussed some potential directions.  

Appendix chapter 1 

Appendix chapter 1 is written by myself and edited by my colleagues for 

grammatical errors. I designed and performed all the experiments and analyzed 

all the data, and prepared all the figures. 

Appendix chapter 2 

Appendix chapter 2 is written by myself and edited by my colleagues for 

grammatical errors.  I designed and performed all the experiments and analyzed 

all the data, and prepared all the figures. 
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Appendix chapter 3 

Appendix chapter 3 is adapted from the following article published in 2014: 

Bi, J., Pellenz, C.D., Krendel, M., 2014. Visualization of cytoskeletal 

dynamics in podocytes using adenoviral vectors. Cytoskeleton (Hoboken). 71, 

145–156.  

Pellenz, CD and I are co-first authors on this publication. Pellenz, CD 

designed all viral production procedures with modifications from the manufacture 

suggestions (Agilent Technologies, Santa Clara, CA). I performed all the 

experiments with the help from Pellenz, CD, and prepared all the figures. Pellenz, 

CD, wrote the Materials and Methods section, while I finished writing the rest of 

the draft. Dr. Krendel, M edited the manuscipt for publication. Permission to 

reuse it as a thesis chapter has been obtained from © John Wiley & Sons, Inc.  
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Figure 1.1. Anatomical overview of renal filtration.  
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Figure 1.1. Anatomical overview of renal filtration. (A) Diagrammatic 

representation of nephron distribution in the kidney. Glomeruli, the filtration 

compartments of nephrons, are found within the kidney cortex. (B) Segmental 

structure of nephrons. The vascularized glomerulus is found at the proximal end 

and is connected through a series of renal tubules where urinary filtrate 

composition is refined through reabsorption and secretion. PT, proximal tubule. 

LOH, loop of Henle. DT, distal tubule. CD, collecting duct. (C) Cellular 

organization of the glomeruli. AA, afferent arteriole. BS, Bowman’s space. PT, 

proximal tubule. DT, distal tubule. EA, efferent arteriole. PEC, parietal epithelial 

cell. Pod, podocyte. MC, mesangial cell. GEC, glomerular endothelial cell. (Figure 

and legend are reproduced with permission from (Scott and Quaggin, 2015). 

Copyright Journal of Cell Biology). 
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Figure 1.2. Schematic cartoon illustrating the glomerular filtration barrier.  
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Figure 1.2. Schematic cartoon illustrating the glomerular filtration barrier. 

Podocytes are colored in yellow. The cell body and foot process are indicated in 

the figure. The glomerular basement membrane is colored in light purple. The 

fenestrated endothelial cells are colored in red. The lumen of the blood vessel is 

indicated in the picture. The slit diaphragm between two neighboring foot 

processes is indicated in blue. Small solutes (colored in magenta) are filtered 

through the fenestrations of the endothelial cells, and glomerular basement 

membrane, and finally through podocyte slit diaphragms. The magenta arrows 

indicate the direction of the filtration. (Figure courtesy of Dr. Mira Krendel, with 

modifications.  
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Figure 1.3. The development of kidney visceral epithelial cells (podocytes).  
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Figure 1.3. The development of kidney visceral epithelial cells (podocytes). 

The immature podocytes are a layer of columnar epithelial cells with apical 

junctional belt (A). As the development continues (B-C), the podocytes undergo 

morphological change, and transform to mesenchymal-like cells. At this time, the 

apical junctions move towards the basolateral side, and the primary processes 

start to form, which subdivide to foot processes. As the glomerulus matures (D), 

the foot processes interdigitate with the ones from the neighboring podocytes. 

The junctions between neighboring foot processes now have moved close 

proximity to the glomerular basement membrane, and covered by proteincomplex 

known as slit diaphragm. (Figure is reproduced with modifications with 

permission from (Kriz, 2007). Copyright S. Karger AG, Basel) 
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Figure 1.4. Molecular structure of the slit diaphragm. 
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Figure 1.4. Molecular structure of the slit diaphragm. The space between the 

neighboring foot processes are called filtration slit, which is covered by the 

protein complex known as slit diaphragm. This protein complex is consist of, but 

not limited to, transmembrane proteins nephrin, Neph1, and podocin, cytoplasmic 

adaptor proteins CD2AP and ZO-1, and actin cytoskeleton associated proteins 

INF2, Myo1e and α – actinin 4. (Figure is reproduced with permission from 

(D’Agati et al., 2011), Copyright Massachusetts Medical Society.)    
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Figure 1.5. Schematic domain structures of myosin family of molecular 

motors discussed in the text.  
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Figure 1.5. Schematic domain structures of myosin family of molecular 

motors discussed in the text. (Figure is redrawn and modified from (Krendel 

and Mooseker, 2005) with permission.) 
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Table 1.1: Epithelial cell tight junctions in the kidney 

Epithelial 
cells 

Cell shape in 
light 
microscopy1 

Tight 
junction2 
components 

Physiological role 
of tight junction2 

References 

Parietal 
epithelial 
cells 

Squamous Claudin-1 
Occludin 
ZO-1 
 

Limit glomerular 
filtrate into the 
urinary space 

(Ohse et al., 
2009) 
(Shankland 
et al., 2013) 

Visceral 
epithelial 
cells 
(Podocytes) 

Arborized 
(mature 
podocytes) 

Nephrin, 
Neph1, 
Podocin, P-
cadherin, 
CD2AP, 
Catenins 
ZO-1, JAM-
A, Occludin, 
Cindulin 

Plasma 
ultrafiltration 

(Fukasawa 
et al., 2009; 
Reiser et al., 
2000) 

Proximal 
tubule 
epithelial 
cells 

Cuboidal 
shaped with 
apical 
microvilli 

ZO-1 
Occludin 
Claudin-2, -
10, -11 

Leakier 
epithelium: 
Paracellular Na+ 
reabsorption 

(Muto et al., 
2010) 

Loop of 
Henle 
epithelial 
cells 

Cuboidal 
(descending) 
Squamous 
(ascending) 

ZO-1 
Thick 
ascending: 
Claudin-10, -
16, -19  
(-3, -4, -8, -
11 in some 
species) 

Leaky epithelium: 
Thick ascending: 
paracellular Mg2+ , 
Mg2+ and NH4+ 

reabsorption 
Thin descending: 
Paracellular Na+, 
Cl- reabsorption 

(Denker and 
Sabath, 
2011) 
(Mount, 
2014) 

Distal tubule 
epithelial 
cells 

Cuboidal 
shaped 
without apical 
microvilli 

ZO-1 
Claudin-4, -6, 
-7, -8, -10 

Tight epithelium: 
Reabsorb Na+, K+, 
and H+ 

(Denker and 
Sabath, 
2011) 

Collecting 
tubule/duct 
epithelial 
cells 

Cuboidal ZO-1 
Claudin-4, -6, 
-7, -8, -10, -
14 

Tighter epithelium: 
Aquaporin 
ENaC,  
H+/K+-ATPase 

(Denker and 
Sabath, 
2011) 

 

1, See (Wallace, 1998). 

2, Podocyte junctions are modified adherens junctions, and also specialized tight 
junctions (Fukasawa et al., 2009; Reiser et al., 2000).   
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Table 1.2: Non-muscle myosins in the kidney 

Myosin 
type 

Molecular 
weight 
(kDa) 

Monomer 
or 
multimer 

Localization 
in the kidney 

Indicated 
function 

KO mouse 
defects 

Myo1c 110-118 Monomer Prominent in 
proximal 
tubules and 
collecting 
duct 

Endocytosis;  
Exocytosis;  

Tubule 
defects; 
Hearing loss 

Myo1e ~120 Monomer Podocytes Endocytosis; 
Cell-cell 
adhesion; 
Junction 
maintenance 

Nephrotic 
syndrome; 
FSGS 

NMMIIA ~230 Dimer or 
tetramer  

Podocytes; 
Proximal 
tubule 

Endocytosis; 
Cell-ECM 
adhesion 

Only 
become 
severe 
nephrotic 
syndrome 
upon 
secondary 
stimulations 

Myosin 
VI 

~145 Monomer 
or dimer 

Proximal 
tubule apical 
microvilli 

Vesicle 
trafficking; 
Endocytosis  

Tubule 
defects 

Myosin 
VIIb 

~240 Monomer Proximal 
tubule 
epithelium 

Endocytosis Tubular 
defects 

Myosin 
IXa 

~300 Monomer 
or dimer 

Proximal 
tubule 
epithelium 

Endocytosis  Tubular 
defects 
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Chapter 2 

 

Myosin 1e is a component of the glomerular 

slit diaphragm complex that regulates actin 

reorganization during cell-cell contact 

formation in podocytes 

 

 

 

 

 

 

 

 

Chapter 2 is adapted from the following article published in 2013: 

Bi, J., Chase, S.E., Pellenz, C.D., Kurihara, H., Fanning, A.S., Krendel, M., 2013. Myosin 1e is a 

component of the glomerular slit diaphragm complex that regulates actin reorganization during 

cell-cell contact formation in podocytes. Am. J. Physiol. Renal Physiol. 305, 532–544.  
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2.2 Abstract 

Glomerular visceral epithelial cells, also known as podocytes, are critical 

both to normal kidney function and the development of kidney disease. Podocyte 

actin cytoskeleton and their highly specialized cell-cell junctions (also called slit 

diaphragm complexes) play key roles in controlling glomerular filtration. Myosin 

1e (Myo1e) is an actin-based molecular motor that is expressed in renal 

glomeruli.  Disruption of the Myo1e gene in mice and humans promotes podocyte 

injury and results in the loss of the integrity of the glomerular filtration barrier.  

Here we have used biochemical and microscopic approaches to determine 

whether Myo1e is associated with the slit diaphragm complexes in glomerular 

podocytes. Myo1e was consistently enriched in the slit diaphragm fraction during 

subcellular fractionation of renal glomeruli and colocalized with the slit diaphragm 

markers in mouse kidney. Live cell imaging studies showed that Myo1e was 

recruited to the newly formed cell-cell junctions in cultured podocytes, where it 

colocalized with the actin filament cables aligned with the nascent contacts.  

Myo1e-null podocytes expressing FSGS-associated Myo1e mutant (A159P) did 

not efficiently assemble actin cables along new cell-cell junctions.  We have 

mapped domains in Myo1e that were critical for its localization to cell-cell 

junctions and determined that the SH3 domain of Myo1e tail interacts with ZO-1, 

a component of the slit diaphragm complex and tight junctions.  These findings 

suggest that Myo1e represents a component of the slit diaphragm complex and 

may contribute to regulating junctional integrity in kidney podocytes.  
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2.3 Introduction 

 Myosin 1e (Myo1e, previously known as myo1c) is a member of the 

myosin superfamily of actin-dependent motor proteins that is expressed in many 

cell types in humans and mice (2, 24, 48). Like other members of the myosin 

superfamily, Myo1e contains an N-terminal motor domain responsible for actin 

binding and ATPase activity, a neck domain that includes a light chain-binding IQ 

motif, and a tail domain that may determine cargo binding properties and 

intracellular localization.  Myo1e tail domain consists of three tail homology (TH) 

regions: TH1 domain that binds acidic phospholipids (13), proline-rich TH2 

domain, and SH3 domain, also known as TH3, which binds to proline-rich 

proteins (2, 26). 

In the kidney, Myo1e expression is particularly high in glomerular visceral 

epithelial cells, known as podocytes, which play a key role in the selective 

filtration of proteins in the renal glomerulus (25).  Myo1e knockout mice exhibit 

defects in renal filtration that can be attributed to podocyte dysfunction (6, 25), 

and mutations in the MYO1E gene are associated with glomerular disease in 

humans (36, 45).  The precise functional role of Myo1e in glomerular podocytes 

is unknown.   

Podocytes are highly specialized epithelial cells that form unusual, 

arborized, actin-rich projections, known as foot processes.  The intertwined foot 

processes cover the entire surface of glomerular capillaries and are connected 

with each other via modified cell-cell junctions, called slit diaphragms.  Slit 
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diaphragms are unusual junctional complexes that contain tight junction proteins 

(ZO-1, occludin, and JAM-A), adherens junction proteins (P-cadherin), and 

junctional proteins that are specific to podocytes, such as nephrin, Neph-1, and 

podocin (14). During renal development, slit diaphragms arise from the tight 

junctions, which translocate from the apical position, characteristic of cuboidal 

podocyte precursors, to the basolateral position, typical of mature slit diaphragms 

(15, 27, 28, 41).  The presence of the intact foot processes and slit diaphragms is 

necessary for normal filtration since mutations in the components of the podocyte 

actin cytoskeleton or the slit diaphragm proteins are associated with proteinuria 

(3, 21-23).  Myo1e localization pattern in mouse glomeruli is similar to that of the 

foot process and slit diaphragm proteins (6, 25).  In earlier studies examining 

Myo1e expression in cultured cells, endogenous Myo1e (or its rat homolog, 

Myr3) was observed in cell-cell junctions (48, 50, 51).  Taken together, the 

filtration defects of Myo1e-null mice and the localization pattern of Myo1e in the 

kidney and cultured cells suggest that Myo1e may contribute to cell-cell 

adhesion, and that some of the defects in Myo1e-null podocytes may arise from 

disruption of cell contacts. 

To test this hypothesis in the current study, we used a subcellular 

fractionation protocol that allows isolation of the detergent-resistant slit 

diaphragm (SD) fraction from mouse glomeruli (42).  In this earlier study (42), 

Myo1e was detected in the slit diaphragm fraction by mass spectrometry.  In our 

experiments, the detergent-insoluble SD fraction was enriched in Myo1e, 
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confirming that Myo1e is tightly associated with the SD proteins.  We examined 

the dynamics of Myo1e recruitment to nascent cell-cell contacts in cultured 

podocytes and the effects of disease-associated Myo1e mutation on its 

localization to the junctions and on junctional actin assembly, mapped the 

regions of Myo1e required for junctional localization, and identified tight junction 

protein ZO-1 as one of the binding partners of Myo1e.   
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2.4 Materials and Methods 

Antibodies.   

Rabbit anti-Myo1e antibody was previously described (25, 48).  The 

following commercial antibodies were used: mouse monoclonal anti-myc (clone 

9E10, BioLegend), rabbit anti-GFP and mouse monoclonal anti-ZO-1 

(Invitrogen), rabbit anti-podocin (Sigma). Secondary antibodies labeled with 

Alexa-488 and -568 were from Invitrogen.  

Expression constructs and cloning.  

pEGFP-C1 Myo1e and pEGFP-C1 Myo1e tail constructs were previously 

described (26), as were myc-tagged ZO-1 constructs (11).  Truncated Myo1e 

constructs in pEGFP-C1 vector (Clontech) were produced using In-Fusion HD 

PCR cloning (Clontech).  Primers used to subclone TH1 domain surround 

AA717-920, TH2 domain - AA913-1060, TH3 domain - AA1052-1109.  To verify 

expression level and molecular weight of the full length and truncated Myo1e 

constructs, GFP-tagged constructs were expressed in HEK-293 cells and 

analyzed by immunoblotting against GFP (data not shown).  EGFP-Myo1e 

constructs in pShuttle vector for adenoviral expression (Agilent Technologies) 

were previously described (36). mCherry-Lifeact and mCherry-ZO-1 (human) 

adenoviral constructs in the pShuttle vector were prepared according to 

manufacturer’s instructions.  GST-tagged proteins were prepared as described 

(26).  
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Animal studies. 

All animal experiments were conducted in accordance with the protocols 

approved by the SUNY Upstate Committee for Humane Use of Animals (mice) or 

by the Animal Care and Use Committee of the Juntendo University School of 

Medicine (rats for immunoelectron microscopy). Male Wistar rats (4 to 6 weeks 

old) and neonatal rats (1 to 2 days old) were obtained from Charles River Japan 

(Kanagawa, Japan). 

Cell culture, transfection and infection.   

Conditionally immortalized mouse kidney podocytes lacking Myo1e were 

obtained from Myo1e knockout mice (25) expressing a transgene encoding a 

thermosensitive, interferon-inducible variant of the SV-40-T–antigen 

(Immortomouse (19)).  Wild type podocytes (39) were a generous gift of Dr. Peter 

Mundel, Mass General, Boston, MA.  Podocyte isolation was performed following 

procedure from (38).  Individual podocyte clones were obtained by dilution 

cloning and tested by immunoblotting to verify the lack of Myo1e expression as 

well as the presence of podocyte markers WT-1, synaptopodin, and podocin. 

Madin-Darby canine kidney (MDCK) II Tet-Off cells (clone T23; Clontech) 

and AD-293 (ATCC) were grown in DMEM containing 10% FBS.  Immortalized 

podocytes were cultured as described (38).  Podocyte differentiation was induced 

by a switch from 33°C to 37° and removal of interferon γ from culture medium; 

cells were differentiated for 2 weeks prior to experiments. MDCK and HEK-293 
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cells were transfected using JetPEI DNA transfection reagent (Polyplus).  Mouse 

podocytes were infected with adenovirus.  

Glomerular purification and isolation of slit diaphragm-containing protein fraction.  

Glomeruli were purified from mice using a differential sieving technique 

(37). Isolation of slit diaphragm proteins was performed as described (42).  

Fractionation of glomeruli to isolate slit diaphragm proteins was performed in 

eight independent experiments with similar results. 

GST pulldown assay.  

For pulldown from 293 cells, transfected cells were lysed in lysis buffer 

containing 50mM Tris-HCl (pH 7.5), 150mM NaCl, 1% Triton X-100, 10% glycerol 

and complete protease inhibitor (Roche) and centrifuged for 10 min at maximum 

speed in a table-top microcentrifuge at 4oC. The supernatant was incubated with 

GST-tagged proteins and glutathione agarose for 3 hours at 4oC. The bead 

pellets and unbound proteins were separated by centrifugation. Beads were 

washed one time with lysis buffer then separated again as above. Finally, both 

bead pellets and unbound proteins were processed for SDS-PAGE.  

Immunoelectron microscopy and immunocytochemistry.  

Electron microscopy and immunogold labeling were performed as 

previously described (29).  For immunofluorescence staining, mouse kidney 

cryosections were prepared and processed as described (7).   

 Fluorescence microscopy and live cell imaging.  

For live-cell imaging, MDCK cells or podocytes were plated onto glass-
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bottom Mattek dishes (Mattek) (for podocyte plating, dishes were precoated with 

collagen IV). 24 hours post transfection/infection, cells were observed using 

Perkin-Elmer UltraView VoX Spinning Disc Confocal system mounted on a Nikon 

Eclipse Ti microscope and equipped with an environmental chamber to maintain 

cells at 37°C. To observe contact reassembly in a calcium switch assay, 

podocytes were pre-incubated for 20 minutes in HBSS without calcium and 

magnesium containing 2 mM EGTA to remove calcium, then transferred into 

RPMI with 10% FBS and normal calcium content for 5-10 minutes at 37oC before 

being placed on the microscope stage. 

Image analysis.  

All fluorescence intensity measurements were done using ImageJ 

software (NIH). Quantitative analysis was performed using KaleidaGraph 

(Synergy software). The statistical significance was calculated using unpaired 

Student t-test with unequal variance.   



	   Chapter	  2	  Myo1e	  activity	  in	  podocyte	  junction	  
	  

	   76	  

2.5 Results 

2.5.1 Myo1e is a component of the slit diaphragm in the renal glomeruli.  

To investigate the possibility that Myo1e is enriched in the glomerular slit 

diaphragm we used a slit diaphragm purification protocol developed by Pierchala 

et al. (42) to isolate slit diaphragm complex from glomerular preparations. To 

determine whether Myo1e was present in the slit diaphragm complex-containing 

fraction, we performed immunoblotting against endogenous Myo1e. Myo1e was 

indeed enriched in the glomerular slit diaphragm-containing fraction, along with 

the slit diaphragm markers podocin and ZO-1 (Fig. 2.1A).  Surprisingly, Myo1e 

was retained in the detergent-resistant slit diaphragm fraction whereas in cultured 

cell lysates Myo1e is usually soluble in non-ionic detergents (see, for example, 

(26)).  Thus, Myo1e appeared to interact with the components of the detergent-

resistant slit diaphragm complex. Unlike Myo1e, actin-binding protein 

synaptopodin was primarily present in the cytoplasmic fraction (Fig. 2.1A), 

indicating that the slit diaphragm isolation procedure was specific for the slit 

diaphragm components. To examine the localization of Myo1e at the 

ultrastructural level, immunogold labeling of rat kidney sections was performed 

using antibodies against Myo1e. In the adult rat kidney, Myo1e localized to the 

intracellular side of the plasma membrane of podocyte foot processes where it 

was concentrated at the base of the slit diaphragm (open arrowheads; slit 

diaphragm is indicated by the arrows)(Fig. 2.1B).  In the neonatal kidney, where 

slit diaphragm precursors are undergoing a gradual translocation from the apical 
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to the basal position, Myo1e localization was more variable.  While Myo1e was 

still enriched in the plasma membrane in the regions corresponding to the slit 

diaphragms, some immunogold particles labeling Myo1e were positioned more 

apically than in the adult kidney while others were present close to the glomerular 

basement membrane (Fig. 2.1C).   

2.5.2 Myo1e colocalizes with the slit diaphragm marker ZO-1 in mature and 

immature glomeruli.   

Immunostaining of cryosections of mouse kidneys showed that Myo1e 

colocalized with the slit diaphragm component ZO-1 in mature glomeruli (Fig. 

2.2A). Myo1e staining did not completely overlap with ZO-1 labeling (arrows in 

2A point to the regions stained for Myo1e only), indicating that Myo1e is present 

in podocyte cell bodies in addition to being enriched in the slit diaphragm region.  

Immunostaining of Myo1e in immature glomeruli in cryosections of one week old 

mouse kidneys showed that Myo1e was concentrated at the basal aspect of 

developing podocytes, where it colocalized with ZO-1 but not with the apical 

marker podocalyxin (Fig. 2.2B).  Thus, during podocyte maturation Myo1e is 

enriched at the basal surface of podocytes, in the region where the formation of 

new slit diaphragms is taking place. 

2.5.3 Myo1e is recruited to cell-cell contacts in cultured podocytes.  

To elucidate the role of Myo1e during remodeling of cell-cell junctions, we 

used conditionally immortalized podocytes to examine the localization of Myo1e.  

Myo1e localized to the cell-cell junctions in wild type podocytes (Fig. 2.2C).  In 
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order to determine whether the loss of Myo1e activity resulted in changes in 

assembly of cell-cell junctions, we expressed either wild type or mutant Myo1e in 

the Myo1e-null podocytes (obtained from the Myo1e KO mice in our lab).  

Myo1e-KO podocytes were infected with adenoviruses encoding GFP-tagged 

Myo1e and mCherry-tagged Lifeact, a marker of actin filaments (43).  To induce 

contact remodeling, podocytes were subjected to a calcium switch treatment that 

induces disassembly of cell-cell junctions by decreasing Ca2+ concentration and 

reassembly of the junctions by Ca2+  replenishment (16).  Cell-cell contacts 

observed using this model likely represent cell-cell adhesions reminiscent of slit 

diaphragms since they could be immunostained using anti-ZO-1 antibody (data 

not shown or see supporting Fig. S2.1). Wild type Myo1e was recruited to the 

newly formed cell-cell adhesions during recovery from low Ca2+ condition (Fig. 

2.3), where it colocalized with the actin filaments labeled by Lifeact.  Kymographs 

in Fig. 2.3B illustrate that Myo1e and actin were recruited to the nascent 

adhesions at the same time during junction formation.   

We also examined localization of a mutant form of Myo1e, Myo1e A159P, 

during formation of new cell-cell contacts in podocytes (Fig. 2.4).  A159P is a 

missense mutation of a highly conserved amino acid residue in the Myo1e motor 

domain that is associated with the recessive form of FSGS in humans (36).  

When expressed in Myo1e-null podocytes, GFP-Myo1eA159P was slightly enriched 

in the nascent cell-cell junctions but showed a complete lack of colocalization 

with the actin filaments (Fig. 2.4B, kymographs).   
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2.5.4 Cells lacking functional Myo1e exhibit defects in actin assembly along cell-

cell contacts and in contact spreading. 

Formation of cell-cell contacts in Myo1e-knockout podocytes expressing 

GFP-tagged wild type Myo1e was accompanied by the assembly of actin punctae 

along the cell-cell junction (Fig. 2.5A-C, arrowheads, and Fig. 2.3A).  These 

punctae rapidly fused and elongated to form actin cables along the cell-cell 

boundary. In addition to the actin filament bundles located along the contact, 

radially positioned short actin spokes (Fig. 2.5B, white arrows) were also 

observed.  The tips of some of these radial spokes colocalized with the areas of 

enrichment of Myo1e (Fig. 2.5B, black arrow), and in some cases the spokes 

elongated as the contacts matured and the cells pulled away from each other, 

while retaining punctate connections.  In contrast to the cells expressing wild type 

Myo1e, knockout podocytes expressing Myo1e mutant predominantly formed 

radial actin spokes rather than longitudinal actin cables (Fig. 2.5D-F, white 

arrows, and Fig. 2.4A).  For each Myo1e construct (wild type and A159P mutant), 

8 pairs of cells forming contacts were observed.  7 out of 8 pairs of cells 

expressing GFP-Myo1e were observed to assemble actin cables along the cell-

cell junctions while 5 out of 8 pairs of cells expressing GFP-Myo1eA159P failed to 

assemble actin along the junction and formed only radial actin spokes.  Many of 

the contacts formed by cells expressing Myo1e mutant were relatively small and 

failed to spread (Fig. 2.5G), suggesting that the lack of assembly of new actin 
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filament bundles along the junction may correlate with inefficient contact 

formation.  

2.5.5 Myo1e localization to cell-cell junctions requires multiple binding motifs.   

To further map the domains of Myo1e that are necessary for its 

localization to the junctions, we used GFP-tagged Myo1e constructs that lack 

specific tail domains.  Since transfection of podocytes is challenging and 

production of an adenoviral vector for expression of each truncated construct is 

very resource-intensive, we used MDCK cells for these domain mapping studies 

(Fig. 2.6, and supportive Fig. S2.2).  As a quantitative measure of junctional 

localization, we used the ratio of mean fluorescence intensity of GFP-Myo1e 

along the cell-cell junction to the mean cytosolic intensity of GFP-Myo1e as an 

indicator of Myo1e enrichment in the junctions (Fig. 2.6B).  Both values were 

background corrected using mean fluorescence intensity of an adjacent 

untransfected cell as an indicator of background fluorescence.  The junctional 

fold enrichment score for those constructs that are completely cytosolic would be 

expected to be approximately 0.5 (the intensity along the junction, which includes 

both a transfected and an untransfected cell, would be approximately half of the 

cytosolic intensity in the transfected cell).  Indeed, constructs that had diffuse 

cytoplasmic localization had fold enrichment scores close to 0.5 (Fig. 2.6C). 

Full length Myo1e and Myo1e tail alone were localized to the intercellular 

junctions in MDCK cells (Fig. 2.6A).  Myo1e tail showed a stronger enrichment in 

cell-cell junctions than the full length Myo1e (Fig. 2.6C), suggesting that the 
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motor domain may target a subset of Myo1e molecules to other intracellular 

structures, reducing its junctional enrichment.  Myo1e tail expressed in podocytes 

also exhibited strong localization to cell-cell junctions (supportive Fig. S2.3), 

indicating that the behavior of truncated constructs in MDCK cells and podocytes 

was similar.  Deletion of the SH3 domain of Myo1e did not significantly impair 

Myo1e localization to the junctions (Fig. 2.6A).  However, Myo1e construct 

lacking the TH2 domain had a completely cytosolic localization. Localization of 

the TH2 domain alone was also diffuse (Fig. 2.6C), while the construct consisting 

of TH1 domain along with TH2 domain exhibited junctional localization (Fig. 

2.6A), and its enrichment in the junctions was similar to that of the full length 

Myo1e (Fig. 2.6C).  All Myo1e constructs that were enriched in the junctions also 

colocalized with actin, as indicated by the line scans of GFP-Myo1e and 

mCherry-Lifeact intensity (Fig. 2.6A, right panels).  As shown in Fig. 2.6C, 

Myo1e-FL (full-length), Myo1e-tail, Myo1e-ΔSH3 as well as Myo1e-TH1TH2 all 

exhibited significant enrichment at the junctions.  However, if we deleted TH2 

domain from the full length Myo1e or TH1 domain from Myo1e tail, the fold 

enrichment score dropped significantly (Fig. 2.6C).  Therefore, we have 

concluded that TH1 and TH2 domains together are necessary and sufficient to 

determine junctional localization of Myo1e.  

2.5.6 Myo1e SH3 domain binds to the C-terminal portion of ZO-1.   

Since Myo1e SH3 domain was not necessary for Myo1e localization to the 

junctions, we hypothesized that while the main role for TH1 and TH2 domains 
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may be to target Myo1e to the junctions, the SH3 domain may serve as an 

effector domain, binding or activating additional proteins following Myo1e 

recruitment to cell-cell contacts.  To identify effector proteins that may bind to 

Myo1e, we analyzed known protein components of the slit diaphragm complex 

and their protein interaction motifs.  Based on the presence of proline-rich motifs, 

we hypothesized that ZO-1 could be a potential binding partner for the SH3 

domain of Myo1e.  To test this potential interaction, we performed an in vitro 

pulldown assay using GST-tagged SH3 domain of Myo1e to precipitate myc-

tagged ZO-1 (Fig. 2.7A) from HEK-293 cell lysates.  As shown in Fig. 2.7B, 

purified GST-tagged Myo1e-SH3 precipitated full-length ZO-1. We used GST-

tagged SH3WK mutant as a negative control since this mutation of a tryptophan to 

a lysine residue has been shown to disrupt SH3 domain binding to proline-rich 

targets (26). Neither GST alone nor GST-tagged SH3 mutant showed specific 

binding to ZO-1, which indicates that this interaction was specific to SH3 domain.  

Sequence analysis of ZO-1 identified several proline-rich regions located at the 

C-terminal portion of ZO-1, which could represent potential binding motifs for the 

SH3 domain of Myo1e (Fig. 2.7A).  Indeed, only the proline-rich domain 

containing C-terminal portion of ZO-1, but not the N-terminal portion of ZO-1, 

bound to Myo1e (Fig. 2.7B).  When fluorescently tagged Myo1e and ZO-1 were 

expressed in cultured podocytes, they colocalized in cell-cell contacts, further 

confirming the interaction (Fig. 2.7C). 
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2.6 Discussion 

 Previous studies have identified a role for Myo1e in the maintenance of 

glomerular filtration.  Mice lacking Myo1e in podocytes exhibit proteinuria, while 

patients with homozygous mutations in Myo1e are characterized by FSGS and 

proteinuria (7, 25, 36).  The importance of Myo1e for normal glomerular filtration, 

the localization pattern of Myo1e in glomeruli, and a prior proteomic study that 

detected Myo1e in the slit diaphragm fraction (42) led us to investigate a potential 

association between Myo1e and the slit diaphragm complexes. 

Using subcellular fractionation of glomerular lysates, we determined that 

Myo1e was associated with the slit diaphragm complexes.  Immuno-electron 

microscopy of renal glomeruli indicated that Myo1e was located along the plasma 

membrane in the foot processes of podocytes, in regions adjacent to the slit 

diaphragms.  These findings suggest that Myo1e may interact with the protein 

components of the slit diaphragm complex.  

Myo1e was also found to colocalize with the slit diaphragm marker ZO-1 in 

cryosections of mouse kidneys.  While Myo1e was enriched in the regions 

corresponding to the slit diaphragms, a significant amount of Myo1e staining was 

detected in the cell bodies of podocytes as well as in other regions distinct from 

the slit diaphragms or cell-cell junctions (Figures 2, 3).  Thus, in addition to being 

highly concentrated in the slit diaphragm region, Myo1e may be associated with 

other intracellular structures in podocytes, such as endocytic vesicles and cell-

substrate adhesions (25, 49).    Intriguingly, during glomerular maturation Myo1e 
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was highly enriched in the basal region of developing podocytes, overlapping 

with ZO-1, which marks developing slit diaphragm complexes.  This observation 

suggested to us that Myo1e may have an important function during formation or 

remodeling of cell-cell junctions between podocytes. 

Live cell imaging and immunostaining of podocytes in culture revealed the 

presence of Myo1e in cell-cell contacts; this is consistent with the previous 

observations of actin-binding proteins localizing to cell-cell junctions in podocytes 

(1, 15, 46). During contact reassembly, GFP-tagged Myo1e was recruited to the 

newly formed cell-cell junctions, where it colocalized with the actin filaments 

assembling along the cell-cell boundary.  The precise molecular composition of 

these newly formed cell adhesions in podocytes is unknown but immunostaining 

of cells during recovery from Ca2+ removal indicated that ZO-1 was present at 

these nascent junctions (supportive Fig 1).  We hypothesize that these contacts 

are similar to the slit diaphragms, although they may lack some of the slit 

diaphragm proteins that are expressed in intact glomeruli but downregulated in 

cultured podocytes (8).  The contacts formed during the initial recovery from 

calcium removal may also be similar to the nascent adherens junctions (also 

called punctum adherens), which contain ZO-1 (54).   

Myo1e colocalization with the newly assembled actin structures in cell-cell 

junctions was disrupted in the presence of the disease-associated motor domain 

mutation (A159P). Since myosin motor domain is responsible for myosin-actin 

interactions, the lack of colocalization with the actin punctae during contact 
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assembly may reflect the loss of actin binding in the A159P mutant.  Alternatively, 

the abnormal localization of the A159P mutant of Myo1e may be caused by the 

misfolding of the mutant protein.   

Myo1e-knockout podocytes infected with wild type Myo1e assembled two 

types of actin structures at the nascent junctions: radial actin spokes and 

circumferential actin filament cables along the cell-cell boundary.  We have not 

been able to directly observe the transitions between the two types of actin 

filament structures and, therefore, cannot postulate whether the presence of 

these structures corresponds to distinct stages of contact assembly.  However, a 

similar transition from radial to circumferential actin organization (along with the 

transition from vinculin-enriched, radially organized tight and adherens junctions 

to linear junctions depleted of vinculin) has been observed in a calcium switch 

assay in MDCK cells (52).  Myo1e was preferentially localized along the cell-cell 

junctions, so that the sites of Myo1e enrichment appeared to provide the 

framework for localizing and/or stabilizing circumferential actin cables.  Cells 

expressing the mutant form of Myo1e did not assemble circumferential actin 

cables along the cell-cell boundary as efficiently as the cells expressing wild type 

Myo1e.  Thus, live cell observations suggest that Myo1e may be involved in the 

formation or remodeling of cell-cell contacts, including transitions from actin 

punctae or spokes to circumferential actin cables.   

Further mapping of the domains determining Myo1e localization to the 

junctions was performed using MDCK cells.  The SH3 domain of Myo1e was 
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dispensable for Myo1e localization to the cell-cell junctions.  On the other hand, 

TH1 and TH2 domains of Myo1e were necessary for junctional localization.  The 

motor domain of Myo1e was not required for localization of Myo1e to cell-cell 

junctions since Myo1e tail was able to localize to cell-cell contacts in both MDCK 

cells and podocytes. Moreover, we have observed that the tail domain was more 

highly enriched in the cell-cell contacts than the full length Myo1e (Fig. 2.7C).  

This observation is consistent with a previous study showing that the tail of 

Dictyostelium myosin IB (a long-tailed class I myosin, similar to Myo1e in terms of 

tail domain organization) is highly enriched at the plasma membrane (3.6-fold 

enrichment) vs. the full length myosin IB being moderately enriched at the 

plasma membrane (1.7-fold enrichment) (4).  The difference in localization 

between the full length and tail only constructs of myosin IB in Dictyostelium 

appears to be due to the interaction of the full length myosin IB with actin 

filaments in the cytoplasm, which increases the cytoplasmic (non-membrane) 

fraction of myosin (4). 

This observation is in contrast to the observed defects in the localization of 

the Myo1eA159P mutant during live cell imaging of podocytes.  Thus, the A159P 

mutation may cause a more severe defect in Myo1e localization compared to the 

deletion of the motor domain, possibly due to the misfolding of the mutant 

protein.  Therefore, the A159P mutant of Myo1e may be unable to interact with 

either the junctional complexes or the actin filaments.  On the other hand, in the 
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absence of the motor domain, Myo1e tail retains its ability to interact with the 

junctional proteins and the plasma membrane. 

How could the various functional domains of Myo1e contribute to its 

localization to cell-cell junctions?  Since the deletion of the proline-rich TH2 

domain was sufficient to abolish myosin localization to cell junctions, this region 

may interact with Myo1e binding partners within the junctional protein complexes; 

these partners may include SH3 domain containing proteins that remain to be 

identified.  Alternatively, TH2 domain may include an ATP-insensitive actin-

binding site, similar to those identified in the TH2 domains of amoeboid class I 

myosins (20, 44), which may promote interactions with the actin filaments in 

junctional complexes.  TH1 domain of Myo1e interacts with anionic phospholipids 

with high affinity, with some preference for PtdIns(4,5)P2 and PtdIns(3,4,5)P3 

(13). Both PtdIns(4,5)P2 and PtdIns(3,4,5)P3 are enriched at the plasma 

membrane of MDCK cells where they play important roles in establishment of 

epithelial cell polarity and epithelial morphogenesis (33).  Hydrolysis of 

PtdIns(4,5)P2 by bacterial phosphatase SigD from Salmonella results in the loss 

of junctional integrity, redistribution of ZO-1, and reorganization of junctional actin 

filaments in intestinal epithelial cells (34), indicating that phosphoinositides play 

key roles in regulation of epithelial junctional stability.  Thus, TH1 domain binding 

to specific plasma membrane phospholipids together with TH2 domain 

interactions with proline-rich motif binding proteins or actin filaments may lead to 
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the enrichment of Myo1e in cell-cell junctions in the presence of both lipid- and 

protein-based signals for the slit diaphragm assembly. 

Finally, we sought to identify junctional proteins that interact with Myo1e 

SH3 domain.  ZO-1, a known component of the slit diaphragm complex, 

interacted with Myo1e SH3 domain in a pulldown assay.  This interaction was 

mapped to the proline-rich C-terminal portion of ZO-1.  We hypothesize that 

Myo1e may help recruit ZO-1 to cell-cell junctions via SH3 domain - proline-rich 

motif interactions.  Previous studies have implicated ZO-1 in regulation of actin 

organization in cell-cell junctions in epithelial cells (12).  Thus, ZO-1 and Myo1e 

may act together to promote coordinated assembly of junctional complexes and 

the actin-based structural elements that support them. 

We hypothesize that the TH1 and TH2 domains together provide signals 

for targeting Myo1e to the junctions, while Myo1e motor and SH3 domains may 

serve as effector domains, recruiting additional proteins, such as actin and ZO-1, 

to nascent contacts (Fig. 2.8).  

This study identified Myo1e, a class I myosin, as a component of cell-cell 

junctions.  Other members of the myosin superfamily have been implicated in 

regulation of cell-cell contact organization (30).  Non-muscle myosin II, which is 

associated with the contractile actin filament bundles that support adherens 

junctions, regulates junction assembly, organization, and stability (9, 18, 47).  

Other myosins that localize to cell-cell contacts in epithelial cells and regulate 

junction assembly include members of myosin classes VI, VII, IX, and X (5, 10, 
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17, 31, 32, 40, 53).  Unlike other myosins associated with the cell-cell junctions, 

class I myosins are unlikely to be involved in the long-range transport of vesicles 

or proteins along actin filaments due to their lack of processivity.  Instead, class I 

myosins, such as Myo1e, may function as dynamic linkers between the plasma 

membrane lipids, protein components of cell-cell junctions, and actin filaments 

(35).  Intriguingly, another class I myosin, myo1c, has been implicated in the 

targeting of the podocyte junctional protein Neph1 to the plasma membrane (1), 

highlighting the importance of class I myosins in podocyte functions.  The ability 

of class I myosins to interact with both lipid and protein binding partners places 

these motor proteins in the key position to be able to regulate renal filtration of 

proteins via modulation of specialized cell-cell contacts between podocytes. 
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Figure 2.1. Myo1e is a component of slit diaphragm.  
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Figure 2.1. Myo1e is a component of slit diaphragm. A, Western blot analysis 

of glomerular subfractions.  Samples were blotted against endogenous ZO-1, 

Myo1e, podocin, and synaptopodin. Left and right panels (from two 

representative fractionation experiments) indicate that Myo1e, podocin, and ZO-1 

are enriched in the detergent-resistant (DR) slit diaphragm fraction while another 

podocyte marker, synaptopodin, is present in the cytoplasmic fraction. DS, 

detergent soluble. B, Immuno-electron micrograph of the adult rat glomerulus 

shows that Myo1e is concentrated at the base of the slit diaphragm (left panel). 

The same micrograph with the outlines of podocyte foot processes is shown on 

the right. Arrows indicate slit diaphragm, while arrowheads point to gold particles 

that mark the anti-Myo1e antibody.  C, Immuno-electron micrograph of the 

neonatal rat glomerulus displays variable location of Myo1e along the lateral 

surface of podocyte foot processes.  Most immunogold particles marking Myo1e 

position are located adjacent to the slit diaphragms; however, the distance 

between Myo1e signal and the glomerular basement membrane is highly 

variable. Bars, 100 nm. 
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Figure 2.2. Myo1e colocalizes with the slit diaphragm marker ZO-1 in 

mouse glomeruli and in cultured podocytes.   A, immunostaining of 

cryosections of two week old mouse kidney with antibodies against ZO-1 and 

Myo1e shows colocalization of Myo1e and ZO-1 (yellow in merge) in mature 

glomeruli as well as areas stained for Myo1e only (green in merge, indicated by 

arrows). B, immunostaining of cryosections of one week old mouse kidney 

against podocalyxin, ZO-1 and Myo1e shows that ZO-1 and Myo1e localize to 

the basal aspect of podocytes in the immature glomeruli while podocalyxin marks 

the apical side. C, immunostaining of wild type mouse podocytes reveals 

localization of Myo1e and ZO-1 to cell-cell junctions.  Scale bar, 10 µm. 
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Figure 2.3. Myo1e is recruited to the nascent contacts in cultured 

podocytes.  
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Figure 2.3. Myo1e is recruited to the nascent contacts in cultured 

podocytes. A, Myo1e KO podocytes were infected with adenoviruses encoding 

GFP-Myo1e and mCherry-Lifeact for 24 hours and subjected to calcium removal 

and replenishment to induce disassembly and reassembly of cell contacts. Time-

lapse imaging was started 5 minutes after the addition of normal calcium-

containing medium. Frames selected from a time-lapse movie show Myo1e and 

Lifeact localization at 10, 20 and 30 min time points during imaging. Myo1e and 

actin are recruited to the newly formed contacts. Bars, 10 µm. B, kymographs 

show that Myo1e and actin are both recruited to the nascent contacts at the 

same time. 
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Figure 2.4. Myo1eA159P mutant does not colocalize with actin in the newly 

formed contacts.  
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Figure 2.4. Myo1eA159P mutant does not colocalize with actin in the newly 

formed contacts. A, Myo1e KO podocytes were infected with adenovirus 

encoding GFP-Myo1eA159P and mCherry-lifeact 24 hours before calcium switch 

treatment and live cell imaging.  Selected frames from a time-lapse movie show 

cells at 10, 20 and 30 min time points. Bars, 10 µm. B, kymographs show that 

Myo1eA159P does not colocalize with nascent actin bundles.  
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Figure 2.5. Podocytes expressing mutant Myo1e fail to assemble actin 

filament bundles along cell-cell boundaries.  
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Figure 2.5. Podocytes expressing mutant Myo1e fail to assemble actin 

filament bundles along cell-cell boundaries. Contact reassembly following 

calcium switch treatment was observed in Myo1e KO podocytes expressing 

GFP-Myo1e and mCherry-lifeact (A, B, C) or GFP-Myo1eA159P and mCherry-

lifeact (D, E, F).  A-C, cells expressing wild type Myo1e assembled actin 

filaments along the cell-cell junction (arrowheads) and perpendicular to the 

junctions (white arrows).  Bundles running perpendicular to the junctions were 

associated with Myo1e-containing punctae at the cell edge (black arrow).  Panels 

A and B include enlarged images of the areas indicated by white rectangular 

outlines.  D-F, cells expressing Myo1e mutant assembled primarily radial bundles 

of actin filaments (white arrows).  Bars, 10 µm. G, box-and-whiskers plots of the 

rate of contact spreading measured using 9-10 minute long time-lapse movies of 

Myo1e KO podocytes expressing either GFP-Myo1e (N=5 cells) or GFP-

Myo1eA159P (N=6 cells).  Horizontal line within each box indicates the median for 

each group, boxes corresponds to the 25-75 percentile range, and outliers are 

shown as open circles.  



	   Chapter	  2	  Myo1e	  activity	  in	  podocyte	  junction	  
	  

	   103	  

 

SH3

IQ

0 5 10 15 20

Actin
Myo1e

0 5 10 15 20

0 5 10 15 20

0 5 10 15 20

F
lu

o
re

s
c
e
n
c
e
 i
n
te

n
s
it
y
 (

A
.U

.)

Distance along the line (μm)

Actin

Actin

Actin

Myo1e-FL

Myo1e-TH1TH2

Myo1e-∆SH3

J

C

Fold junction enrichment =
MI

GFP TH2TH1 Motor

GFP SH3TH1 Motor

GFP TH1 Motor IQ

GFP SH3TH2TH1 

GFP SH3TH2TH1 Motor IQ

GFP TH1 

GFP

GFP TH2TH1 

GFP SH3TH2

GFP TH2

Myo1e-FL

Myo1e-Tail

Myo1e-∆SH3
Myo1e-∆TH2

Myo1e-∆TH2SH3

Myo1e-TH1

Myo1e-TH2

Myo1e-SH3

Myo1e-TH1TH2

Myo1e-TH2SH3

Fold enrichment of myo1e (J-B)/(C-B) 

A

B C

mCherry-Lifeact GFP

Actin Myo1e-∆TH2

Actin Myo1e-tail

B

0 2 4 6 8

*

*

*

*

*

*

*

*

*

*

*

*

*

J
- MIB

MI
C

- MIB

0 5 10 15 20 25

IQ



	   Chapter	  2	  Myo1e	  activity	  in	  podocyte	  junction	  
	  

	   104	  

Figure 2.6.  Myo1e localization to the junctions requires multiple domain 

interactions. A, confocal sections through the apical portion of MDCK cells 

expressing GFP-tagged Myo1e constructs and mCherry-Lifeact. Full length 

Myo1e, Myo1e tail, Myo1e lacking SH3 domain, and Myo1e construct consisting 

of TH1 and TH2 domains localize to the junctions while Myo1e lacking TH2 

domain shows primarily cytosolic localization. Scale bar, 10 µm. Line scans in the 

right hand panels show fluorescence intensity of the GFP and mCherry signals 

along a line drawn across two of the cell-cell junctions (indicated by the white 

lines in merged images). Peaks of GFP and mCherry fluorescence at the 

junctions coincide, except for the Myo1e construct lacking TH2 domain, which is 

primarily cytosolic. B, method used to calculate fold enrichment of Myo1e in the 

junctions. A line drawn along the junction of a transfected cell (green) with an 

untransfected cell (white) was used to measure mean fluorescence intensity (MI) 

in the junction (J) while a line drawn in the cytosol of a transfected cell was used 

to measure mean fluorescence intensity in the cytosol (C). Mean fluorescence 

intensity of the background (B) was measured by drawing a line through an 

untransfected cell. C, analysis of the fold junctional enrichment of Myo1e.  The 

bar graphs represent mean fold enrichment for 10 cells per construct (16 cells for 

the full length Myo1e) while the error bars correspond to standard deviation. 

Asterisks indicate constructs that showed statistically significant difference in fold 

enrichment relative to the full length Myo1e, with P-values less than 0.01. Double 
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asterisks indicate P-values less than 0.0001. P-values for the t-test comparison 

to the full length Myo1e: DeltaSH3 = 0.2957, TH1TH2 = 0.01135. 
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Figure 2.7. Myo1e SH3 domain interacts with the C terminal portion of ZO-

1.  
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Figure 2.7. Myo1e SH3 domain interacts with the C terminal portion of ZO-

1. A, a diagram showing domain organization of Myo1e and ZO-1 constructs 

used in the pulldown experiments. All ZO-1 constructs were tagged with the myc 

tag.   Protein domains are indicated by the following abbreviations: TH = Tail 

Homology; SH3 – Src Homology 3; PDZ = PSD-95/Dlg1/ZO-1; GUK =GUanylate 

Kinase; U6 = Unique 6; ZU5 =ZO-1, UNC-5 proline-rich.  B, Western blot 

analysis of GST pulldown reactions using anti-myc antibody.  GST-SH3 domain 

of Myo1e but not GST alone or GST-SH3 mutant precipitated myc-tagged ZO-1 

full length and ZO-1 C-terminus.  C, GFP-labeled Myo1e and mCherry-tagged 

ZO-1 (full length) colocalize when expressed in mouse podocytes.  Scale bar, 10 

µm. 
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Figure 2.8. Model describing how Myo1e may function in cell-cell junctions.  
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Figure 2.8. Model describing how Myo1e may function in cell-cell junctions. 

A, Myo1e localization to the junctions requires multiple domain interactions. 

Interactions of the TH1 domain with the plasma membrane lipids and binding of 

the proline-rich TH2 domain to junction-associated proteins target Myo1e to the 

junctions.  B, motor domain of Myo1e interacting with actin filaments and SH3 

domain interacting with proline-rich proteins, such as ZO-1, promote coordinated 

assembly of cell-cell junctions and junctional actin bundles.  
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Supplementary Figure S2.1.  Localization of endogenous Myo1e and ZO-1 

after recovery from a calcium switch assay.  
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Supplementary Figure S2.1.  Localization of endogenous Myo1e and ZO-1 

after recovery from a calcium switch assay. Wild type podocytes were placted 

on coverslips and treated with HBSS for 20 min at 37oC to allow disassembly of 

the junctions. Fresh medium (RPMI+10%FBS+ABM) then added after removal of 

HBSS for 30 min to allow the junctions to reassemble. Coverslips were then fixed 

and stained against endogenous Myo1e and ZO-1. Scale bars: 10 µm. 
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Supplementary Figure S2.2.  Localization of Myo1e constructs in MDCK 

cells.  



	   Chapter	  2	  Myo1e	  activity	  in	  podocyte	  junction	  
	  

	   113	  

Supplementary Figure S2.2.  Localization of Myo1e constructs in MDCK 

cells.  (A) Confocal images of MDCK cells transfected with GFP-tagged Myo1e 

constructs and mCherry-tagged Lifeact. Scale bars, 10 µm. (B) Western blot 

analysis of different GFP-tagged Myo1e construct from 293 cells lysate.  
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Supplementary Figure S2.3. Tail domain of Myo1e localizes to cell-cell 

contacts in podocytes.   
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Supplementary Figure S2.3. Tail domain of Myo1e localizes to cell-cell 

contacts in podocytes.  Confocal sections of Myo1e-KO podocytes infected 

with adenoviruses encoding GFP-Myo1e-tail and mCherry-Lifeact.  Scale bars, 

10 µm. 
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Chapter 3 

 

Dissecting the effects of kidney disease-

associated Myo1e motor domain mutants on 

junction dynamics 

 

 

 

 

 

 

 

 

Chapter 3 is written by myself and edited by my colleagues for grammatical errors. I designed 

and performed all the experiments, analyzed all the data, and prepared all the figures. This 

chapter is not yet ready for publication, since there are still a few more experiments to perform in 

order to finish the story.  
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3.2 Abstract 

Focal segmental glomerulosclerosis (FSGS) is the most common primary 

renal disorder that will lead to end-stage kidney disease, such as renal failure, if 

not treated properly. The pathological features of FSGS include scar tissue 

formation in both focal and segmental portions of the glomeruli, and massive 

proteinuria.  In the past four decades, increased research has provided evidence 

that FSGS is the disease of glomerular podocytes, which are being attacked 

during pathological processes. Podocytes are specialized epithelial cells in renal 

glomeruli, which cover the surface of the capillaries. They play an essential role 

in maintaining proper renal filtration function. Among all genetic causes of FSGS, 

mutations in MYO1E gene, A159P and T119I, were found to be associated with 

childhood familial FSGS. Myosin 1e (myo1e) is a non-muscle myosin, which has 

a relatively high expression profile in kidney podocytes in both humans and mice. 

It has been found to be a component of the slit diaphragms, specialized junctions 

between podocyte foot processes, which plays a key role in maintaining slit 

diaphragm integrity. However, the molecular mechanism that links myosin 1e and 

FSGS still remains unclear. 

Using immortalized myo1e-null cultured podocytes that isolated from mice 

kidneys, we were able to mimic cell-cell junction assembly upon calcium-switch 

experiments. We introduced GFP-tagged myo1e constructs into cultured 

podocytes using adenovirus-encoded vectors and utilized live-cell imaging to 

visualize the recruitment of junctional components during junction assembly.  
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We found that without functional myo1e, cultured podocytes were unable 

to assemble proper junctional structures. Furthermore, FSGS-associated myo1e 

mutants do not recruit to the nascent junctions simultaneously with other 

junctional components, such as actin and ZO-1. Therefore, we have concluded 

that mutations in FSGS-associated MYO1E gene will result in defect during cell-

cell junction assembly, which mimic the “leaky” slit diaphragm in vivo.	    
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3.3 Introduction 

Focal segmental glomerulosclerosis (FSGS) is a common primary kidney 

disorder causing end-stage kidney disease in the United States (D’Agati et al., 

2011). The defining feature of FSGS is massive proteinuria (protein loss from the 

urine) with morphological and pathological changes of the renal filtration barrier 

(D’Agati et al., 2011). Kidney visceral epithelial cells, also known as podocytes, 

are the key component of the glomerular filtration barrier. Podocytes are 

specialized epithelial cells with unique cellular structures. They form long 

protrusions called foot processes that interdigitate with the foot processes of 

neighboring podocytes, and cover blood vessels (Faul et al., 2007).  The spaces 

between adjacent foot processes are called filtration slits, which consist of protein 

complexes such as transmembrane proteins and cytoplasmic adaptor proteins, 

and are known as slit diaphragms (D’Agati et al., 2011; Welsh and Saleem, 

2011). The actin cytoskeleton within the foot processes plays an essential role to 

support podocyte shape and regulate their dynamics. Disruption of the podocyte 

actin cytoskeleton is the cause of many pathological processes (Mathieson, 

2011; Welsh and Saleem, 2011), and in the past decade many genetic mutations 

have been discovered that are associated with FSGS (See review Rood et al., 

2012). 

Myosin 1e (Myo1e) is a non-muscle myosin that is broadly expressed in 

the humans and mice, with the highest expression profile in the spleen and lymph 

nodes (Kim et al., 2006). In the kidney, Myo1e is enriched in the podocytes. 
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Genetic studies and high throughput sequencing have identified two mutations 

(A159P and T119I) in the motor domain of Myo1e that are associated with 

childhood familial FSGS (Al-Hamed et al., 2013; Mele et al., 2011; Sanna-

Cherchi et al., 2011). Both mutations are missense mutations leading to a single 

amino acid change. In our previous study (see chapter 2), we found that Myo1e 

is a component of the slit diaphragm and the A159P mutation in the motor 

domain affects actin reorganization during cell-cell contact formation (Bi et al., 

2013). In this chapter, we are focusing on the other motor domain mutant, T119I, 

and investigating the effects of T119I mutant on podocytes junction dynamics.  

The glomerular slit diaphragm is a modified adherens junction (Reiser et 

al., 2000), and also contains tight junction proteins (Fukasawa et al., 2009). Our 

previous study has shown the co-localization of tight junction protein ZO-1 and 

Myo1e in the rat kidney glomerulus via immunostaining, and the interactions 

between the Myo1e SH3 domain and the C-terminal portion of ZO-1 via in vitro 

pulldown assay (Bi et al., 2013). This makes ZO-1 an ideal marker for the study 

of the dynamics of the podocytes junctions.  

We investigated the junctional dynamics using Myo1e-null immortal 

podocytes by co-expressing GFP-tagged Myo1e wild type or motor domain 

mutants, and mCherry-tagged ZO-1 by adenoviral vectors infection. We were 

able to observe mCherry-tagged ZO-1 recruitment in cells expressing different 

Myo1e constructs. Fluorescence recovery after photobleaching (FRAP) 

experiments on mCherry-tagged ZO-1 at podocytes junctions showed that 
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junctional ZO-1 turnover was increased in cells expressing the Myo1e-A159P 

mutant. This suggests that without functional Myo1e in the cells, the junctions are 

more dynamic and less stable, revealing a disease model in which loss of Myo1e 

results in a “leaky” slit diaphragm. 
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3.4 Material and Methods 

Cell culture and infection 

 Conditionally immortalized mouse kidney podocytes lacking Myo1e were 

obtained from Myo1e knockout mice (Krendel et al., 2009) expressing a 

transgene encoding a thermosensitive, interferon-inducible variant of the SV-40-T 

antigen (Immortomouse (Jat et al., 1991)). The isolation of the podocyte clones 

was done as previously described (Bi et al., 2013).  

 Immortalized Myo1e-null podocytes were cultured as described (Mundel et 

al., 1997). Podocyte differentiation was induced by a switch from 33oC to 37oC 

and removal of interferon-γ from culture medium. Cells were differentiated for 10-

14 days prior to experiments. The day before imaging, mouse podocytes were 

infected with adenoviral vectors encoding genes of interest. 

Fluorescence microscopy and live cell imaging  

 For live-cell imaging, Myo1e-null podocytes were plated onto glass-bottom 

MatTek dishes that were pre-coated with Collagen IV (MatTek). 24 hours post-

infection, cells were observed using Perkin-Elmer UltraView VoX Spinning Disc 

Confocal system mounted on a Nikon Eclipse Ti microscope and equipped with 

an environmental chamber to maintain cells at 37oC. To observe contact 

reassembly in a calcium switch assay, podocytes were pre-incubated for 5 

minutes in Hank’s balanced salt solution (HBSS) containing 2mM EGTA but 

without calcium and magnesium to remove calcium and magnesium, then 
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transferred into warm (pre-warmed to 37oC) Roswell Park Memorial Institute 

(RPMI) medium with 10% FBS and normal calcium content and imaged 

immediately.  

Fluorescence Recovery After Photobleaching (FRAP) 

 FRAP experiments were performed on Perkin-Elmer UltraView VoX 

Spinning Disc Confocal system mounted on a Nikon Eclipse Ti-E microscope and 

equipped with a 561 nm laser and a 60x/1.49 N.A. PlanApo objective as well as 

an environmental chamber to maintain cells at 37oC. The whole system is 

controlled by Volocity software. Myo1e-null immortal podocytes were plated on 

Collagen IV coated MatTek dishes at an initial density of 1000 cells/dish. Cells 

were then transferred to 37oC incubator for differentiation for 14 days before 

imaging. At day 13, podocytes were infected with adenoviral vectors encoding 

mCherry-tagged ZO-1 alone (KO) or with GFP-tagged Myo1e wild type (KO+WT) 

or kidney disease associated Myo1e mutants (KO+T119I or KO+A159P). On the 

day of imaging, fresh complete Roswell Park Memorial Institute (RPMI) medium 

was added to the MatTek dishes to remove any viruses. For co-expression, only 

cells that express both markers were chosen to proceed with FRAP experiments. 

In addition, only horizontal junctions were chosen in these FRAP experiments in 

order to maintain the same sized region of interest (ROI).  

The FRAP experiments were performed as previously described (Tyska 

and Mooseker, 2002) with modifications. Briefly, a ROI of 6.8x4.2 μm2 at the 
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junction was selected for bleaching (Fig. 4A). For pre-bleaching, initial 

fluorescence intensity was measured with 5 time points at a rate of 1 sec per time 

point using 71% laser power and 500 ms exposures. Photobleaching was 

performed with 100% laser power and scanning the ROI 25 times. Immediately 

after the bleaching the entire field was scanned at 71% laser power with 500 ms 

exposures. The first image was taken as t=0. For the first 20 seconds the scan 

rate was every 4 seconds, and after the initial 20 seconds, the scan rate was 

reduced to every 10 seconds to prevent further photobleaching. The total imaging 

time is 300 seconds. The FRAP analysis was performed using ImageJ software 

(National Institute of Health, Bethesda, MD) as described in the FRAP manual 

(Miura, 2005) and in a previous study (Deakin et al., 2012). The intensity values 

were normalized such that the scan immediately following the bleach was set to 0 

and all subsequent ROI intensity values were expressed relative to this after-

bleach value (Deakin et al., 2012). Normalized recovery data was fitted into a 

double exponential curve using the following equation in KaleidaGraph (Synergy 

Software) based on Tyska and Mooseker’s study (Tyska and Mooseker, 2002) 

with minor modifications:   

 

 

Y is the ROI intensity at time t >=0, m2 is the mobile fraction, m3 is the amplitude 

of the exponential process with rate k1 (m1) and is equal to the m2 in the 

Y=m2-‐m3	  *	  exp	  (-‐m1	  *	  m0)-‐m4	  *	  exp	  (-‐m5	  *	  m0);	  	  

m1=0.5;	  m2=0.9;	  m3=0.5;	  m4=0.1;	  m5=0.01,	  
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absence of the second process, and m0 is time. M4 and m5 are the amplitude 

and rate k2 of the second process, respectively.  

All mobile fractions were calculated from the curve, and then averaged 

and plotted using KaleidaGraph (Synergy Software). Only the total mobile 

fractions (m2) are used for generating the plot.  

Image analysis 

 All fluorescence intensity measurements were performed with ImageJ 

software (NIH, Bethesda, MD). Quantitative analysis was performed using 

KaleidaGraph (Synergy Software). The statistical significance was calculated 

using unpaired Student t-test with unequal variance.  
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3.5 Results 

3.5.1 The kidney disease associated Myo1e mutants do not co-localize with ZO-

1 at the podocyte junctions.  

Myo1e-null podocytes (clone # 1-16) were plated on MatTek dishes and 

infected with Adenoviral vector encoding GFP-tagged wild type Myo1e or the 

kidney disease associated Myo1e mutants (Myo1-T119I or A159P). Confocal 

images show the co-localizations of wild type Myo1e and ZO-1 at cell-cell 

junctions (Fig. 3.1A-A’’, yellow arrows). The T119I Myo1e mutant does not 

localize to the junctions (Fig. 3.1B) nor does the Myo1e-A159P as previously 

noted (Bi et al., 2013). Both of the mutants exhibit diffuse localization in the 

cytoplasm and lack any specific localization pattern. ZO-1 localization to the cell-

cell junctions is not affected by the lack of Myo1e nor by expression of either of 

the mutants (See Supplemental Fig S2.1 in Chapter 2 and Fig. 3.1B’-B’’ and C’-

C’’, red arrows).  

3.5.2 T119I mutant of Myo1e is not recruited to the junctions during calcium 

switch assay.  

In order to determine whether Myo1e T119I mutant affects junction 

remodeling, we used calcium switch assay that was described previously in 

chapter 2 (Bi et al., 2013). We infected Myo1e-null podocytes with adenoviral 

vectors encoding GFP-tagged Myo1e wild type or T119I mutant, and mCherry-

tagged ZO-1. Using live-cell imaging, we were able to capture the junction 
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reassembly after Ca2+ replenishment. Wild-type Myo1e was recruited to the 

nascent cell-cell contact at the same time as ZO-1 (Fig. 3.2, yellow arrows). 

However, the Myo1e T119I mutant was not recruited to the cell-cell junctions 

after the Ca2+ replenishment (Fig. 3.3), while the recruitment of ZO-1 to the 

nascent contact was not altered (Fig. 3.3, red arrows).  This is consistent with the 

other FSGS-associated Myo1e mutant A159P, which is also not recruited to the 

nascent cell-cell contact (Bi et al., 2013). Interestingly, there was a small amount 

of mutant Myo1e recruited to the junctions at the beginning of the junction 

assembly (Fig. 3.3A’, green arrow), which was very similar to the phenotype we 

saw in our A159P mutant and actin during junction assembly (See Fig. 2.4, 

Chapter 2). However, the mutant Myo1e does not co-localize with ZO-1 during 

junction assembly, revealed by kymograph (Fig. 3.3J).  

3.5.3 FRAP analysis reveals faster turnover of mCherry-ZO-1 in cells 

expressing Myo1e mutants.  

To further investigate whether ZO-1 dynamics at the junctions is affected 

by the different Myo1e motor mutants, we performed FRAP experiments. FRAP 

analysis is able to measure the lateral mobility of fluorescently labeled molecules. 

This includes the half-time of the recovery of the bleached fluorescent molecules 

and the fraction of these fluorescent molecules that participate in the recovery 

process (also known as mobile fraction) (Axelrod et al., 1976). Using our Myo1e-

null immortal podocytes, we were able to re-introduce GFP-tagged Myo1e wild 

type or either of the two kidney-disease associated Myo1e motor domain mutants 
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T119I and A159P with mCherry-tagged ZO-1 (Fig. 3.4A). The first 20 sec of the 

ZO-1 exchange was very rapid both seen from the live-cell imaging and from the 

fitted curve. Therefore, we hypothesized that in the first 20 seconds, the ZO-1 

exchange was likely due to diffusion. The exchange of the ZO-1 molecule 

happened later in the process. The ZO-1 fluorescence recovery data was fit best 

to a double exponential curve, indicating that there are two distinct mechanisms 

for ZO-1 exchange, one is simple diffusion and the other may result from active 

transport.  

Re-introduction of the kidney disease associated Myo1e motor domain 

mutant Myo1e-A159P to the Myo1e-null cells increased ZO-1 total mobile fraction 

(Fig. 3.4B). However, due to the high variability of the morphology of the 

podocytes in our cell lines and transient expression level of fluorescently tagged 

proteins, the ZO-1 mobile fraction was only significantly increased in cells 

expressing the A159P Myo1e mutant (asterisk in Fig. 3.4B) and not in cells 

lacking Myo1e or cells expressing T119I mutant. An increase in the ZO-1 mobile 

fraction in Myo1e-A159P expressing cells suggests that the junctions become 

more dynamic in these cells and in the case of A159P Myo1e this is likely due to 

its loss of function as an actin associated protein.  
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3.6 Discussion 

 The kidney disease-associated Myo1e motor domain mutations, T119I 

and A159P, disrupt Myo1e localization to the cell-cell junctions, endocytic 

vesicles, and plasma membranes. Our previous study using fission yeast as a 

model system showed that these two kidney disease associated Myo1e mutants 

are non-functional, resulting in growth and endocytosis defects similar to those 

observed in fission yeast cells lacking Myo1 (Bi et al., 2015). To further explore 

how these Myo1e motor domain mutants affect podocyte functions, we focused 

on ZO-1 to study junctional dynamics in kidney podocytes.  

Our calcium switch assay suggested that without functional Myo1e, ZO-1 

was still recruited to the nascent cell-cell contacts. However, we are unable to 

conclude whether the efficiency of the ZO-1 recruitment is affected at this time 

due to lack of statistical analysis. A previous study from another group has used 

immunostaining and line scan analysis to quantify junctional ZO-1 based on 

intensity value at the steady state (Maiers et al., 2013). Future investigations to 

determine whether the junction integrity is affected by expressing of the Myo1e 

mutants may be performed in the same fashion, using line scan analysis on 

junctional ZO-1 at different time points during junction assembly. If Myo1e is 

involved in efficiently recruiting ZO-1 to the junctions, we would expect to see a 

difference in time or quality of junction assembly in Myo1e mutants expressing 

cells. In addition, in Chapter 2, we showed that in mutant Myo1e expressing 

podocytes, the actin assembly at the junctions is defective, which could also be 
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linked to ZO-1 recruitment to the junctions, since ZO-1 interacts with actin via its 

C-terminus. To determine if Myo1e affects the actin assembly at the junctions, we 

can perform G-actin corporation assay using fluorescently labeled G-actin 

(Kovacs et al., 2011).  

To investigate the dynamics of ZO-1 at the steady state, we performed 

FRAP experiments to better understand the turnover rate of ZO-1 at the 

junctions. Our results showed that the fluorescence recovery of ZO-1 in wild type 

Myo1e expressing podocytes was about 70%, which was similar to previous 

studies in other epithelial cell types (Foote et al., 2013; Shen et al., 2008). 

According to our recently published paper that both kidney disease associated 

mutants are non-functional and they have the same loss of function effects on 

fission yeast cells as Myo1-null strain (Bi et al., 2015), we predict that by 

expressing the Myo1e-T119I mutant or just using Myo1e-null cells, ZO-1 mobile 

fractions would also increase in cultured podocytes. However, many more 

replicates would be required to find the signal in the noise, because our podocyte 

cell lines are highly variable morphologically. In the future, we can try to use a 

well-characterized epithelial cell line, such as MDCK cells, to study ZO-1 

dynamics at the junctions under the influence of Myo1e mutants.  

According to Shen et al., ZO-1 recovery at the junction is mainly due to the 

exchange of ZO-1 with the intracellular pools (Shen et al., 2008). It would be 

interesting to further explore which protein, or protein complex, brings the 

intracellular pool of ZO-1 to the junctions. Shen et al. have also noted that a small 
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stable fraction of ZO-1 remains associated with the junctions. We hypothesize 

that the recovery of this stable fraction of ZO-1 is due to an anchoring molecule 

or protein complex at the junctions holding ZO-1 in place. If the anchoring 

molecule is missing or non-functional, the junctions would become less stable 

and more dynamic. ZO-1 exchange would in turn increase, resulting in a higher 

mobile fraction.   

Increased ZO-1 mobile fraction, especially in A159P expressing 

podocytes, indicated that the junctions in Myo1e mutants expressing podocytes 

became more dynamic and less stable. Our early FRAP experiments using 

podocytes with shRNA knocking down endogenous Myo1e also showed an 

increased mobile fraction of junctional ZO-1 compared to wild type podocytes 

(data not shown). This supports our current model that without functional Myo1e 

at the junctions, the junctions become less stable, and ZO-1 exchange will 

increase.  
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Figure 3.1. Kidney disease associated Myo1e mutants do no co-localize 

with ZO-1 at the cell-cell junctions.  
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Figure 3.1. Kidney disease associated Myo1e mutants do no co-localize 

with ZO-1 at the cell-cell junctions. Adenoviral vectors encoding GFP-tagged 

Myo1e wild type (A) or mutants (B-C), and mCherry-tagged ZO-1 (A’-C’) were 

infected to Myo1e-null mouse podocytes. The merged images are shown in A’’-

C’’. Yellow arrows in A indicate the co-localization of wild type Myo1e and ZO-1 

at the junctions, while red arrows in B and C point to ZO-1 localization at the 

junctions without colocalization with the Myo1e mutants T119I and A159P. Scale 

bar: 10 μm. 
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Figure 3.2. Myo1e is recruited to the nascent cell-cell contact at the same 

time as ZO-1 during the junction assembly. 
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Figure 3.2. Myo1e is recruited to the nascent cell-cell contact at the same 

time as ZO-1 during the junction assembly. Myo1e-null mouse podocytes 

were infected with GFP-tagged wild type Myo1e (A, D, and G) and mCherry-

tagged ZO-1 (B, E, F). Individual frames from a time-lapse video of the calcium 

switch experiment at the time points of 1 min (A-C), 4 min (D-F) and 8 min (G-I) 

are shown. The zoomed-in images from the boxed areas in images A, D, and G 

are displayed in the right-hand panels (A’-F’). Yellow arrows indicate the 

recruitment and co-localization of wild type Myo1e and ZO-1. Scale bar: 10 μm. 
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Figure 3.3. Kidney disease-associated Myo1e mutant T119I is not recruited 

to the nascent cell-cell junction with ZO-1 at the same time. 
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Figure 3.3. Kidney disease-associated Myo1e mutant T119I is not recruited 

to the nascent cell-cell junction with ZO-1 at the same time. Myo1e-null 

mouse podocytes were infected with GFP-tagged mutant Myo1e-T119I (A, D, 

and G) and mCherry-tagged ZO-1 (B, E, F). Individual frames from a time-lapse 

video of the calcium switch experience at the time point of 1 min (A-C), 5 min (D-

F) and 10 min (G-I) are shown. The zoomed-in images from the boxed areas in 

images A, D, and G are displayed in the right-hand panels (A’-F’). Red arrows 

indicate the recruitment of ZO-1 only at the nascent cell-cell contact during 

calcium switch experiment at a certain time point. The green arrow in A’ refers to 

the recruitment of Myo1e-T119I at the beginning of junction assembly, which 

does not co-localize with ZO-1, indicated by Kymograph (J). Scale bar: 10 μm.  
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Figure 3.4. ZO-1 mobile fractions are increased in cells lacking Myo1e or 

expressing kidney disease-associated Myo1e mutants. 
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Figure 3.4. ZO-1 mobile fractions are increased in cells lacking Myo1e or 

expressing kidney disease-associated Myo1e mutants. (A) Fluorescence 

Recovery After Photobleaching (FRAP) experiment is demonstrated. The yellow-

boxed region at the junction between cell 1 and cell 2 indicates the bleached 

region. Before photobleaching (pre-bleach), the fluorescence intensity inside the 

boxed region is recorded as baseline and normalized to 1. After the 

photobleaching (post-bleach), the fluorescence recovery inside the boxed region 

was recorded at a certain frequency (T1, T2, …). The data was analyzed and 

normalized, and plotted as double exponential curve (detailed information see 

Material and Methods). (B) Bar graphs show that the mobile fraction of ZO-1 is 

higher in the Myo1e-null podocytes or cells expressing Myo1e mutants T119I or 

A159P. Asterisk (*) indicates the data is statistically significant. P=0.062 (KO), 

0.0024 (KO+Myo1eA159P), 0.075 (KO+Myo1eT119I). 
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Effects of FSGS-associated mutations on the 

stability and function 

of myosin-1 in fission yeast 

 

 

 

 

 

 

 

Chapter 4 is adapted from the following article published in 2015: 

Bi, J., Carroll, R.T., James, M.L., Ouderkirk, J.L., Krendel, M., Sirotkin, V., 2015. Effects of FSGS-

associated mutations on the stability and function of myosin-1 in fission yeast. Dis. Model. Mech., 

8(8):891-902. 
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4.2 Abstract 

Point mutations in the human MYO1E gene, encoding class I myosin 

Myo1e, are associated with focal segmental glomerulosclerosis (FSGS), a 

primary kidney disorder that leads to end stage kidney disease. In this study, we 

used a simple model organism, fission yeast Schizosaccharomyces pombe, to 

test the effects of FSGS-associated mutations on myosin activity. Fission yeast 

has only one class I myosin, Myo1, which is involved in actin patch assembly at 

the sites of endocytosis. The amino acid residues mutated in the FSGS patients 

are conserved between human Myo1e and yeast Myo1, which allowed us to 

introduce equivalent mutations into yeast myosin and use the resulting mutant 

strains for functional analysis. Yeast strains expressing mutant Myo1 exhibited 

defects in growth and endocytosis similar to those observed in the myo1 deletion 

strain. These mutations also disrupted Myo1 localization to endocytic actin 

patches and resulted in mis-localization of Myo1 to eisosomes, linear membrane 

microdomains found in yeast cells. While both mutants examined in this study 

exhibited loss of function, one of these mutants was also characterized by the 

decreased protein stability. Thus, using the yeast model system we were able to 

determine that the kidney disease-associated mutations impair myosin functional 

activity and have differential effects on protein stability.  
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4.3 Introduction 

 Missense mutations in the human MYO1E gene encoding molecular motor 

protein Myosin 1e (Myo1e) are associated with kidney disease (Al-Hamed et al., 

2013; Mele et al., 2011; Sanna-Cherchi et al., 2011). While these mutations have 

been predicted to disrupt Myosin 1e activity, testing this prediction directly in a 

vertebrate model organism is challenging, not only due to the need for complex 

genetic modifications but also because of the limitations of microscopic and 

biochemical characterization in such a model. Therefore, we took advantage of a 

favorable model system, fission yeast S. pombe, to examine the effects of 

disease-associated mutations on myosin-1 localization, activity, and stability.  

 From more than twenty known classes of myosins, approximately forty 

myosins distributed among 12 classes are present in humans (Berg et al., 2001), 

including 8 members of class I myosins. Several myosins have been implicated 

in human health and disease (Moore et al., 2012; Ouderkirk and Krendel, 2014; 

Redowicz, 2002; Tajsharghi and Oldfors, 2013). Mutations in the MYO1E gene in 

humans are associated with focal segmental glomerulosclerosis (FSGS) (Al-

Hamed et al., 2013; Mele et al., 2011; Sanna-Cherchi et al., 2011), a kidney 

disease arising from the disruption of the protein filtration barrier in the kidney, 

which leads to proteinuria (protein excretion in the urine). FSGS is characterized 

by the structural changes in the renal glomeruli, the portions of the nephrons that 

are responsible for selective protein filtration. In many cases of familial FSGS, the 

disruption of renal filtration arises from the defects in specialized epithelial cells of 
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the glomerulus, called podocytes (Greka and Mundel, 2012). Podocytes have 

long, actin-rich, interdigitating cell processes, called foot processes, which cover 

the entire surface of the glomerular capillaries. The contacts between podocyte 

foot processes, also known as the slit diaphragms, represent one of the key 

components of the glomerular filtration barrier (George and Holzman, 2012; 

Greka and Mundel, 2012).  

Myosin 1e (Myo1e) is expressed in podocytes and plays a key role in 

regulating the integrity of their cell-cell junctions (Bi et al., 2013). Myo1e-null mice 

develop proteinuria at 2 weeks after birth, along with the structural changes in the 

glomeruli that are reminiscent of those observed in patients with FSGS (Krendel 

et al., 2009; Mele et al., 2011). While it is known that the complete knockout of 

Myo1e or its selective knockout in podocytes are sufficient to induce FSGS-like 

disease in mice (Chase et al., 2012; Krendel et al., 2009), the effects of 

substituting wild-type Myo1e with the mutant versions associated with human 

FSGS have not been tested in a model organism. 

Like other members of the myosin superfamily, human Myo1e and S. 

pombe class I myosin Myo1 have a highly conserved N-terminal motor domain 

(Fig. 4.1A) that uses ATP hydrolysis to move along an actin filament and a C-

terminal tail domain that binds membrane and protein cargo (Bement et al., 1994; 

El Mezgueldi et al., 2002; Feeser et al., 2010; Krendel et al., 2007; Lee et al., 

2000; Sirotkin et al., 2005). Both missense mutations in the MYO1E gene 

identified in the FSGS patients result in changes in conserved amino acid 
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residues in the myosin motor domain. The T119I mutation (Al-Hamed et al., 

2013) is located in the P-loop region, while the A159P mutation (Mele et al., 

2011; Sanna-Cherchi et al., 2011) is located adjacent to the Switch-I region (Fig. 

4.1B).  These regions are involved in ATP binding and hydrolysis. Therefore, 

mutations in these highly conserved residues are likely to disrupt the functions of 

the myosin motor domain.  

In order to determine whether a particular disease-associated mutation is 

pathogenic or represents a non-pathogenic polymorphism, it is important to test 

the effects of each mutation on protein functions.  While the effects of T119I on 

myosin-1 function are yet to be tested, we have previously characterized the 

effects of the A159P mutation on Myo1e activity by expressing the mutant Myo1e 

in the Myo1e-null podocytes (Bi et al., 2013).  The mutant was mis-localized, and 

cells expressing this Myo1e variant exhibited defects in cell-cell contact 

formation. However, this analysis was complicated by the inherent variability of 

contact assembly between individual pairs of cells detected by live cell imaging 

and by the lack of clear understanding of Myo1e function in contact assembly.  

In the present study, we tested the effects of mutations equivalent to a 

known Myo1e pathogenic mutation (A159P) and a novel mutation recently 

identified by candidate gene sequencing (T119I) (Al-Hamed et al., 2013) in a 

favorable model system S. pombe. Unlike vertebrates that have multiple class I 

myosins, fission yeast have a single class 1 myosin, Myo1, and its localization 

and function are well-defined. Myo1 assembles into actin patches at the sites of 
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endocytosis in an ordered, highly reproducible manner and plays a role in 

promoting endocytic internalization (Sirotkin et al., 2010). Yeast lacking Myo1 

exhibit growth defects, abnormal morphology, and changes in actin patch 

localization and dynamics (Lee et al., 2000; Sirotkin et al., 2005). We took 

advantage of the conservation of motor domains between Myo1e and Myo1 to 

examine the effects of the FSGS-equivalent mutations on fission yeast Myo1. 

Intriguingly, we found that while both mutations disrupted Myo1 localization and 

function, they had differential effects on Myo1 stability and folding as gauged by 

immunoblotting and by co-localization with a myosin chaperone Rng3 (Lord and 

Pollard, 2004; Stark et al., 2013).  
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4.4 Materials and Methods 

Yeast strains  

Yeast strains used in this study are listed in Supplementary Table S1. All 

strains were constructed by genomic integrations using homologous 

recombination (Bahler et al., 1998; Sammons et al., 2011) and genetic crosses. 

The myo1-E1 (G308R) and myo1-S1 (G483D) mutants were generated 

previously (Stark et al., 2013) based on the sequence homology with myo2-E1 

and myo2-S1 mutants (Balasubramanian et al., 1998; Wong et al., 2000). 

Nucleotide changes corresponding to the T140I and A181P mutations 

were introduced into S. pombe myo1 gene sequence using QuickChange kit 

(Stratagene; La Jolla, California) according to the manufacturer’s instructions. 

The mutations were generated in the pBS-myo1 construct that contains 5 kb 

EcoR1 fragment of S. pombe genomic DNA encompassing myo1 gene (Lee et 

al., 2000). To integrate these mutations into the endogenous myo1 locus, 

mutated constructs were digested with EcoR1, and 5 kb myo1 gene fragments 

were introduced via lithium acetate transformation into myo1Δ::ura4+ strain 

(TP192), in which myo1 open reading frame is replaced with the ura4+ nutritional 

marker (Sirotkin et al., 2005), followed by counter-selection against ura4+ on 

EMM plates containing 2 mg/ml 5-FOA and 0.05 mg/ml uracil. Successful 

integrations of mutated myo1 sequences were confirmed by sequencing of PCR-

amplified fragments of myo1 locus.  
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To tag wild type and mutant Myo1 with mGFP or mCherry at the C-

terminus, the stop codon in the endogenous myo1 gene in normal chromosomal 

location was replaced with gene tagging cassettes PCR-amplified from pFA6a-

mGFP-kanMX6 (pJQW 85-4) for mGFP (Bahler et al., 1998; Wu et al., 2003), or 

pFA6a-mCherry-natMX6 (pKS391) for mCherry (Snaith et al., 2005).  

Haploid strains combining mutants, mGFP- or mCherry-tagged markers 

were generated by genetic crosses. Parental strains were crossed on ME plates 

followed by tetrad dissection directly from the cross or from the sporulating 

diploids isolated from the crosses. For some crosses, G308R mutant was 

transformed with pUR-myo1+ plasmid, which facilitates crosses and is lost upon 

sporulation. During constructing the strains, no effects of tagging Myo1 mutants 

with fluorescent protein tags or combining these mutants with fluorescent protein-

tagged Fim1, Cam2, Lifeact, or Rng3 on cell viability were observed. 

Fluorescence microscopy 

Fission yeast cells were grown at 25oC in YE5S medium to exponential 

phase. Cells were then washed in EMM medium and mounted on pads of 25% 

gelatin in EMM under coverslips. The images were taken using PerkinElmer 

UltraView VoX Spinning Disc Confocal system mounted on a Nikon Eclipse Ti-E 

microscope equipped with Hamamatsu C9100-50 EMCCD camera and a 

100x/1.4 N.A. PlanApo objective and controlled by Volocity software. The Z-

series through the entire cells were captured at 0.4-µm intervals, and the time-

lapse images in a single confocal section in the middle plane of the cell were 
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collected at a 2-second intervals for 1 min. Maximum intensity projections were 

generated from three Z-sections through the top surface of the cells.  

Image analysis 

All image analysis was performed in ImageJ (National Institutes of Health, 

Bethesda, MD). Brightness and contrast were adjusted identically within each 

figure. For actin patch tracking, at least 5 patches were selected from a time-

lapse movie for each strain. The patch fluorescence intensity, position, and 

movement were measured in ImageJ. Time courses of intensity and distance 

from origin for individual patches were aligned in time to peak intensity of Fim1-

mCherry (time zero) and averaged at each time point. The whole cell intensities 

in GFP (Fig. 1G) channel were measured for 5 cells in frame 4 of the time series 

in a single confocal section through the middle of the cells and subtracted for 

extracellular background. Co-localization between mGFP-tagged Myo1 and 

mCherry-tagged Fimbrin (Fig. S2A) was measured in ImageJ by selecting all 

Fim1-mCherry patches at frame 10 and counting the fraction of Fim1-mCherry 

patches that contained mGFP-labeled Myo1 within the 10 pixel selection area 

centered on Fim1-mCherry patch at any time point during Fim1-mCherry patch 

lifetime.  The average numbers of eisosome per surface area (Fig. S3) were 

measured by counting the numbers of eisosomes in the maximum intensity 

projections of three Z-sections through the top surface of three cells. Co-

localization between Myo1 and Cam2 in patches, puncta, and eisosomes (Fig. 

S5) were measured from three Z-sections through the top surface of three cells. 
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For patches, the presence of both mGFP and mCherry signals within 10-pixel 

wide selection area centered on a patch was counted as co-localization.  

Western blots 

Fission yeast cells were grown under the same conditions that were used 

for live cell imaging. Cells were harvested by centrifugation and processed for 

immunoblotting (Wu and Pollard, 2005). Pelleted cells were re-suspended in ice-

cold lysis buffer U (50mM HEPES pH7.5, 100mM KCl, 3mM MgCl2, 1mM EGTA, 

1mM EDTA, 0.1% TritonX-100, 1mM DTT, 1mM PMSF, and Complete (Roche, 

NJ) protease inhibitor cocktail). Total protein samples were prepared by 

mechanical lysis with glass beads in FastPrep-24 (MP-Bio, Santa Ana, 

California), followed by addition of SDS-PAGE sample buffer, 2 min incubation at 

100oC and 2 min centrifugation at 14,000 rpm in a microcentrifuge. Samples 

containing equal amounts of total protein, adjusted based on quantitation of 

Coomassie-stained gels, were separated on 10-20% gradient SDS-PAGE gels 

and transferred to Immobilon-P (EMD Millipore, Billerica, MA) membranes 

followed by incubation with 1:3000 dilution of primary anti-GFP antibody (Pierce, 

Rockford, IL) overnight at 4oC and secondary horseradish peroxidase-conjugated 

antibody for 1 hr at room temperature. Blots were developed using Clarity™ 

Western ECL substrate (BioRad, Hercules, CA) and imaged using Bio-Rad 

(BioRad, Hercules, CA) ChemiDoc MP imager.  

The total and the full length band intensities were measured in Image Lab 

(BioRad, Hercules, CA) and normalized to the wild type (Fig. 1D-F). Fraction of 
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the total band intensity detected in the full-length band was also calculated (Fig. 

S1A).  

Cycloheximide  treatment 

Cycloheximide (CHX) treatment was performed as previously described 

(Roseaulin et al., 2013). Briefly, fission yeast cells were grown at 25oC in YE5S 

medium to exponential phase. 0.1 mg/ml CHX (Amresco, Solon, Ohio) were 

added to cells for 24hrs at 25oC, and cells were lysed and processed for western 

blot analysis.  
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4.5 Results 

4.5.1 Mutations in the motor domain of Myo1, equivalent to the FSGS-

associated Myo1e mutations, result in yeast growth defects 

Based on sequence alignment (Fig. 4.1B), we identified conserved 

residues T140 and A181 in the S. pombe Myo1 motor domain as homologous to 

the residues T119 and A159 in human Myo1e, which are disrupted by the T119I 

and A159P mutations in human FSGS patients. To examine the effects of these 

mutations in fission yeast, we replaced the wild type myo1+ coding sequence with 

the mutant myo1 variants directly in the yeast genome so that the mutant 

myosins were expressed from the myo1 genomic locus under the control of the 

endogenous promoter. Like Δmyo1 (Lee et al., 2000), myo1(T140I) and 

myo1(A181P) cells were viable and were able to grow on rich YES medium at 

25oC (Fig. 4.1C).  

Many endocytosis mutants in budding and fission yeast, including Δmyo1 

(Lee et al., 2000; Munn et al., 1995; Whitacre et al., 2001), exhibit sensitivity to 

high temperature (36oC) and high salt (1M KCl or NaCl). To examine the effects 

of Myo1 motor domain mutations on cell growth, we directly compared the ability 

of myo1(T140I), myo1(A181P), Δmyo1 and wild type cells to grow on rich YES 

medium containing 1M KCl at 36oC and on minimal EMM medium containing 

Phloxine B (PB), an indicator of cell viability, at 25oC and 36oC (Fig. 4.1C). 

Increased PB staining indicates decreased viability. Wild type cells grew on 

YE5S+1M KCl plates and stained lightly pink on EMM+PB plates at 25oC and 
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36oC. In contrast, myo1(T140I) and myo1(A181P) cells completely failed to grow 

on YES+1M KCl plates and grew but stained dark red on EMM+PB plates at both 

25oC and 36oC, indicating decreased viability. Salt sensitivity and decreased 

viability of myo1(T140I) and myo1(A181P) cells were identical to those observed 

in Δmyo1 cells. Thus, each of the two motor domain mutations disrupted Myo1 

function in yeast cells to the same degree as complete myo1 deletion.  

4.5.2 A181P but not T140I mutation results in the decreased stability of Myo1 in 

yeast       

To examine the effects of motor domain mutations on Myo1 stability and 

localization in cells, we tagged both mutants with monomeric GFP (mGFP) or 

mCherry at the C-terminus directly in the native myo1 chromosomal location in 

haploid cells. The tagged proteins were expressed under the control of 

endogenous myo1 promoter and were the sole source of Myo1 in cells. We 

compared the stability and localization of mGFP-tagged proteins to similarly 

tagged wild type Myo1 and two previously constructed Myo1 motor domain 

mutants, Myo1-E1 (G308R) and Myo1-S1 (G483D) (Stark et al., 2013). The 

Myo1-E1 and Myo1-S1 mutants were modeled after the severe Myo2-E1 and 

mild Myo2-S1 mutants of S. pombe myosin-II Myo2 (Balasubramanian et al., 

1998; Wong et al., 2000). The G345R mutation in the myo2-E1 allele destabilizes 

Myo2, resulting in cytokinesis defects and enhanced recruitment of myosin 

chaperone Rng3 to the contractile ring, while the G515D mutation in the myo2-S1 

allele does not (Stark et al., 2013; Wong et al., 2000).  
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Western blot analysis of yeast extracts using anti-GFP antibodies revealed 

increased degradation of the mGFP-tagged A181P and G308R Myo1 mutants 

compared to the mGFP-tagged wild type Myo1, T140I and G483D Myo1 mutants 

(Fig. 4.1D-F and Fig. S4.1A). Under our lysis conditions, even wild-type Myo1-

mGFP was susceptible to degradation such that 30% was detected as the ~150 

kDa full-length Myo1-mGFP (arrow in Fig. 4.1D and Fig. S4.1A), and the rest as 

lower molecular weight degradation products with a prominent ~40 kDa band 

(arrowhead in Fig. 4.1D). A similar degradation pattern and similar amounts of 

the total mGFP-tagged protein were observed for Myo1(T140I)-mGFP and 

Myo1(G483D)-mGFP, although compared to the wild type Myo1-mGFP, more 

Myo1(T140I)-mGFP and less Myo1(G483D)-mGFP were detected as the full-

length protein (Fig. 1D and Fig. S1A). In contrast, the total amounts of 

Myo1(A181P)-mGFP and Myo1(G308R)-mGFP were substantially reduced to 0.6 

and 0.4 of the wild type level (Fig. 4.1E), respectively, and only 10% of the total 

was detected as the full length protein (Fig. 4.1F  and Fig. S4.1A). Myo1(A181P)-

mGFP and Myo1(G308R)-mGFP also showed a different degradation pattern: the 

amounts of the 40 kDa degradation product were greatly reduced and replaced 

with a new, lower molecular weight ~30 kDa product (asterisk in Fig. 4.1D), 

representing almost complete degradation of mutant Myo1. Unlike the level of 

protein detected by immunoblotting, the total fluorescence intensities of cells 

before lysis (Fig. 4.1G), representing total intracellular concentrations (Wu and 

Pollard, 2005), were the same for all strains, indicating that all mutants were 
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expressed at the same level, and that the degradation likely occurred in part after 

cell lysis. Treatment with 0.1 mg/ml cycloheximide for 24 hours to block new 

protein synthesis had no effect on the degradation pattern and amounts of the 

detected protein (Fig. S4.1B), suggesting that in cells wild type and mutant Myo1 

turn over very slowly and their degradation products, once generated, remain 

stable in the cytoplasm. Increased degradation detected by immunoblotting 

suggested decreased stability of A181P and G308R Myo1 mutants. Surprisingly, 

from the two FSGS-associated mutations, only the A181P mutation decreased 

Myo1 stability, whereas the T140I mutation did not.  

4.5.3 Myo1 motor domain mutations disrupt localization and function of Myo1 in 

endocytic actin patches  

To characterize the effects of motor domain mutations on Myo1 

localization in live fission yeast cells, we examined localization of mGFP-tagged 

wild type and mutant Myo1 variants relative to the endocytic actin patches 

labeled with mCherry-tagged actin-binding protein fimbrin Fim1 (Fig. 4.2). While 

the wild-type Myo1-mGFP and the mild mutant Myo1(G483D)-mGFP co-localized 

with Fim1-mCherry in more than 95% endocytic actin patches on the cell surface 

(Fig. S4.2A and yellow arrowheads in Fig. 4.2A-B’’), the three other motor 

domain mutants, Myo1(T140I)-mGFP, Myo1(A181P)-mGFP, and Myo1(G308R)-

mGFP did not (Fig. 4.2D-F’’). Instead, these three Myo1 motor domain mutants 

localized to filamentous structures at the cell cortex (green arrows in Fig. 4.2D–

F’’), which had only nominal, less than 10% overlap with actin patches (Fig. 
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S4.2A). Thus, functional motor domain is required for Myo1 localization to actin 

patches. Interestingly, approximately 3-fold more Myo1(T140I)-mGFP localized to 

these filamentous cortical structures, subsequently identified as eisosomes,  than 

Myo1(A181P)-mGFP or Myo1(G308R)-mGFP (Fig. S4.2B-E), which correlated 

with the amount of full-length protein detected by immunoblotting (Fig. 4.1 and 

Fig. S4.1). This suggests that the increased degradation of A181P and G308R 

Myo1 mutants decreases their localization at the cell cortex.  

Since Myo1(T140I)-mGFP, Myo1(A181P)-mGFP, and Myo1(G308R)-

mGFP failed to localize to actin patches, we compared actin patch dynamics 

measured with Fim1-mCherry in Myo1 motor domain mutants, Δmyo1 or wild 

type cells (Fig. 4.3A-F). In the wild type cells, patches assembled in ~7 seconds 

to peak intensity corresponding to  ~900 fimbrin molecules (Sirotkin et al., 2010) 

and disassembled in 9 seconds, and nearly all patches moved away from the 

cortex, representing successful endocytic internalization. The wild type Myo1 

appeared 1-2 seconds before Fim1, peaked 1-2 seconds before Fim1, and 

stayed on the membrane as actin patch associated with the endocytic vesicle 

internalized (Fig. 4.3A), which is why co-localization between Myo1 and Fim1 is 

not perfect (Sirotkin et al., 2005). The same actin patch dynamics was observed 

in cells expressing the mild Myo1(G483D)-mGFP mutant (Fig. 4.3B). In contrast, 

mGFP-tagged T140I, A181P, and G308R Myo1 mutants completely failed to 

localize to actin patches at any point during the patch lifetime (Fig. 4.3D-F), and 

cells expressing these mutants exhibited the same defects in patch assembly 
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and constitutive endocytic internalization (Fig. 4.3G-I) as in the Δmyo1 cells (Fig. 

4.3C). In cells expressing Myo1(T140I)-mGFP, Myo1(A181P)-mGFP, and 

Myo1(G308R)-mGFP, patches exhibited a 12-20 seconds longer lifetime (T140I: 

32.8+/-5.8 seconds; A181P: 28.0+/-8.4 seconds; G308R: 36.0+/-6.3 seconds) 

due to 6-8 seconds longer assembly time (T140I: 13.8+/-1.8 seconds; A181P: 

12.6+/-4.3 seconds; G308R: 15.4+/-4.3 seconds) and 6-12 seconds longer 

disassembly time compared to the wild type cells (Fig. 4.3G). While patches in 

these three motor domain mutants assembled to the similar peak intensity as in 

the wild type cells (Fig. 4.3I), only half of the patches successfully internalized 

(Fig. 4.3H), indicating a significant defect in constitutive endocytosis, which 

correlated with the reduced viability of these cells (Fig. 4.1C). Thus, motor 

domain mutations prevent Myo1 localization to patches and result in the same 

defects of actin patch dynamics as the complete myo1 deletion.   

4.5.4 Myo1 motor domain mutants co-localize with the eisosome marker Fhn1  

Elongated cortical structures decorated by mGFP-tagged T140I, A181P, 

and G308R Myo1 motor domain mutants were reminiscent of eisosomes. 

Eisosomes are membrane invaginations/microdomains characterized by the 

presence of specific membrane-binding and transmembrane proteins, including 

Fhn1 (Kabeche et al., 2011; Moreira et al., 2009; Olivera-Couto et al., 2011; 

Walther et al., 2007). To determine if Myo1 motor domain mutants indeed 

localized to eisosomes, we combined by genetic crosses mCherry-tagged 

eisosome marker Fhn1 with mGFP-tagged wild type or mutant Myo1 (Fig. 4.4). 
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Fluorescence imaging revealed co-localization of Myo1 mutants T140I, A181P, 

and G308R with Fhn1 in eisosomes (Fig. 4.4C-E’’, yellow arrows), whereas wild 

type Myo1 or G483D mutant localized to actin patches (Fig. 4.4A-B’’, green 

arrowheads) that showed little overlap with Fhn1-mCherry labeled eisosomes 

(Fig. 4.4A-B’’, red arrows). Thus, disruption of Myo1 motor domain by kidney 

disease-associated mutations resulted in targeting of Myo1 to eisosomes. The 

association of Myo1 mutants with eisosomes appeared to have no effect on 

eisosome formation since the number of eisosomes in wild type and myo1 

mutant cells was approximately the same (Fig. S4.3), despite differences in the 

amount of Myo1 associated with eisosomes among Myo1 mutants (Fig. S4.2). 

To test whether mutant Myo1 in eisosomes can recruit any filamentous 

actin (F-actin) and, conversely, whether any eisosome-localizing Myo1 mutants 

can associate with actin patches, cables, and rings, which are the three actin 

structures in fission yeast cells, we examined the localizations of mGFP-tagged 

Myo1 wild type and mutant Myo1 variants relative to the actin structures labeled 

with a general F-actin marker Lifeact-mCherry (Fig. 4.5). In the wild type cells, 

Myo1 co-localized with Lifeact in patches (Fig. 4.5A-A’’’, yellow arrowheads) but 

not in cables (Fig. 4.5A-A’’’, red arrows) or contractile actin rings. In contrast, two 

kidney disease associated mutants, Myo1(T140I)-mGFP and Myo1(A181P)-

mGFP, localized to eisosomes (Fig. 4.5B-C’’’, green arrows) that were clearly 

distinct from any Lifeact-labeled F-actin structures in the cells (Fig. 4.5B-C’’’, red 

arrows, filled and open arrowheads). In the two mutants, as in Dmyo1 cells, all F-
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actin structures, including patches, lacked any Myo1 and, conversely, no Lifeact-

labeled F-actin was detected associated with Myo1 mutants in eisosomes.  

4.5.5 Myo1 mutants co-localize with the Cam2 light chain  

Increased degradation of the A181P and G308R Myo1 mutants compared 

to the T140I mutant or wild type Myo1 in immunoblotting assays (Fig. 4.1) 

suggested that their protein stability was decreased, possibly due to misfolding. 

To directly test whether FSGS-associated mutations affect myosin folding and 

stability, we examined whether the stability of Myo1 motor mutants correlated 

with their ability to associate with a myosin chaperone Rng3. Rng3 is a member 

of the UCS family of molecular chaperones that is necessary for the motor 

activity of fission yeast myosin II Myo2 (Lord and Pollard, 2004; Stark et al., 

2013). Previous work showed that while Rng3 is not required for Myo1 folding, a 

destabilizing G308R mutation in the Myo1 motor domain promotes recruitment of 

Rng3 to Myo1, which was detected using Myo1-specific light chain Cam2 tagged 

with mCherry (Stark et al., 2013). In myo1(G308R) cells, Rng3 and Cam2  co-

localized in patch-like structures that, we suspect, represented cross-sections of 

eisosomes or protein aggregates.  

Initially, we followed the approach taken by Stark et al. (2013) and tested 

whether Myo1-specific light chain Cam2 tagged with mCherry can be used to 

track localization of FSGS-associated Myo1 mutants in cells. We combined 

Cam2-mCherry with mGFP-tagged wild type or mutant Myo1 by genetic crosses 

(Fig. 4.6A-C’’, Fig. S4.4A-C’’) and examined their localization in live fission yeast 
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cells. Fluorescence imaging showed that wild-type Myo1 and Myo1(G483D) co-

localized with Cam2 (Fig. 4.6A-A’’, Fig. S4.4A-A’’) in 100% and 91% of endocytic 

actin patches, respectively (Fig, S4.5). Cam2 binds the second IQ motif of Myo1 

(Sammons et al., 2011). When Cam2 binding to Myo1 was disrupted by a point 

mutation (Sammons et al., 2011) or by the deletion of the second IQ motif (Fig. 

S4.4C-C’’), Myo1 continued to localize to actin patches, while Cam2 re-localized 

to mobile and stationary puncta that were clearly distinct from actin patches 

(white arrows in Fig. S4C-C’’). The residual 5-12.5% co-localization between 

mGFP-Myo1(ΔIQ2) and Cam2-mCherry (Fig. S4.5) represented occasional 

fortuitous juxtaposition of actin patches and Cam2 puncta.  Cam2 maintained 

association with Myo1 motor domain mutants and Cam2-mCherry showed robust 

co-localization with mGFP-tagged T140I, A181P, and G308R Myo1 mutants 

(yellow arrows in Fig. 4.6B-C’’, Fig. S4.4B-B’’) in 100% of eisosomes (Fig. S4.5). 

For each mutant, the amount of Cam2 in eisosomes correlated with the amount 

of Myo1 in eisosomes and the level of full-length Myo1 detected by 

immunoblotting (Fig. 4.1). In the stable T140I mutant, virtually all Cam2 co-

localized with Myo1 in eisosomes, whereas in the unstable A181P and G308R 

mutants Cam2 localized to both eisosomes and cytoplasmic puncta (Fig. S4.5, 

yellow arrows in Fig. 4.6C-C’’ and Fig. S4.4B-B’’) similar to those observed in the 

cells expressing Myo1 mutant lacking the second IQ motif (Fig. S4.5, white 

arrows in Fig. S4.4C-C’’). Co-localization of Cam2 with Myo1 mutants in 
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eisosomes, structures with distinctive linear organization, allowed us to use 

Cam2 as a proxy for Myo1 localization.  

4.5.6 Chaperone Rng3 is recruited to the A181P but not the T140I Myo1 mutant 

To test if Myo1 motor domain mutants recruit Rng3, we constructed 

haploid yeast strains combining triple GFP-tagged Rng3 (Rng3-3xGFP) with 

Cam2-mCherry and the untagged versions of either the wild type, or mutant 

Myo1 (Fig. 4.6D-F’’ and Fig. S4.4D-F’’).  In the wild type and myo1(G483D) cells, 

Rng3-3xGFP localized to actin contractile rings (green arrows in Fig. 4.6D-D’’ 

and Fig. S4.4D-D’’) and cytoplasmic puncta (green arrowheads in Fig. 4.6D-D’’ 

and Fig. S4.4D-D’’) and did not co-localize with Cam2-mCherry in actin patches 

(red arrowheads in Fig. 4.6D-D’’ and Fig. S4.4D-D’’). In contrast to the wild type 

cells, in myo1(A181P) and myo1(G308R) mutants, Rng3-3xGFP partially 

colocalized with Cam2-labeled eisosomes (yellow arrows in Fig. 4.6F-F’’ and Fig. 

S4.4E-E’’), indicating recruitment of Rng3 to mutated Myo1.  In addition to 

eisosomes, we also observed that in myo1(T140I), myo1(A181P) and 

myo1(G308R) cells, Cam2 and Rng3 co-localized in bright cortical puncta of 

unknown nature (yellow arrowheads in Fig. 4.6E-F’’ and  Fig. S4.4E-E’’), which 

may represent fragmented eisosomes or protein aggregates. In stark contrast to 

the myo1(A181P) and myo1(G308R) mutants, in myo1(T140I) mutant cells Rng3 

was not recruited to the eisosomes (red arrows in Fig. 4.6E-E’’), even though 

Cam2 in this mutant accumulated in eisosomes to a greater degree than in 

A181P or G308R mutants. We also found that in the myo1(2xIQ1IQ2) mutant 
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containing normal Myo1 motor domain but duplicated IQ motifs in the neck, 

Cam2 localized to eisosomes (red arrows in Fig. S4.4F’-F’’) and did not co-

localize with Rng3. Thus, eisosome localization of Myo1-bound Cam2 is not 

always accompanied by the Rng3 recruitment.  

While the differences in association with Rng3 among Myo1 motor domain 

mutants were readily apparent, the detailed analysis of co-localization was 

complicated by the variability in Cam2-mCherry localization to eisosomes in 

A181P and G308R mutants combined with Rng3-3xGFP. The fluorescence 

signal was weak, and some cells did not exhibit clear Cam2 enrichment in 

eisosomes, which could be due to the effects of combining bulky mCherry and 

triple GFP tags. Therefore, to directly confirm association of Rng3 with A181P 

and G308R but not T140I Myo1 mutants in eisosomes, we employed two 

additional complementary approaches. We combined wild type and mutant Myo1 

labeled with a fluorescent protein tag directly on the Myo1 heavy chain with Rng3 

labeled with a contrasting fluorescent protein. Specifically, we combined 

mCherry-tagged Myo1 variants with Rng3-3xGFP and mGFP-tagged Myo1 

variants with Rng3-mCherry and optimized imaging conditions to allow detection 

of faint mCherry-tagged proteins in live cells.  

Fluorescence imaging revealed unequivocal association of Rng3 with 

A181P and G308R Myo1 mutants but not T140I Myo1 mutant.  In cells combining 

mCherry-tagged Myo1 constructs with 3xGFP-tagged Rng3 (Fig. 4.7A-C’’, Fig. 

S4.6A-B’’), wild type Myo1 and Myo1(G483D) localized to patches that lacked 
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any Rng3 (Fig. 4.7A-A’’ and Fig. S4.6A-A’’), while Myo1(T140I), Myo1(A181P), 

and Myo1(G308R) localized to eisosomes in all cells. mCherry-tagged A181P 

and G308R mutants in eisosomes showed robust co-localization with Rng3-

3xGFP in every cell in the population (yellow arrows in Fig. 4.7C-C’’ and Fig. 

S4.6B-B’’). In contrast, despite stronger accumulation in eisosomes, Myo1(T140I) 

showed little co-localization with Rng3 (Fig. 4.7B-B’’), except a few rare examples 

of weak association of Rng3 with Myo1(T140) in only 1-2 eisosomes in less than 

10% of the cells. We also noted occasional examples of Rng3 localization with 

T140I, A181P, and G308R Myo1 mutants in cytoplasmic puncta, which we 

suspect are protein aggregates. Similar localization patterns were observed in a 

reciprocal experiment using mGFP-tagged Myo1 variants combined with 

mCherry-tagged Rng3 (Fig. 4.7D-F’’, Fig. S4.6C-E’’). Even though the Rng3-

mCherry signal was extremely faint, Rng3-mCherry showed robust co-

localization in eisosomes with mGFP-tagged A181P and G308R Myo1 mutants in 

every cell (yellow arrows in Fig. 4.7F-F’’ and Fig  S4.6D-D’’). In contrast, little or 

no Rng3-mCherry co-localized with mGFP-tagged T140I mutant (Fig. 4.7E-E’’) or 

mutant with duplicated IQ motif in eisosomes (Fig. S4.6E-E’’). Rng3-mCherry 

also failed to co-localize with wild type and G483D mutant Myo1 in actin patches 

(Fig. 4.7D-D’’ and Fig. S4.6C-C’’). Thus, association of Rng3 with Myo1 is only 

observed with unstable Myo1 motor domain mutants. 
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4.6 Discussion 

4.6.1 FSGS-associated mutations disrupt myosin-1 function 

We have examined the functional effects of FSGS-associated mutations in 

Myo1e by generating equivalent mutations in the fission yeast Myo1. The 

introduction of the T140I or A181P mutations in the S. pombe Myo1 motor 

domain led to defects in yeast growth under the high salt and high temperature 

conditions, resulting in the phenotype similar to that of the Δmyo1 strain. 

Furthermore, actin patches in the Myo1 motor domain mutant strains exhibited 

slower patch assembly and defective patch internalization, similar to the actin 

patches in the Δmyo1 cells. These observations indicate that both mutations 

result in the loss of myosin functional activity. Taken together with our previous 

findings that Myo1e-null mice develop FSGS-like disease, and that cultured 

podocytes expressing Myo1e(A159P) exhibit defects in formation of cell-cell 

contacts (Bi et al., 2013; Krendel et al., 2009), our data strongly indicate that the 

loss of function of Myo1e is the cause of kidney disease in patients homozygous 

for the T119I or A159P mutations (Al-Hamed et al., 2013; Mele et al., 2011; 

Sanna-Cherchi et al., 2011). Thus, our findings confirm that both mutations in 

Myo1e are likely to be pathogenic, and provide evidence that a functional Myo1e 

motor domain is required to maintain normal glomerular filtration.  

4.6.2 Molecular basis for the effects of motor domain mutations on myosin 

activity and stability 

The two FSGS mutations examined in this study affect highly conserved 
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residues in the myosin motor domain. The conserved Alanine at position 181 is 

located adjacent to the Switch I region, which is involved in coordinating actin 

binding with the conformational changes that occur during ATP hydrolysis 

(Sweeney and Houdusse, 2010). We have observed that the A181P mutant is 

both functionally defective and unstable, exhibiting increased degradation and 

association with the Rng3 chaperone. A rigid Proline residue replacing the 

Alanine in this position may interfere not only with the conformational changes 

required for motor activity but also with protein folding, thereby destabilizing the 

protein.  

Threonine 140 is part of the P-loop consensus sequence (GXXXXGKT/S) 

(Smith and Rayment, 1996), also known as a Walker A motif (Walker et al., 

1982), a conserved nucleotide-binding motif present in a variety of nucleotide-

hydrolyzing enzymes (Koonin, 1993). Hydroxyl group of this amino acid residue 

forms a part of the cation-binding pocket that stabilizes the Mg2+ ion associated 

with the bound nucleotide, and, therefore, it is clearly important for ATP binding 

and/or hydrolysis. Indeed, mutations of this Threonine in the Walker A motif have 

been shown to disrupt functions of several nucleotide-hydrolyzing enzymes 

(Hishida et al., 1999; Shen et al., 1994; Siddique and Figurski, 2012). 

Characterization of the T93I mutation in the P-loop of kinesin provides 

insights into the effect of this mutation on a molecular motor protein. This 

mutation results in strong (rigor) binding of kinesin to microtubules (Nakata and 

Hirokawa, 1995). In the kinesin mechanochemical cycle, the ATP-bound state 
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corresponds to the strong microtubule-binding state, and mutations disrupting 

ATP hydrolysis would result in rigor binding. Thus, the T-to-I mutation in the P-

loop of kinesin likely inhibits ATP hydrolysis. Unlike kinesins, ATP-bound 

myosins exhibit weak binding to actin filaments (Hackney, 1996). Therefore, a 

mutation disrupting myosin ATP hydrolysis would be expected to result in weak 

binding of myosin to actin, which correlates with the observed lack of localization 

of Myo1-T140I to actin patches. Unlike A181P, T140I mutation has no effect on 

Myo1 stability in yeast. Because T140I mutation disrupts motor domain without 

decreasing protein stability, this mutant is particularly interesting as it illuminates 

the role of myosin-1 motor domain in myosin-1 localization and function.  

4.6.3 Motor domain is necessary for myosin-1 localization 

Neither the T140I, nor the A181P mutant of Myo1 localized to actin 

patches in fission yeast, indicating that the functional motor domain is required 

for Myo1 localization to actin patches. In mammalian cells, wild type Myo1e is 

found both in the cytoplasm and on the plasma membrane, with some 

enrichment at the cell-cell junctions and on endocytic vesicles (Bi et al., 2013; 

Krendel et al., 2007). Similar to the yeast Myo1 mutants that no longer localize to 

actin patches, Myo1e-A159P and Myo1e-T119I mutants fail to localize to cell-cell 

junctions and intracellular vesicles ((Bi et al., 2013) and our unpublished 

observations) and exhibit a mostly cytosolic localization. On the other hand, a 

Myo1e construct completely lacking the motor and neck domains (Myo1e-tail) is 

able to localize to the plasma membrane and endocytic vesicles (Krendel et al., 
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2007). However, Myo1e-tail does not completely recapitulate the normal 

localization of the full-length Myo1e, showing an exaggerated enrichment in the 

plasma membrane compared to the full-length Myo1e (Bi et al., 2013). Overall, a 

functional motor domain appears to be necessary for the normal intracellular 

localization of both human Myo1e and yeast Myo1.  

In addition to the lack of co-localization between the disease-associated 

Myo1 mutants and actin patches, we observed an unexpected enrichment of the 

mutant Myo1 variants in eisosomes. We hypothesize that when mutations in the 

Myo1 motor domain disrupt its ability to localize to actin patches, interactions of 

the Myo1 tail with the lipids, such as PIP2 (Kabeche et al., 2014), or proteins that 

are enriched in eisosomes result in targeting of Myo1 to eisosomes. The 

connection between the lack of motor activity and eisosomal localization of Myo1 

is further substantiated by the observation that a previously characterized severe 

motor domain mutant of Myo1, G308R, also localized to eisosomes while the 

mild, patch-localizing motor domain mutant G483D did not localize to eisosomes. 

The observed role for motor activity in determining intracellular localization of 

Myo1 is in agreement with the finding that Myo1 lacking motor domain also 

localizes to eisosomes (R.T.C., manuscript in preparation).  

4.6.4 Myo1e motor domain functions in the kidney 

The fact that both FSGS-associated mutations affect motor domain 

function underscores the importance of Myo1e motor activity for its roles in renal 

filtration. The understanding of how Myo1e motor activity contributes to the 
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normal structure and function of the glomerular filtration barrier is still incomplete. 

Some of the defects caused by the motor domain mutations could be due to the 

mis-localization of the myosin molecule. However, it is unlikely that the motor 

domain function is limited to determining Myo1e localization. Indeed, a headless 

Myo1e construct inhibits endocytosis in a dominant-negative fashion, indicating 

that it is unable to functionally replace full-length Myo1e (Krendel et al., 2007).  

Class I myosins may act as multifunctional linkers between the actin 

filaments that interact with the motor domain and the plasma membrane and 

membrane-associated protein complexes that bind to the tail domain (Arif et al., 

2011; Bi et al., 2013; McConnell and Tyska, 2010). Myosin motor domain activity 

and the ability to bind to actin are likely to be important for the processes that 

require coordination of membrane deformation with actin filament recruitment, 

including cell shape changes, endocytosis, assembly of cell adhesion complexes, 

and regulation of membrane tension. Indeed, studies in cultured cells have 

demonstrated contributions of Myo1e to endocytosis, regulation of membrane 

tension, and cell adhesion dynamics (Cheng et al., 2012; Gupta et al., 2013; 

Krendel et al., 2009; Nambiar et al., 2009). Furthermore, podocytes that express 

Myo1e(A159P) as the sole source of Myo1e exhibited defects in actin assembly 

at cell-cell junctions (Bi et al., 2013). In the absence of a functional motor domain, 

Myo1e may be unable to link the plasma membrane to the underlying actin 

cytoskeleton or recruit actin filaments to specific membrane subdomains, leading 

to defects in podocyte adhesion, endocytosis, and cell shape regulation. 
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Disruption of these processes leads to defects in glomerular filtration and FSGS 

pathogenesis (Faul et al., 2007; George and Holzman, 2012; Lennon et al., 2014; 

Soda and Ishibe, 2013). 

In conclusion, we have established fission yeast S. pombe as an effective 

model system for testing the effects of kidney disease-associated mutations on 

myosin-1 function. By using this simple but powerful system, in which localization 

and function of myosin-1 are well defined, we have gained insights into the role of 

myosin-1 motor activity that are also applicable to human kidney biology.  
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Figure 4.1. Kidney disease-associated mutations in S. pombe Myo1 result 

in growth defects and decreased protein stability. 
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Figure 4.1. Kidney disease-associated mutations in S. pombe Myo1 result 

in growth defects and decreased protein stability. (A) Domain maps of H. 

sapiens Myo1e and S. pombe Myo1. IQ – light chain-binding IQ motif, TH – Tail 

Homology domain, SH3 – Src Homology 3 domain, CA – Central-Acidic domain. 

(B) Alignment of amino acid sequences of the N-terminal portions of H. sapiens  

Myosin 1e (Myo1e) and S. pombe Myosin 1 (Myo1). Red bold font indicates the 

sites of the two FSGS-associated mutations. The conserved P-loop motif and 

Switch I motifs are underlined. The T119I and A159P mutations in H.s. Myo1e 

are equivalent to the T140I and A181P mutations in S.p. Myo1, respectively. (C) 

Analysis of the salt and temperature sensitivity of the wild type and untagged 

myo1 mutant strains. The myo1(T140I), myo1(A181P) and Δmyo1 strains fail to 

grow in the presence of high salt at high temperature (YE5S+1M KCl at 36°C) 

and grow but stain darkly with Phloxine B (PB) on minimal EMM medium at 25° 

and 36°C, indicating decreased cell viability. (D-G) Western blot analysis of yeast 

extracts using anti-GFP antibody to determine protein stability of the mGFP-

tagged Myo1 constructs. (D) Similar amounts of the full-length Myo1-mGFP (FL, 

arrow) are detected in cells expressing mGFP-tagged wild type, T140I or G483D 

mutant Myo1 while the amount of the full length myosin is reduced in the strains 

expressing the A181P and G308R Myo1 mutants. Arrowhead indicates the ~40 

kDa degradation product. An asterisk indicates a lower ~30 kDa molecular weight 

degradation product that is enriched in the A181P and G308R mutants. No signal 

is detected in Δmyo1 strain. Coomassie-stained gel (bottom panel) served as the 
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loading control. (E, F) Quantification of (E) total band intensity and (F) full-length 

band intensity normalized to the wild type. N=5 blots from 3 independent 

experiments. Error bars represent S.D. (G) The background-subtracted whole cell 

intensity of mGFP-tagged Myo1 variants in cells before lysis. N= 5 cells. Error 

bars represent S.D. 
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Figure 4.2. Motor domain mutations disrupt Myo1 localization to actin 

patches. 
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Figure 4.2. Motor domain mutations disrupt Myo1 localization to actin 

patches. Confocal images show the localization of (left panels, A-F) mGFP-

tagged (A) wild-type or (B-F) mutant Myo1, (middle panels, A’-F’) mCherry-

tagged Fimbrin (Fim1-mCherry), and (right panels, A’’-F’’) merge of Myo1-mGFP 

(green) and Fim1-mCherry (red) images. Wild type Myo1 and Myo1(G483D) co-

localize with Fim1-mCherry in actin patches (yellow arrowheads), while 

Myo1(T140I), Myo1(A181P), and Myo1(G308R) localize to eisosomes (green 

arrows) and are absent from actin patches (red arrowheads). The images 

represent maximum intensity projections of three consecutive optical sections 

through the top surface of the cell acquired at 0.4 µm intervals. Scale bar, 10 µm. 
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Figure 4.3. Motor domain mutations disrupt dynamics of endocytic actin 

patches visualized with mCherry-tagged fimbrin Fim1. 
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Figure 4.3. Motor domain mutations disrupt dynamics of endocytic actin 

patches visualized with mCherry-tagged fimbrin Fim1. (A–F) Time courses of 

(upper panels) average fluorescence intensity of (green, solid circles) wild type 

and mutant Myo1-mGFP and (red, open squares) Fim1-mCherry in actin patches 

and (lower panels) raw (thin lines) and average (thick lines) distances traveled by 

Fim1-mCherry or Myo1-mGFP in patches.  (G-I) Bar graphs showing (G) the total 

lifetime, assembly time and disassembly time, (H) percentage of internalization 

and (I) mean peak intensities of Fim1-mCherry patches in wild type and mutant 

myo1 strains. Note increased total lifetime, assembly and disassembly times, and 

decreased internalization of Fim1-mCherry patches in the T140I, A181P, G308R 

myo1 mutant, and Δmyo1 strains. In all panels, error bars represent  S.D. (A-G 

and I), N= 5-12 patches. (H), N=23-43 patches in 3-6 cells. The asterisks indicate 

statistical significance: *, p < 0.05; ** p < 0.01. 
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Figure 4.4. Myo1 motor domain mutants co-localize with the eisosome 

marker Fhn1. 
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Figure 4.4. Myo1 motor domain mutants co-localize with the eisosome 

marker Fhn1. Confocal images show the localization of (left panels, A-E) mGFP-

tagged (A) wild-type or (B-E) mutant Myo1, (middle panels, A’-E’) mCherry-

tagged Fhn1 (Fhn1-mCherry), and (right panels, A’’-E’’) merge of Myo1-mGFP 

and Fhn1-mCherry images. The wild type and Myo1(G483D) localize to actin 

patches (green arrowheads) that are distinct from Fhn1-mCherry in eisosomes 

(red arrows). The T140I, A181P, and G308R Myo1 mutants co-localize with Fhn1 

in eisosomes (yellow arrows). The images represent maximum intensity 

projections of three consecutive optical sections through the top surface of the 

cell acquired at 0.4 µm intervals. Scale bar, 10 µm. 
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Figure 4.5. Myo1 mutants do not co-localize with filamentous actin labeled 

by Lifeact-mCherry.  
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Figure 4.5. Myo1 mutants do not co-localize with filamentous actin labeled 

by Lifeact-mCherry. Confocal images show the localization of (left panels, A-D) 

mGFP-tagged (A) wild type and (B-D) mutant Myo1, (panels A’-D’) Lifeact-

mCherry, (panels A’’-D’’) merge of Myo1-mGFP and Lifeact-mCherry images, 

and (right panels, A’’’-D’’’) line scans in green (green lines) and red (red lines) 

channels along the white lines indicated on the merged images in panels A’’-D’’. 

Wild type Myo1 co-localizes with Lifeact in actin patches (yellow arrowheads) but 

not in actin cables (red arrows). The T140I and A181P Myo1 mutants localize to 

eisosomes (green arrows, E in line scans) that are distinct from actin cables (red 

arrows, C in line scans), patches (open red arrowheads, P in line scans) and 

rings (filled red arrowheads in B’-B’’).  The images represent maximum intensity 

projections of three consecutive optical sections through the top surface of the 

cell acquired at 0.4 µm intervals. Scale bar, 10 µm. 
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Figure 4.6. Myo1 light chain Cam2 co-localizes with Myo1 mutants and co-

localizes with Rng3 in cells expressing A181P but not the T140I Myo1 

mutants.  
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Figure 4.6. Myo1 light chain Cam2 co-localizes with Myo1 mutants and co-

localizes with Rng3 in cells expressing A181P but not the T140I Myo1 

mutants. (A-C’’) Confocal images show the localization of (left panels, A-C) 

mGFP-tagged (A), wild-type and (B-C), mutant Myo1, (middle panels, A’-C’) 

mCherry-tagged Cam2 (Cam2-mCherry), and (right panels, A’’-C’’) merge of 

Myo1-mGFP and Cam2-mCherry images. Cam2-mCherry co-localizes with 

mGFP-tagged wild-type Myo1 in patches (yellow arrowheads) and with mGFP-

tagged T140I and A181P Myo1 mutants in eisosomes (yellow arrows). In A181P 

mutant, Cam2 also localizes to cytoplasmic puncta that are devoid of Myo1 

(white arrows). (D-F’’) Confocal images show the localization of (left panels, D-F) 

triple GFP-tagged Rng3 (Rng3-3xGFP), (middle panels, D’-F’) mCherry-tagged 

Cam2 (Cam2-mCherry), and (right panels D’’-F’’) merge of Rng3-3xGFP and 

Cam2-mCherry images in yeast strains expressing untagged wild type or kidney 

disease-associated Myo1 variants. In the wild type cells, Rng3 localizes to the 

contractile rings (green arrows) and cytoplasmic spots of unknown nature (green 

arrowheads) that are distinct from Cam2 in actin patches (red arrowheads). Rng3 

does not co-localize with Cam2 in eisosomes (red arrows in E’-E’’) in the T140I 

mutant, but co-localizes with Cam2 in eisosomes (yellow arrows in F-F’’) in the 

A181P mutant. Cam2 and Rng3 also co-localize in cortical puncta in A181P and, 

occasionally, T140I mutant (yellow arrowheads in E-F’’). The images represent 

maximum intensity projections of three consecutive optical sections through the 

top surface of the cell acquired at 0.4 µm intervals. Scale bar, 10 µm. 
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Figure 4.7. Chaperone Rng3 is recruited to the A181P but not the T140I 

Myo1 mutant in eisosomes. 
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Figure 4.7. Chaperone Rng3 is recruited to the A181P but not the T140I 

Myo1 mutant in eisosomes. (A-C’’) Confocal images show the localization of 

(left panels, A-C) triple GFP-tagged Rng3 (Rng3-3xGFP), (middle panels, A’-C’) 

mCherry-tagged Myo1 variants (Myo1-mCherry), and (right panels A’’-C’’) merge 

of Rng3-3xGFP and Myo1-mCherry images.  

Wild type Myo1 in patches (red arrowheads) and Myo1(T140I) in eisosomes (red 

arrows) are distinct from Rng3 puncta (green arrowheads). Rng3 co-localizes 

with A181P Myo1 mutant in eisosomes (yellow arrows). (D-F’’) Confocal images 

show the localization of (left panels, D-F) mGFP-tagged Myo1 variants (Myo1-

mGFP), (middle panels, D’-F’) mCherry-tagged Rng3 (Rng3-mCherry), and (right 

panels D’’-F’’) merge of Myo1-mGFP variants and Rng3-mCherry images. Rng3 

co-localizes with Myo1(A181P) in eisosomes (yellow arrows) but not with 

Myo1(T140I) in eisosomes (green arrows) or wild type Myo1 in patches (green 

arrowheads). The images represent maximum intensity projections of three 

consecutive optical sections through the top surface of the cell acquired at 0.4 

µm intervals. Scale bar, 10 µm. 
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Supplemental Information 
Table S4.1. S. pombe strains used in this study. 
 
Strain  Genotype Source 
 Wild type and untagged myo1 mutants  
TP192 h- ade6-M216 leu1-32 ura4-D18 his3-D1 Δmyo1 Sirotkin et al. 

(2005) 
VS685B h- ade6-M216 leu1-32 ura4-D18 his3-D1 myo1 S. Forsburg 
VS1139-1 h- ade6-M216 leu1-32 ura4-D18 his3-D1 

myo1(G483D) 
Stark et al. 
(2013) 

VS1191-1 h- ade6-M216 leu1-32 ura4-D18 his3-D1 
myo1(G308R) 

Stark et al. 
(2013) 

VS1431 h- ade6-M216 leu1-32 ura4-D18 his3-D1 
myo1(G308R)  pUR-myo1+::ura4+ 

This study 

VS1828-1 h- ade6-M216 leu1-32 ura4-D18 his3-D1 
myo1(A181P) 

This study 

VS1829-1 h- ade6-M216 leu1-32 ura4-D18 his3-D1 myo1(T140I) This study 
 mGFP-tagged Myo1 strains  
VS1254 h- ade6-M216 leu1-32 ura4-D18 his3-D1  

myo1(G483D)-mGFP-kanMX6 
Stark et al. 
(2013) 

VS1255  h- ade6-M216 leu1-32 ura4-D18 his3-D1  
myo1(G308R)-mGFP-kanMX6 

Stark et al. 
(2013) 

VS1256 h+ ade6-M210 leu1-32 ura4-D18 his7-366  
myo1-mGFP-kanMX6 

Stark et al. 
(2013) 

VS1432 h- ade6-M216 leu1-32 ura4-D18 his3-D1  
myo1(308)-mGFP-kanMX6 pUR-myo1+::ura4+ 

This study 

VS1456-2 h+ ade6-M210 leu1-32 ura4-D18 his3-D1  
myo1-mGFP-kanMX6 

This study 

VS1844-2 h- ade6-M216 leu1-32 ura4-D18 his3-D1  
myo1(T140I)-mGFP-kanMX6 

This study 

VS1869-1 h- ade6-M216 leu1-32 ura4-D18 his3-D1  
myo1(A181P)-mGFP-KanMX6 

This study 

 mCherry-tagged Myo1 strains  
VS1457C h+ ade6-M210 leu1-32 ura4-D18 his3-D1  

myo1-mCherry-kanMX6 
This study 

VS1843-1 h- ade6-M216 leu1-32 ura4-D18 his3-D1  
myo1(G483D)-mCherry-natMX6 

This study 

VS1867-2 h- ade6-M216 leu1-32 ura4-D18 his3-D1  
myo1(T140I)-mCherry-natMX6 

This study 

VS1868-1 h- ade6-M216 leu1-32 ura4-D18 his3-D1  
myo1(A181P)-mCherry-natMX6 

This study 

VS1887-2 h- ade6-M216 leu1-32 ura4-D18 his3-D1  
myo1(G308R)-mCherry-natMX6 

This study 
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 Fim1-mCherry strains  
VS1263-7D h+  ade6-M216  leu1-32  ura4-D18  his3-D1  

fim1-mCherry-natMX6  myo1D::kanMX6 
This study 

VS1269-2A h+  ade6-M216  leu1-32  ura4-D18  his-   
fim1-mCherry-natMX6  myo1-mGFP-kanMX6 

This study 

VS1270-3B h?  ade6-M216  leu1-32  ura4-D18  his3-D1  
fim1-mCherry-natMX6  myo1(G308R)-mGFP-kanMX6 

This study 

VS1271-12A h-  ade6-M216  leu1-32  ura4-D18  his3-D1  
fim1-mCherry-natMX6  myo1(G483D)-mGFP-kanMX6 

This study 

VS1872-3A h? ade6-M216 leu1-32 ura4-D18 his3-D1  
fim1-mCherry-natMX6  myo1(T140I)-mGFP-kanMX6 

This study 

VS1873-7A 
 

h? ade6-M216 leu1-32 ura4-D18 his3-D1  
fim1-mCherry-natMX6  myo1(A181P)-mGFP-kanMX6 

This study 

VS1890-9D 
 

h? ade6-M216 leu1-32 ura4-D18 his3-D1 
fim1-mCherry-natMX6  myo1(A181P)-mGFP-kanMX6 

This study 

VS1892-6D h? ade6-M210 leu1-32 ura4-D18 his3-D1 
fim1-mCherry-natMX6  myo1(A181P)-mGFP-kanMX6 

This study 

 Cam2-mCherry strains  
VS1274 h-  ade6-M216  leu1-32  ura4-D18  his3-D1   

cam2-mCherry-kanMX6 
Sammons et al. 
(2011) 

VS1275 h+  ade6-M210  leu1-32  ura4-D18  his3-D1  
cam2-mCherry-kanMX6 

Sammons et al. 
(2011) 

VS1285-3A h?  ade6-M216  leu1-32  ura4-D18  his3-D1  kanMX6-
Pmyo1-mGFP-myo1DIQ2  cam2-mCherry-kanMX6 

This study 

VS1289-1A h?  ade6-M216  leu1-32  ura4-D18  his3-D1   
myo1-mGFP-kanMX6  cam2-mCherry-kanMX6 

This study 

VS1290-6A h?  ade6-M216  leu1-32  ura4-D18  his3-D1  
myo1(G483D)-mGFP-kanMX6  cam2-mCherry-
kanMX6 

This study 

VS1465-5C h? ade6-M216 leu1-32 ura4-D18 his3-D1  
myo1(G308R)-mGFP-kanMX6 cam2-mCherry-
kanMX6 

This study 

VS1874-1B h? ade6-M216  leu1-32  ura4-D18  his3-D1   
cam2-mCherry-kan  myo1(T140I)-mGFP-kanMX6 

This study 

VS1875-2B h? ade6-M216  leu1-32  ura4-D18  his3-D1   
cam2-mCherry-kan  myo1(A181P)-mGFP-kanMX6 

This study 

 Fhn1-mCherry strains  
VS1718 h- ade6+ ura4+ leu1+ his+ fhn1-mCherry-natMX6 J. Moseley 
VS1747-9B h+ ade6-M210 ura4+ leu1+ his+ fhn1-mCherry-

natMX6 
This study 

VS1747-10B h- ade6-M210 ura4+ leu1+ his+ fhn1-mCherry-natMX6 This study 
VS1876-4C h? ade6-M210  leu1-32  ura4+  his3-D1  

fhn1-mCherry-Nat  myo1(T140I)-mGFP-kanMX6 
This study 

VS1877-3C h? ade6-M210  leu1+  ura4+  his3-D1  This study 
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fhn1-mCherry-Nat  myo1(A181P)-mGFP-kanMX6 
VS1878-2D h? ade6-M216 leu1-32 ura4-D18 his3-D1  

fhn1-mCherry-Nat  myo1(483)-mGFP-kanMX6 
This study 

VS1881-2B h? ade6-M210 leu1-32 ura4+ his+ 
fhn1-mCherry -Nat kanMX6-Pmyo1-mGFP-myo1 

This study 

VS1883-5D h? ade6-M210 leu1+ ura4-D18 his+ 
fhn1-mCherry-Nat  myo1(308)-mGFP-kanMX6 
 

This study 

 Rng3-3xGFP strains  
VS1216-8 h+ ade6-M210 leu1-32 ura4-D18 his3-D1 

myo1(2xIQ1IQ2) 
This study 

VS1348-1 h+ ade6-M210 leu1-32 ura4-D18 his3-D1  
rng3-3xGFP-MX6   

This study 

VS1464-3A h- ade6-M216 leu1-32 Ura4-D18 his3-D1 
cam2-mCherry-kanMX6 rng3-3xGFP-kanMX6 

This study 

VS1464-6C h+  ade6-M210 leu1-32 Ura4-D18 his3-D1  
cam2-mCherry-kanMX6 rng3-3xGFP-kanMX6 

This study 

VS1893-2A h- M216 leu1-32 ura4-D18 his3-D1  
myo1-mCherry-kanMX6 

This study 

VS1894-4D h? ade6-M216 leu1-32 ura4-D18 his3-D1  
myo1(T140I)-mCherry-natMX6 rng3-3xGFP-kanMX6 

This study 

VS1895-
12D 

h? ade6-M216 leu1-32 ura4-D18 his3-D1  
myo1(A181P)-mCherry-natMX6 rng3-3xGFP-kanMX6   

This study 

VS1896-2A 
 

h? ade6-M216 leu1-32 ura4-D18 his3-D1 
 myo1(G483D)-mCherry-natMX6 rng3-3xGFP-kanMX6 

This study 

VS1905-
10D 

h? ade6-M216 leu1-32 ura4-D18 his3-D1  
myo1(G308R)-mCherry-natMX6 rng3-3xGFP-kanMX6 

This study 

VS1906-9D h? M216 leu1-32 ura4-D18 his3-D1 
 myo1-mCherry-kanMX6 rng3-3xGFP-kanMX6 

This study 

VS1914-5D h? ade6-M216 leu1-32 ura4-D18 his3-D1 myo1(T140I) 
cam2-mCherry-kanMX6 rng3-3xGFP-kanMX6 

This study 

VS1915-8D h? ade6-M210 leu1-32 ura4-D18 his3-D1 
myo1(A181P) cam2-mCherry-kanMX6 rng3-3xGFP-
kanMX6 

This study 

VS1916-4A h? ade6-M210 leu1-32 ura4-D18 his3-D1 
myo1(2xIQ1IQ2)  cam2-mCherry-kanMX6 rng3-
3xGFP-kanMX6 

This study 

VS1917-4B h? ade6-M216 leu1-32 ura4-D18 his3-D1 
myo1(G483D)  cam2-mCherry-kan MX6 rng3-3xGFP-
kan MX6 

This study 

VS1919 
(ML939) 

h+ ade6-M216 leu1-32 ura4-D18 his3-D1 
myo1(G308R) cam2-mCherry-kanMX6 rng3-3xGFP-
kanMX6 
 

Stark et al. 
(2013) 
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 Rng3-mCherry strains  
VS1217-1 h- ade6-M216 leu1-32 ura4-D18 his3-D1  

kanMX6-mGFP-Pmyo1-myo1(2xIQ1IQ2) 
This study 

VS1920 
(ML852) 

h+ ade6-M216 leu1-32 ura4-D18 his7-366  
myo2-E1 rng3-mCherry-kanR 

M. Lord 

VS1960-1D h- ade6-M216 leu1-32 ura4-D18 his- rng3-mCherry-
kanR 

This study 

VS1961-6A h+ ade6-M210 leu1-32 ura4-D18 his- rng3-mCherry-
kanR 

This study 

VS1955-
11D 

h? ade6-M216 leu1-32 ura4-D18 his- rng3-mCherry-
kanR  
myo1-mGFP-kanMX6  

This study 

VS1956-3B         h? ade6-M216 leu1-32 ura4-D18 his- rng3-mCherry-
kanR  
kanMX6-mGFP-Pmyo1-myo1(2xIQ1IQ2)  

This study 

VS1957-8D h? ade6-M216 leu1-32 ura4-D18 his- rng3-mCherry-
kanR myo1(G483D)-mGFP-kanMX6  

This study 

VS1958-5D h? ade6-M216 leu1-32 ura4-D18 his- rng3-mCherry-
kanR myo1(G308R)-mGFP-kanMX6  

This study 

VS1959-10B h? ade6-M216 leu1-32 ura4-D18 his- rng3-mCherry-
kanR myo1(A181P)-mGFP-kanMX6  

This study 

VS1972-1D h? ade6-M216 leu1-32 ura4-D18 his- rng3-mCherry-
kanR myo1(T140I)-mGFP-kanMX6  

This study 

 Lifeact-mCherry strains  
VS1529 
(MBY 6844) 

h- ade6-M216 leu1-32 ura4-D18 leu1::Pact1-Lifeact-
mCherry-leu1+ 

Huang et al. 
(2012) 

VS1669-3B h+ ade6-M210 ura4-D18  leu1-32::Pact1-Lifeact-
mCherry-leu1+ 

This study 

VS1947-4D h? ade6-M210 ura4-D18 myo1(T140I)-mGFP-kanMX6 
leu::Pact1-Lifeact-mCherry-leu+ 

This study 

VS1948-5C h? ade6-M210 ura4-D18 myo1(A181P)-mGFP-
kanMX6 leu::Pact1-Lifeact-mCherry-leu+ 

This study 

VS1953-5A h? ade6-M216 ura4-D18 his3-D1 Myo1-mGFP-
kanMX6 leu::Pact1-Lifeact-mCherry-leu+ 

This study 

VS1954-4A h? ade6-M21? ura4-D18 his3-D1 myo1Δ::kanMX6  
leu1-32::Pact1-Lifeact-mCherry-leu+ 

This study 

 
References 

Huang, J., Huang, Y., Yu, H., Subramanian, D., Padmanabhan, A., Thadani, R., Tao, 
Y., Tang, X., Wedlich-Soldner, R., Balasubramanian, M.K. (2012). J Cell Biol. 199(5): 831-47. 
doi: 10.1083/jcb.201209044. 
 Sammons, M. R., James, M. L., Clayton, J. E., Sladewski, T. E., Sirotkin, V. and 
Lord, M. (2011). A calmodulin-related light chain from fission yeast that functions with myosin-I 
and PI 4-kinase. J Cell Sci 124, 2466-77. 



	   	   Chapter	  4	  Myo1e	  mutants	  in	  yeast	  
	  

	   195	  

 Sirotkin, V., Beltzner, C. C., Marchand, J. B. and Pollard, T. D. (2005). Interactions of 
WASp, myosin-I, and verprolin with Arp2/3 complex during actin patch assembly in fission yeast. 
J Cell Biol 170, 637-48. 
 Stark, B. C., James, M. L., Pollard, L. W., Sirotkin, V. and Lord, M. (2013). UCS 
protein Rng3p is essential for myosin-II motor activity during cytokinesis in fission yeast. PLoS 
One 8, e79593. 
  



	   	   Chapter	  4	  Myo1e	  mutants	  in	  yeast	  
	  

	   196	  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S4.1. The A181P but not T140I mutation reduces the stability of 

Myo1 in cell extracts before and after cycloheximide treatment, related to 

Figure 4.1.  
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Figure S4.1. The A181P but not T140I mutation reduces the stability of 

Myo1 in cell extracts before and after cycloheximide treatment, related to 

Figure 4.1. (A) Ratio of full length band intensity to total intensity of all bands 

detected by Western blotting for each mGFP-tagged Myo1 variant. (B) Western 

blot showing mGFP-tagged Myo1 variants detected with anti-GFP antibody in 

extracts of cells before and after 24-hour treatment with 0.1 mg/ml cycloheximide 

(CHX). The arrow indicates full-length (FL) Myo1-mGFP. The arrowhead 

indicates a 40 kDa degradation product. The asterisk indicates a 30 kDa 

degradation product that is only present in T140I, A181P and G308R Myo1 

mutants. Coomassie-stained gel (Coom.) serves as a loading control. 
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Figure S4.2. Motor domain mutations result in re-localization of Myo1 from 

actin patches to eisosomes, related to Figure 4.2.  
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Figure S4.2. Motor domain mutations result in re-localization of Myo1 from 

actin patches to eisosomes, related to Figure 4.2. (A) Analysis of co-

localization between mGFP-tagged Myo1 variants and Fim1-mCherry in 

endocytic actin patches. Fraction of Fim1-mCherry patches that contained Myo1-

mGFP at any point during patch lifetime was measured in time series in single 

confocal sections through the middle of the cells. Error bars represent S.D. and 

asterisks indicate statistical significance (p<0.001). N= 38-55 patches in 5 cells. 

(B-E) Average line scans of fluorescence intensity of mGFP-tagged (blue circles) 

T140I, (red squares) A181P, and (green triangles) G308R Myo1 mutants in 

eisosomes. An asterisk indicates statistically greater (p<10-5) peak accumulation 

in eisosomes for T140I mutant compared to A181P and G308R mutants. Raw 

line scans across 10 eisosomes for (C) T140I, (D) A181P, and (E) G308R Myo1 

mutants were subtracted for extracellular background, aligned to peak intensity 

(zero distance), and averaged at each point. The error bars represent S.D. The 

insets show examples of line scans (yellow lines) across eisosomes in single 

confocal sections through the top surface of the cells (outlined with white dashed 

lines). Scale bar, 2 μm. 
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Figure S4.3. Recruitment of mutant Myo1 to eisosomes has no effect on 

the number of eisosomes in cells, related to Figure 4.4. 
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Figure S4.3. Recruitment of mutant Myo1 to eisosomes has no effect on 

the number of eisosomes in cells, related to Figure 4.4. The average number 

of Fhn1-mCherry-labeled eisosomes per μm2 was measured from the maximum 

intensity projections of 3 Z-sections through the top surface of 3 randomly 

selected cells for each of the strains combining Fhn1-mCherry and mGFP-tagged 

wild type or mutant Myo1. The error bars represent S.D. 
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Figure S4.4. Chaperon Rng3 is recruited to the G308R but not the G483D 

Myo1 mutant detected using Cam2-mCherry, related to Figure 4.6. 
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Figure S4.4. Chaperon Rng3 is recruited to the G308R but not the G483D 

Myo1 mutant detected using Cam2-mCherry, related to Figure 4.6. (A-C’’) 

Confocal images show the localization of (left panels, A-C) mGFP-tagged mutant 

Myo1, (middle panels, A’-C’) mCherry-tagged Cam2 (Cam2-mCherry), and (right 

panels, A’’-C’’) merge of Myo1-mGFP and Cam2-mCherry images. Cam2-

mCherry co-localizes with mGFP-tagged G483D mutant Myo1 in patches (yellow 

arrowheads), co-localizes with mGFP-tagged G308R Myo1 mutants in 

eisosomes (yellow arrows), and does not co-localize with GFP-tagged Myo1 

mutant lacking the second IQ motif (ΔIQ2) in patches (white arrowheads in C-

C’’).  In the ΔIQ2 and, occasionally, in the G308R mutant, Cam2 localizes to 

cytoplasmic puncta that are devoid of Myo1 (white arrows). (D-F’’) Confocal 

images show the localization of (left panels, D-F) triple GFP-tagged Rng3 (Rng3-

3xGFP), (middle panels, D’-F’) mCherry-tagged Cam2 (Cam2-mCherry), and 

(right panels D’’-F’’) merge of Rng3-3xGFP and Cam2-mCherry images in yeast 

strains expressing untagged wild type or mutant Myo1 variants. In the G483D 

mutant, Rng3 localizes to the contractile rings (green arrows) and cytoplasmic 

spots of unknown nature (green arrowheads in D-D’’) that are distinct from Cam2 

in actin patches (red arrowheads). Rng3 co-localizes with Cam2 in eisosomes 

(yellow arrows in E-E’’) in the G308R mutant and does not co-localize with Cam2 

in eisosomes (red arrows in F’-F’’) in the mutant with duplicated IQ motifs 

(2xIQ1IQ2). Cam2 and Rng3 also co-localize in cortical puncta (yellow 

arrowheads, E-E’’) in the G308R mutant. The images represent maximum 
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intensity projections of three consecutive optical sections through the top surface 

of the cell acquired at 0.4 µm intervals. Scale bar, 10 µm.  
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Figure S4.5. Cam2 co-localizes with Myo1 in patches and eisosomes, 

related to Figure 4.6A-C’’ and Figure S4.4A-C’’.  
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Figure S4.5. Cam2 co-localizes with Myo1 in patches and eisosomes, 

related to Figure 4.6A-C’’ and Figure S4.4A-C’’. Fractions of Myo1 patches 

and eisosomes that also contained Cam2 and fraction of Cam2 patches/puncta 

that also contained Myo1 were measured from the maximum intensity projections 

of 3 Z-sections through the top surface of 3 randomly selected cells for each of 

the strains combining Cam2-mCherry and mGFP-tagged wild type or mutant 

Myo1. The numbers of the structures quantified are indicated in parentheses 
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Figure S4.6. Chaperone Rng3 is recruited to the G308R but not the G483D 

Myo1 mutant, related to Figure 4.7. 
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Figure S4.6. Chaperone Rng3 is recruited to the G308R but not the G483D 

Myo1 mutant, related to Figure 4.7. (A-B’’) Confocal images show the 

localization of (left panels, A-B) triple GFP-tagged Rng3 (Rng3-3xGFP), (middle 

panels, A’-B’) mCherry-tagged Myo1 variants (Myo1-mCherry), and (right panels 

A’’-B’’) merge of Rng3-3xGFP and Myo1-mCherry images. In the G483D mutant, 

Rng3 localizes to the contractile rings (green arrows) and cytoplasmic spots of 

unknown nature (green arrowheads) that are distinct from Myo1(G483D) in actin 

patches (red arrowheads). In the G308R mutant, Rng3 co-localizes with 

Myo1(G308R) in puncta (yellow arrowheads) and eisosomes (yellow arrows). (C-

E’’) Confocal images show the localization of (left panels, C-E) mGFP-tagged 

Myo1 variants (Myo1-mGFP), (middle panels, C’-E’) mCherry-tagged Rng3 

(Rng3-mCherry), and (right panels C’’-E’’) merge of Myo1-mGFP and Rng3-

mCherry images. Rng3 is recruited to Myo1(G308R) in eisosomes (yellow 

arrows) but not to Myo1(G483D) in patches (green arrowhead) or Myo1 with 

duplicated IQ motifs (2xIQ1IQ2) in eisosomes (green arrow). The images 

represent maximum intensity projections of three consecutive optical sections 

through the top surface of the cell acquired at 0.4 µm interval. Scale bar, 10 µm.  
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5.1 Study of Myo1e domain localization and activity at junctions  

 Myosins are actin-based molecular motors that exhibit strong actin binding 

in the ADP-bound state and weak actin binding in the ATP-bound state. Myo1e 

belongs to the Class I myosin. The motor domain of Myo1e is responsible for 

actin binding and ATPase activity, but has a weaker ATPase activity compared to 

other conventional myosins (El Mezgueldi et al., 2002). Its tail domain contains 

three tail homology (TH) subdomains (Fig. 5.1). The TH1 domain is rich in basic 

residues and binds to negatively charged plasma membrane with high affinity 

(Feeser et al., 2010). The TH2 domain is rich in proline residues and may 

potentially interact with Src homology 3 (SH3) domain-containing proteins. In 

addition, previous studies have shown that the TH2 domain contains a second 

actin binding site in some Class I myosins (Jung and Hammer III, 1994). Our 

data also confirmed that the TH2 domain of Myo1e interacts with actin (See AP 

Fig. 2.7). The very C-terminal region of Myo1e is a SH3 domain, which is found in 

various proteins that are involved in signal transduction and cytoskeleton 

organization (Musacchio et al., 1992). In mammalian cells, the Myo1e SH3 

domain interacts with dynamin and synaptojanin-1, both of which play a role in 

regulating clathrin-mediated endocytosis (Krendel et al., 2007; Simpson et al., 

1999), and with N-WASP, a regulator of actin nucleation (Cheng et al., 2012, and 

unpublished data). The Myo1e SH3 domain has been shown to interact with 

CARMIL (capping protein, Arp2/3 complex, and Myosin-I linker family proteins) at 

the leading edge of the cell, playing a role in cell migration (Xu et al., 1995; Liang 
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et al., 2009). Our lab has also shown that the SH3 domain of Myo1e interacts 

with ZO-1, a tight junction associated protein that is also present in the slit 

diaphragm, via its C-terminus (Bi et al., 2013). In budding yeast Saccharomyces 

cerevisiae (S. cerevisiae), SH3 domain-containing myosins (Myo3/5p) are 

associated with proteins that regulate actin assembly (Musacchio et al., 1992), 

such as Bee1p and verprolin (Vrp1p), which are budding yeast homologs of 

mammalian WASP (Wiskott-Aldrich syndrome protein) and WIP (WASP-

interacting protein), respectively (Anderson et al., 1998; Evangelista et al., 2000; 

Geli et al., 2000). In fission yeast S. pombe, SH3 domain containing Myo1 

interacts with proline-rich Vrp1p, playing a role in actin assembly at the patches 

(Sirotkin et al., 2005). We have also discovered that the SH3 domain of Myo1e 

interacts with its own TH2 domain in in vitro pulldown assays (data not shown).  

Using MDCK cells, we were able to map Myo1e domain localization at 

cell-cell junctions (Fig. 5.2) (Bi et al., 2013). The tail domain alone (Myo1e-

TH1TH2SH3) is sufficient for targeting Myo1e to cell-cell junctions, plasma 

membranes, and endocytic vesicles in MDCK cells, suggesting that motor activity 

is not required in the localization process. The TH2 domain deletion mutants 

(Myo1e-ΔTH2, Myo1e-ΔTH2SH3) and the TH2 domain alone (Myo1e-TH2) 

displayed a diffuse localization in the cytosol rather than a targeted localization to 

cell-cell junctions, indicating that the TH2 domain of Myo1e is necessary but not 

sufficient for Myo1e localization. Addition of the TH1 domain (Myo1e-TH1TH2) 

rescued the diffused phenotype and re-targeted Myo1e protein to cell-cell 
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junctions. None of the single domains (Myo1e-TH1, TH2, or SH3 domain) were 

enriched in cell-cell junctions, likely due to the lack of the other functional 

domains. This suggests that TH1TH2 is the minimal length of the Myo1e tail 

domain that is required for its localization. 

The motor domain mutants, T119I and A159P, disrupt Myo1e actin-

binding ability and ATP hydrolysis. We think that direct disruption of the motor 

domain of Myo1e destabilizes the protein and making it non-functional.  This 

would explain why these loss-of-function proteins seem diffuse among the 

cytosol. Our rigor mutant (N164A) remains bound to actin in an ATP-insensitive 

manner, and has a prominent accumulation at the plasma membrane as we 

grossly examined the confocal images (See AP Fig. 2.1). We introduced the 

N164A mutation in the motor domain of Myo1e-ΔTH2, attempting to rescue the 

protein distribution from being diffuse in the cytoplasm to being targeted to cell-

cell membranes/junctions.  However, the Myo1e-N164A- ΔTH2 failed to rescue 

the phenotype of Myo1e-ΔTH2 (See AP Fig. 2.6), supporting the fact that the 

TH2 domain is essential for targeting Myo1e to its cellular location, such as cell-

cell contacts.  

Class I myosins have been proposed to regulate tension at the plasma 

membrane, and motor activity is required in this process (Mcconnell and Tyska, 

2011;  Nambiar et al., 2009). Myo1e is a low duty ratio motor and only stays 

bound to actin for a very short amount of time (El Mezgueldi et al., 2002). 

However, in cell regions rich in actin filaments, Myo1e might become a 
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moderate/high duty ratio motor and stay bound to actin for a longer time (Laakso 

et al., 2008;  White et al., 1997). Under this scenario, when the local actin 

concentration decreases, Myo1e would detach from the actin filaments. Actin 

polymerization underneath the plasma membrane maintains tension across the 

plasma membrane and we propose that Myo1e plays a role in anchoring the 

actin filaments, when they are at a high enough concentration, to the junctions, 

stabilizing them and thus maintaining membrane tension. Stable junctions have a 

low or slow exchange rate of junctional components. Non-functional Myo1e 

would decrease the stability of the junctions and increase turnover. Consistent 

with this model, our ZO-1 FRAP data showed a higher mobile fraction of ZO-1 in 

cells expressing the mutant A159P compared to cells expressing wild type 

Myo1e. Decreasing junctional stability would decrease membrane tension as 

actin filament disassembles. Therefore, Myo1e could play a role in regulating 

tension at the plasma membrane by anchoring the actin filaments to the junctions, 

and subsequently stabilizing the junctions.  

5.2 Model of Myo1e structural organization 

 Biochemical analysis of the F-actin activated ATPase activity of Myr3, a 

rat homolog of human Myo1e, showed that inhibition of the tail domain or the 

truncation of the C-terminal tail of 10kD fragment increased Mg2+-ATPase activity 

of Myr3, suggesting that the tail domain of Myr3 has an inhibitory effect on the 

motor domain ATPase activity (Stöffler and Bähler, 1998). One of the possible 

explanations is that there exists an intramolecular interaction between the very C-
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terminus tail domain and motor domain such that the tail domain folds back on to 

the motor domain, inhibiting its activity. Another group of scientists discovered a 

similar but distinct phenomenon when they investigated a Class I myosin in 

Acanthamoeba, Myosin IC (AMIC), which is also a homolog of human Myo1e. By 

using cryo-electron microscopy, X-ray crystallography, and NMR spectroscopy to 

directly study the crystal structure of the tail domain of AMIC, they discovered 

that the SH3 domain of AMIC intramolecularly interacted with the pleckstrin 

homology (PH) domain within the basic region in the AMIC tail (Hwang et al., 

2007; Ishikawa et al., 2004). Truncation analysis of Myo1e domain activity in 

MDCK cells indicated that the tail domain alone was twice as enriched at the 

junctions compared to the full length Myo1e (See Fig. 2.6). This suggested that 

the Myo1e motor domain (or IQ motif) negatively controlled Myo1e activity (at 

least localization) at the junctions. A similar result was discovered in Myo1a (a 

human myosin I isoform). Using single molecule TIRF (total internal reflection 

fluorescence microscopy), they found that the TH1 domain alone of Myo1a 

(Myo1a-TH1) exhibited higher motility than the full-length Myo1a (Myo1a-FL), 

indicating the inhibitory role of the motor domain to the tail (Mazerik et al., 2014). 

In addition to class I myosins, this intramolecular interaction has also been 

observed in class VII myosin. Umeki et al. observed a decreased ATPase activity 

in Drosophila Myosin VIIA (DM7A), a homolog of mammalian Myosin VIIA, 

caused by the tail domain folding back to the head-neck region (Umeki et al., 

2009).  



Chapter	  5	  Discussion	  and	  Future	  Directions	  
	  

	   215	  

  Based on the homolog examples we have hypothesized that there might 

be an intramolecular interaction within the tail domain of Myo1e, possibly 

between the TH2 domain and SH3 domain, which likely results in a less active 

form of myosin (Fig. 5.3). However, the TH1 domain is likely exposed, so it can 

still facilitate Myo1e localizing to the junctions. We think that the intramolecular 

interaction between the TH2 and SH3 domain is likely weaker than regular 

protein-protein interactions. Thus, upon the SH3 domain binding to other partners 

(such as dynamin, synaptojanin-1, N-WASP, and ZO-1) with higher affinity, 

Myo1e opens up and becomes more active. We speculate that Myo1e exists as 

TH2-SH3 autoregulatory conformation in the cells until it has been targeted to a 

cell region with a high concentration of proline-rich containing proteins. Then the 

Myo1e SH3 domain binds to them in a higher affinity, which results in the 

disruption of the intramolecular interaction between the TH2 domain. Myo1e 

opens up to its more active structure, allowing the TH2 domain binding to actin. 

This hypothesis postulates that the switch-off point is coupled to the decreased 

concentration of SH3 domain binding partners in the cell region, allowing the TH2 

domain and the SH3 domain to bind each other without competition and thus 

deactivating Myo1e. This model of Myo1e activation is presumably located in a 

cellular region that is rich in actin filaments and proline-rich containing proteins, 

such as the site of the endocytic vesicle assembly and cell-cell contacts. To test 

this model, we should perform some biochemical assays, such as analytical 

ultracentrifugation or electron microscopy to assess the structural conformation of 
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Myo1e. We should also conduct competition binding assays with F-actin using 

the tail domain alone (TH1+TH2+SH3) or the tail domain without the SH3 domain 

(TH1+TH2) to further confirm whether there is a competition interaction to the 

Myo1e TH2 domain between F-actin and the Myo1e SH3 domain.   

5.3 Potential role of Myo1e in endocytosis – what have we learned from 

mouse model studies?  

Ultrastructure studies in the Myo1e global knockout (KO) mouse model 

and podocyte-specific KO model have revealed that other than podocyte foot 

processes effacement and loss of endothelial fenestrations, loss of Myo1e also 

induced the thickening of the glomerular basement membrane (GBM), which is a 

classic phenotype usually found in Alport syndrome patients (Chase et al., 2012; 

Krendel et al., 2009). Alport syndrome is caused by the mutation in collagen IV 

genes COL4A3, COL4A4, and COL4A5, which are all major components of 

mature GBM (Gubler, 2008). After a literature search, we compared the 

ultrastructure of the GBM in mouse models that are deficient of certain glomerular 

genes (Table 5.1). Surprisingly, none of the podocyte proteins that are involved in 

actin filament assembly are associated with defects in GBM integrity. We 

discovered that the proteins that are associated with GBM thickening in 

knockouts fall into two groups (highlighted in yellow in Table 5.1). One, such as 

endophilin, dynamin and synaptojanin, are involved in endocytosis, and the 

others, such as integrins and integrin binding proteins, collagen IV, laminin play a 

role in podocytes and GMB adhesion (cell to substrate adhesion). The only slit 
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diaphragm associated proteins, when knocked out or knocked in, cause GBM 

thickening are ZO-1 and nephrin, respectively (Itoh et al., 2014, and unpublished 

data from Dr. Jones' lab). We have demonstrated that the Myo1e SH3 domain 

interacts with ZO-1 through in vitro pulldown assays and live-cell imaging (Bi et 

al., 2013). Our unpublished observations indicated that the Myo1e tail domain 

binds to chimeric CD8-nephrin in in vitro pulldown assays and associates with 

nephrin intracellular domain containing vesicles in COS-7 cells. Moreover, Itoh et 

al. showed that ZO-1, nephrin, and podocin are present in the same complex in 

co-immunoprecipitation (co-IP) assays. This suggests a similar cellular role or 

pathway among Myo1e, ZO-1, and nephrin in endocytosis and cell-matrix 

adhesion.  

 The same phenotype of GBM thickening in ultrastructure has been found 

in both integrin-deficient mice kidneys and ZO-1 KO and mutant nephrin knockin 

mouse models. We speculate that Myo1e may play a role in linking the signaling 

from the slit diaphragm to the regulation of the basolateral compartment of 

podocytes, which in turn affects the podocyte adhesion and GBM integrity. Our 

literature search also revealed that a podocyte protein known as integrin-linked 

kinase (ILK), which binds to β1 and β3 subunits of integrin, and other adaptor 

proteins, linking the extracellular matrix to the actin cytoskeleton (Wu and Dedhar, 

2001).  A recent study using podocyte-specific ILK KO mice revealed that mice 

without ILK developed proteinuria and the thickening of the GBM upon electron 

microscopic examinations (Dai et al., 2006). Furthermore, using biochemical 
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assays, they showed that ILK associates with nephrin and α – actinin 4 in the 

same complex, and loss of ILK re-distributed nephrin from the slit diaphragm to 

the cell body. Therefore, ILK could also be involved in the same process as 

Myo1e.  

 Our literature search suggests that disruption of endocytosis also leads to 

defects in GBM, likely through integrin signaling. Integrins are transmembrane 

glycoproteins located at the basal lateral side of podocytes. They exist as 

heterodimers, containing non-covalently associated α and β subunits. Each unit 

has a rather large ectodomain, a single transmembrane domain, and a short 

cytoplasmic tail (Campbell and Humphries, 2011). The activation of integrins is 

so called “bidirectional”. The “inside-out” activation refers to when an intracellular 

ligand binds to the cytoplasmic tail of the integrin subunit and induces a 

conformational change, which in turn activates the ectodomain for extracellular 

ligand (extracellular matrix) binding. This type of activation is specific for the tight 

binding to ECM, and is essential for cell-ECM adhesion and cell migration. The 

“outside-in” model refers to the extracellular multivalent ligand binding to integrin 

ectodomain and induces integrin clustering, and subsequently promotes binding 

to intracellular ligand to the cytoplasmic tail (Shattil et al., 2010). Endocytosis of 

integrins can be regulated both by the extracellular ligand binding and 

intracellular cues, and mediated by integrins themselves. If the podocyte 

endocytic pathway is disrupted, integrin signaling could easily malfunction, 
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subsequently leading to GBM defects and podocyte actin cytoskeleton 

disorganization.   

The dominant integrin subunits expressed in kidney podocytes are integrin 

α3β1(Pozzi and Zent, 2013), whose ectodomains have high affinity to laminin in 

GBM. This strong binding of integrin α3β1 to laminin is mediated by CD151, a 

tetraspanin family protein that specifically binds to α3 subunit of integrin, but not 

due to an increase in expression or activation of the integrin (Sachs et al., 2012). 

This indicates that loss of podocyte adherens to GBM is due to decreased 

binding affinity of integrin α3β1 to laminin, which is specifically mediated by 

CD151 binding to integrin. Collagen IV specific-binding integrin α1β1 and α2β1 

are also expressed in the kidney podocytes. Especially, integrin α1β1 binds to 

ligand collagen IV and regulates collagen synthesis at the transcription level 

(Gardner et al., 1999). The thickening of the GBM observed under the electron 

microscope might result from the mis-regulation of GBM protein synthesis at the 

diseased stage.  

We propose that in podocytes, Myo1e is involved in the process of 

endocytosis of nephrin and integrins at podocytes slit diaphragm and basolateral 

junctions. Disruption of Myo1e might affect the efficiency or accuracy of the 

endocytic pathway, which in turn might slow down or inhibit endocytosis or 

exocytosis of transmembrane signaling molecules, such as nephrin and integrin. 

Defects in membrane distributions of nephrin and integrin subsequently lead to 

the disruption of the slit diaphragm and podocyte adhesion, respectively, 
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eventually resulting in proteinuria and podocyte deletion or foot process 

effacement. 

Proteinuria is defined as a classic clinical feature of FSGS or nephrotic 

syndrome. The ultrastructure examination of diseased kidney sections often 

shows the effacement of podocyte foot processes, and/or defects in GBM and 

endothelial cells. Obviously, disruption or mutation of matrix proteins is likely to 

cause the abnormalities in GBM structure, such as the thickening of the GBM. 

However, for the genes that do not encode for matrix proteins, the abnormalities 

in GBM may be secondary to pathophysiology of the disrupted signaling (Miner, 

1999). We speculate that the thickening of the GBM is a defensive mechanism of 

already injured glomerular filtration barrier such that it will slow down further 

catastrophic damages in the kidney.   

5.4 Conclusions 

 The main goal of this research was to investigate the role of Myosin 1e 

(Myo1e) in regulating and maintaining the integrity of cell-cell contacts in mouse 

kidney podocytes. Our lab has shown that disruption of Myo1e in mice promoted 

kidney injury, characterized by proteinuria, podocyte foot process effacement and 

the thickening of the glomerular basement membrane (Chase et al., 2012; 

Krendel et al., 2009). Furthermore, genetic studies by different groups identified 

several Myo1e mutations that are associated with focal segmental 

glomerulosclerosis, the defining feature of which is proteinuria (Al-Hamed et al., 
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2013; Mele et al., 2011; Sanna-Cherchi et al., 2011). Using biochemical assays 

and image analysis, we demonstrated that Myo1e is a component of the renal slit 

diaphragm, and without functional Myo1e, the nascent junction assembly is 

defective (Bi et al., 2013). In the future, detailed and accurate analysis should be 

performed by examining the assembly of the cell-cell junctions, and the 

recruitment of junctional transmembrane components, such as nephrin or 

cadherins. We proposed that the recycling of nephrin is likely Myo1e-mediated. 

Besides cell culture systems, we also used fission yeast as a versatile tool to 

characterize two kidney disease associated mutants and discover that both of the 

mutants are non-functional, but in different ways (Bi et al., 2015). Further studies 

might also use human Myo1e to replace fission yeast Myo1, as it would be 

interesting to see whether human Myo1e rescues any defects that result from 

deletion of myo1 gene in yeast.  

 Based on the clinical studies and our own investigations, we demonstrate 

that Myo1e is important for kidney function in higher vertebrates. In the future, it 

would be beneficial to explore the underlying mechanism linking Myo1e to 

FSGS/nephrotic syndrome, which will shine some light on the pathogenesis of 

primary kidney disease at the molecular level.  
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Figure 5.1. Cartoon showing Myo1e subdomain interactions.  
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Figure 5.1. Cartoon showing Myo1e subdomain interactions. Motor domain 

of Myo1e (colored in blue) binds to actin in an ATP-dependent manner. The IQ 

motif (colored in yellow) binds to light chain calmodulin. The TH1 domain (colored 

in magenta) is positively charged and binds to negatively charged plasma 

membrane. The TH2 domain (light green) contains proline-rich motifs (PXXP). 

The SH3 domain (colored in orange) interacts with proline-rich containing 

proteins, such as ZO-1, dynamin, synaptojanin-1, and CARMIL. 
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Figure 5.2. Summary of junction localization of Myo1e constructs. 

  



Chapter	  5	  Discussion	  and	  Future	  Directions	  
	  

	   230	  

Figure 5.2. Summary of junction localization of Myo1e constructs. Plus 

signs (+) mean positive localization at junctions, while minus signs (-) mean lack 

of junction localization. The bolded construct names indicate they are enriched at 

junctions.  
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Figure 5.3. Schematic model of Myo1e structural conformation.  
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Figure 5.3. Schematic model of Myo1e structural conformation. Upon the 

SH3 domain binding to proline-rich motif containing proteins, Myo1e opens up 

from a less active form to a more open and active form, allowing effective 

interactions with F-actin and other binding partners and to carry out cellular 

activities. 
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Table 5.1: Knockout mouse models leading to proteinuria 

Protein Knockout 
conditions 

Kidney 
ultrastructure 
defects 

Known 
interacting 
partner in 
podocytes 

Reference 

Podocyte cytoplasmic proteins 
Nck Constitutive 

Nck1-/-, 
Nck2fl/fl 

Absence of foot 
process at 
E16.5 (fail to 
form foot 
process), 
Normal GBM 

Nephrin  
N-WASP 
PAK 
Synaptojanin 
1 

(Buday et al., 
2002; Jones 
et al., 2006; 
Lu et al., 
1997; 
Rohatgi et 
al., 2001) 

Podocyte 
specific 
(inducible) 
KO of Nck2 in 
Nck1-null 
mice 

Foot process 
effacement, 
collapsed actin 
along GBM, 
Normal GBM 

(Jones et al., 
2009) 

N-WASP Podocyte 
specific KO, 
and podocyte 
specific 
inducible KO  

Electron-dense 
actin cluster 
near GBM, foot 
process 
effacement, 
Normal GBM 

SH3 domains 
of Nck ½, 
Grb2, Fyn, 
Myo1e1  
Small 
GTPase  
G-actin 
Arp2/3 
complex 
PIP2 
WIP 

(Schell et al., 
2013) 
Also see 
review (Le 
Clainche and 
Carlier, 2008) 

Arp3  Missense 
mutation in 
BUF/Mna 
kidney 

Election-dense 
actin, 
Normal GBM 

Arp2/3 
complex 
N-WASP 
Actin  

(Akiyama et 
al., 2008) 
Also see 
review (Goley 
and Welch, 
2006) 

Grb2 Podocyte 
specific KO 

No significant 
alteration in 
podocyte 
structure 

Neph1 
N-WASP 

(Bisson et al., 
2012) 
(Harita et al., 
2008) 

Synaptopodin Constitutive 
KO of Synpo-

No significant 
alteration in 

CD2AP 
Myo1e2 

(Yanagida-
Asanuma et 
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long and 
Synpo-short, 
but still 
express 
Synpo-T in 
podocytes 

podocyte 
structure in 
normal 
condition, but 
foot process 
remains 
effaced upon 
recovery 
Normal GBM 

IRSp53 
α – actinin 
2/4 
Active RhoA 

al., 2007) 
(Asanuma et 
al., 2005)  
(Huber et al., 
2006) 
(Asanuma et 
al., 2006) 

Synpo+/- and 
Synpo-/- on a 
Cd2ap+/- 
background 

Foot process 
effacement,  
Normal GBM 

(Huber et al., 
2006) 

Myosin 1e Constitutive 
KO 

FP effacement 
GBM 
thickening3 
Proximal tubule 
lack of 
microvilli  
 

Dynamin 
Synaptojanin-
1 
N-WASP1 
ZO-1 

(Bi et al., 
2013; 
Krendel et 
al., 2007) 
(Krendel et 
al., 2009) 

Podocyte 
specific KO,  
Inducible KO 

(Chase et al., 
2012;  

Dynamin-1/2 Conditional 
KO both 
Dynamin 1 
and 2 in 
podocytes 

FP is normal at 
early age, but 
becomes 
effaced at 
week 4; 
Immature 
endocytic 
events  
GBM 
thickening 

Myo1e 
Endophilin-1 
CD2AP 

(Soda et al., 
2012) 
(Krendel et 
al., 2007) 

Synaptojanin-
1 

Constitutive 
double KO 
(die 
perinatally) 

FP effacement 
Immature 
endocytic 
events 
GBM 
thickening 

Myo1e 
Clathrin  
Endophilin-1 
CD2AP 

(Soda et al., 
2012) 
(Krendel et 
al., 2007) 

Endophilin-
1/2/3 

Constitutive 
triple KO 
(die 
perinatally) 

Normal 
embryonic 
development 
FP effacement 
GBM 
thickening 

Dynamin 
Synaptojanin-
1 
CD2AP 

(Soda et al., 
2012) 
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CD2AP Constitutive 
KO 

FP effacement 
Normal GBM 
and endothelial 
cells 
Massive 
extracellular 
matrix 
deposition in 
later age 
(mesangial 
cells) 

Dynamin 
Synaptojanin 
Endophilin 
Synaptopodin 

(Shih et al., 
1999) 
(Huber et al., 
2006) 

Integrin-linked 
kinase (ILK) 

Podocyte-
specific KO 

Podocyte 
apoptosis and 
detachment  
GBM 
thickening 

Nephrin 
α – actinin4 
Integrin α3β1 

(Dai et al., 
2006) 

Podocyte slit diaphragm associated proteins 
Nephrin Constitutive 

KO, 
Nephrintrap/trap 

FP effacement 
Absent of the 
SD 
Normal GBM 

Nck 
CD2AP 
Fyn  
PI3K 
IQGAP1 
ZO-1 

(Putaala et 
al., 2001) 
(Rantanen et 
al., 2002) 
(Liu et al., 
2005; 
Palmén et 
al., 2002) 
(Verma et al., 
2003) 

C57BL/6 
NephrinY3F/Y3F 
knockin 
(lacking Nck 
interaction)  

Normal FP, 
GBM and 
endothelial 
cells at 1 
month of age; 
At later age, 
mild locally 
effaced FP and 
GBM 
thickening 

Unpublished 
data from Dr. 
Nina Jones 
lab 

CD-1 
NephrinY3F/Y3F 
knockin 

Progressive 
disorganized 
FP, 
Slightly 
thickened GBM 
(irregular GBM 
“spikes”) 
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Fyn Constitutive 
KO 

Mild phenotype Nephrin (Verma et al., 
2003) 
(Yu et al., 
2001) 

Fyn-/- yes-/- 

double KO 
Expansion of 
mesagial 
matrix 

(Stein et al., 
1994) 

Neph1 Constitutive 
KO 

FP effacement Nephrin 
ZO-1 
Grb2 
Src family 
tyrosin kinase 
(SFK) 

(Liu et al., 
2003) 
(Donoviel et 
al., 2001) 
(Harita et al., 
2008) 

ZO-1/Tjp-1 Podocyte 
specific KO 

Loss of SD 
Disruption of 
FP 
Thickened 
GBM 

Nephrin 
Myo1e 

(Itoh et al., 
2014) 
(Bi et al., 
2013) 

Podocytes basal-lateral membrane associated proteins 
Integrin α3β1 Constitutive 

KO α3 
subunit 

Proximal tubule 
lack of 
microvilli 
GBM 
thickening 
Absence of 
podocyte 
formation 
Lack of fusion 
of dual BM, 
Disorganization 
and 
fragmentation 
of GBM 

Laminin 
CD151 

(Kanasaki et 
al., 2008) 

Podocyte-
specific 
conditional α3 
subunit KO 

Thickening of 
GBM 
FP effacement 

(Sachs et al., 
2006) 

Podocyte-
specific β1 
subunit KO 

FP effacement 
Normal GBM 
composition in 
ultrastructure 
Abnormal 
capillary loops 
and the 

(Pozzi et al., 
2008) 
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mesangium 
Podocyte-
specific β1 
subunit KO 

FP effacement 
Lamination of 
GBM 
(thickening) 

(Kanasaki et 
al., 2008) 

Integrin α6β1 Constitutive 
KO α6 
subunit 

No significant 
alteration in 
glomerular 
structure 
 

Laminin (Georges-
Labouesse et 
al., 1996) 

Integrin α6β4 No mouse 
model yet 

 Laminin  

Integrin α1β1 Constitutive 
α1 subunit 
KO  

No obvious 
renal 
phenotype 

Collagen IV (Heino, 2000) 

Integrin α2β1 Constitutive 
α2 subunit 
KO 

No obvious 
renal 
phenotype 

Collagen I 

CD151 Constitutive 
KO 

Thickening of 
GBM 
Loss of 
endothelial 
fenestrations 
FP effacement 
However, can 
be normal 
GBM and FP 

Integrin α3β1 (Sachs et al., 
2006) 
(Sachs et al., 
2012) 

LMX1B (LIM 
homeodomain 
transcription 
factor) 

Constitutive 
KO 

GBM 
thickening and 
split 

COL4A4 
COL4A3 

(Morello et 
al., 2001) 

Glomerular basement membrane (GBM) associated proteins 
COL4A3 Constitutive 

KO 
GBM 
thickening and 
thinning, 
multilamination 
and splitting  
FP effacement 

LMX1B (Cosgrove et 
al., 1996) 
(Abrahamson 
et al., 2007) 

Laminin β2 
chain 

Constitutive 
KO 

Normal GBM  (Noakes et 
al., 1995) 

Laminin α5 
chain 

Constitutive 
KO 

Loss of GBM at 
capillary loop 
stage 

 (Miner and 
Li, 2000) 

Mesagial cells associated proteins 



Chapter	  5	  Discussion	  and	  Future	  Directions	  
	  

	   238	  

Laminin α4 
chain 

Constitutive 
KO 

Normal GBM, 
FP, and 
endothelial 
fenestrae 
Dilated 
capillary loops 
Mesangial 
interposition 
Endothelial 
cells apoptosis 
 

 (Abrass et 
al., 2010) 

Endothelial cells associated proteins 
Vasohibin-1 Induced 

diabetic 
model in 
heterozygous 
VASH1+/-  

GBM 
thickening 
FP effacement  
Decrease in 
SD density 

Small 
vasohibin-
binding 
protein 
(SVBP) 

(Hinamoto et 
al., 2014)  
(Suzuki et al., 
2010) 

1, Our unpublished data 

2, In in vitro pulldown assays (See AP Fig. 1.3)  

3, The phenotype of GBM thickening is highlighted in yellow.  

 

 

  

 

 



	   	   Appendix	  1	  Synaptopodin	  project	  
	  

	   239	  

 

 

Appendix Chapter 1 

 

Analysis of the interactions between 

Synaptopodin and Myosin 1e 

 

 

 

 

 

 

 

 

Appendix chapter 1 is written by myself and edited by my colleagues for grammatical errors. This 

chapter is not yet ready for publication, since there are still a few more experiments to perform in 

order to finish the story.   
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AP 1.1 Introduction 

Synaptopodin (Synpo) is an actin-associated protein that is expressed in 

differentiated podocytes in the kidney and postsynaptic densities in the brain 

(restricted to telencephalic neurons) (Mundel et al., 1991)Mundel et al., 1997). 

Sequencing analysis shows that 20% of Synpo’s amino acids are prolines, which 

makes it a linear structure rather than globular (Mundel et al., 1997). Because 

Synpo is rich in proline, it is more susceptible to proteolytic degradation (Mundel 

et al., 1997).  The expression pattern of Synpo is differentiation dependent. 

During kidney development, Synpo is first detected at the capillary loop stage, 

when the primitive podocytes start differentiating (Mundel and Kriz, 1995). Three 

isoforms of Synpo (Fig. 1A) have been discovered at this time; N-terminal Synpo-

short (1-685aa) is expressed in neurons, and full length Synpo-long (1-903aa) 

and C-terminal Synpo-T (712-903aa) are expressed in kidneys (Asanuma et al., 

2005).  

Synpo localizes as puncta, a periodic dotted pattern, along the stress 

fibers and in focal adhesions. Using an actin depolymerization reagent such as 

Cytochalasin B causes the redistribution of Synpo from the stress fibers to 

cytoplasm (Mundel et al., 1997). α-actinin-4, which is an actin cross-linker, 

directly interacts with Synpo via its C-terminus. This interaction allows Synpo to 

regulate actin bundling activity of α-actinin-4 by binding to both actin and α-

actinin-4 (Asanuma et al., 2005). Synpo also regulates RhoA signaling and cell 
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migration by protecting RhoA from proteosomal degradation, which promotes the 

stress fiber formation in podocytes (Asanuma et al., 2006).  

Myosin 1e (Myo1e) belongs to Class I long tailed Myosin. It is broadly 

expressed in vertebrates with the highest expression pattern in lymph nodes, 

spleen and large intestine (Kim et al., 2006). In the kidney, it is enriched in 

podocytes, specialized epithelial cells. Myo1e plays an important role in 

podocytes function and normal glomerular filtration (Bi et al., 2013; Chase et al., 

2012).  The SH3 domain of Myo1e, which is located at the C-terminal region of 

Myo1e, was found to interact with dynamin and synaptojanin-1, playing a role in 

endocytosis (Krendel et al., 2007). Mundel lab discovered that Synaptopodin 

interacted with Myo1e likely through proline-SH3 domain interactions (private 

discussion with Dr. Peter Mundel). Therefore, we have decided to follow up on 

this possible interaction and investigate how it affects actin cytoskeleton in 

podocytes.   
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AP 1.2 Materials and Methods 

PCR primers design  

PCR primers were designed in a fashion that it includes 15 base pair (bp) 

extensions (5’) that are complementary to the ends of the linearized vector, which 

in this case is pFLAG-CMV-5a. Primer sequences are shown in AP Table 1.1. 

In-Fusion® HD cloning 

Cloning was done according to In-Fusion® HD cloning kit user manual 

from Clontech® (Mountain View, CA). 

Western Blot analysis and Pulldown assay 

Western blot analyses were done with anti-FLAG M2 (1:500) as primary 

antibody and HRP-GαM (1:3000) as secondary antibody. 

Cos-7 cells were transiently transfected with desired plasmids. After 48 

hours transfection, cells were lysed with ice-cold IP buffer (50 mM Tris-HCl pH7.6, 

150 mM NaCl, 1% Triton X-100), followed by incubating on ice for 30 min. Cells 

then were centrifuged down in a table top microcentrifuge at 13,300 rpm at 4oC 

for 10 min. The supernatant (S1) was collected and the pellet was saved (P1). A 

small sample of the supernatant was used to prepare a gel sample. The rest of 

the supernatant was divided into three aliquots, and added to GST tagged 

proteins, followed by nutating at 4oC for 2 hours. At the end of two-hours nutation, 

a 50% slurry of BSA-coated glutathione-sepharose beads was added to each 
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reaction, and the mixtures were nutated at 4 oC for 1 hour. Beads were 

centrifuged down at 4 oC at 500xg for 5 minutes and the supernatant was 

collected (Unbound). The beads were then washed with cold IP buffer for 5 times 

and then centrifuge down as above (Bound).  

Immunofluorescence staining and Live-cell imaging 

For immunofluorescence staining, mouse kidney podocytes were plated 

on collagen-IV coated coverslips and processed as previously described (Chase 

et al., 2012).  

For live-cell imaging, wild type podocytes were plated and infected as 

previously described (Bi et al., 2013). 24 hours post infection, images of live cells 

were collected using a Nikon Eclipse TE2000-E multimode TIRF microscope 

equipped with a 60x, N.A. 1.45 TIRF Plan Apo Objective and a Hamamatsu EM-

CCD camera (Hamamatsu Photonics, Skukuza, Japan) and controlled by Nikon 

Elements software.  

Image manipulation 

All fluorescence images were adjusted for brightness and contrast using 

ImageJ software (National Institutes of Health, Bethesda, MA.) 
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AP 1.3 Results 

AP1.3.1 Localization of Synaptopodin in podocytes 

To examine the expression pattern of endogenous Synaptopodin in our 

podocytes clones, western blot analysis was performed on our Myo1e 

heterozygous and knock-out clones (AP Fig. 1.2A). The results show that 

Synaptopodin is only expressed in differentiated Myo1e heterozygous and Myo1e 

knock-out podocytes clones, but not in any of the undifferentiated podocytes 

clones. This result is consistent with the fact that in the brain, Synaptopodin 

protein is only detected at a late stage of the development (Mundel and Kriz, 

1995; Yamazaki et al., 2001). Using immunofluorescent staining, we were able to 

demonstrate the localization pattern of Synaptopodin in cultured differentiated 

podocytes (AP Fig. 1.2B), in which Synaptopodin decorates stress fibers (AP Fig. 

1.2B, zoom-ins).  

AP1.3.2 Generation and expression of FLAG-tagged Synaptopodin fragments 

Synaptopodin is an actin-bundling protein and has multiple proline-rich 

regions, which makes it a rather linear shaped instead of globular shaped 

(Mundel et al., 1997). Additionally, Proline-rich regions are thought to interact 

with SH3-domain containing proteins. To further map the interacting domains 

between Synaptopodin to Myo1e, PCR reaction and In-Fusion cloning methods 

were used to generate a few Synaptopodin fragments (Fig. 3A). Sequencing 

results and expression pattern in COS-7 cells revealed by western blot confirmed 
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the accuracy of the cloning (Data not shown, and AP Fig. 1.3B). Not surprisingly, 

all the bands ran a little higher than expected size (AP Fig. 1.3B), likely due to the 

proline-rich regions in the constructs. Because of the low molecular weight of the 

last three short pieces of Synaptopodin fragments (Synpo-689-766aa, Synpo-

753-851aa, and Synpo-849-903aa), we were unable to visualize them on the 

western blot gel. Therefore, we used SynpoT (712-903 aa) fragment as a 

substitute for them (AP Fig. 1.1A and 1.3A).  

AP1.3.3 Synaptopodin fragments interact with the Myo1e SH3 domain 

To identify which Synaptopodin (Synpo) fragments specifically interacts 

with the Myo1e SH3 domain, we transfected Synpo 1-303aa, 299-504aa, 490-

700aa and Synpo-T into Cos-7 cells, and performed pulldown assays using GST- 

tagged purified proteins (GST, GST-Myo1e SH3, and GST-SH3WK) (AP Fig. 1.3C 

and D).  All truncated Synpo proteins, as well as Synpo-Long, interacted with the 

Myo1e SH3 domain in in vitro pull down assays (red boxes in AP Fig. 1.3C and 

D). We also observed that some FLAG-tagged Synpo fragments precipitated with 

negative controls GST or GST-SH3wk. The possible explanation was when we 

removed the supernatant (unbound) from the pellet (beads, bound) it had 

residual supernatant containing FLAG-tagged Synpo fragments left with the pellet 

in the test tubes. Thus, using anti-FLAG antibody, the western blot detected 

FLAG-tagged Synpo fragment bands under the negative control conditions. 

However, this could be avoided by carefully separating supernatant from the 

pellet.  
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AP1.3.4 Synaptopodin does not co-localize with Myo1e in cultured podocytes 

 As previously investigated, Myo1e is enriched in cellular vesicles, cell-cell 

junctions, and plasma membranes (Bi et al., 2013; Krendel et al., 2007). Here, 

we want to demonstrate whether Synaptopodin colocalizes with Myo1e in any of 

these cellular structures. Cultured differentiated podocytes were infected with 

adenoviral vectors encoding mCherry-tagged Synaptopodin full length and GFP-

tagged Myo1e full length. Live-cell images show no co-localization between 

Synpo and Myo1e (AP Fig. 1.4). Since our in vitro pull down assays show that 

Synaptopodin fragments specifically interact with the Myo1e-SH3 domain, we 

used GFP-tagged Myo1e-SH3 domain instead of the full-length protein. We 

introduced GFP-tagged Myo1e-SH3 domain into COS-7 cells via transient 

transfection. Surprisingly, no co-localizations were observed (data not shown). 

Additionally, we used purified FLAG-tagged Synpo fragments to perform in vitro 

binding assay with GST-tagged Myo1e-SH3 domain, but the results all showed a 

consistent lack of binding (data not shown).   



	   	   Appendix	  1	  Synaptopodin	  project	  
	  

	   247	  

AP 1.4 Discussion 

GST pull down assays indicated that Synpo interacted with the Myo1e 

SH3 domain in vitro (AP Fig. 1.3C-D), with the strongest binding profiles of the N-

terminal 1-303aa fragment and C-terminal Synpo-T fragment (712-903aa). 

However, all microscopic data failed to confirm any Synpo-Myo1e SH3 binding 

interactions, since no significant co-localizations were observed during 

fluorescence microscopy analysis using either full-length Synpo and Myo1e (AP 

Fig. 1.4), or only fragmented Synpo and the Myo1e-SH3 domain (data not 

shown). Synpo has been found to be an actin-associated protein that decorates 

the stress fibers in a dotted fashion, while Myosins belong to a family of actin-

dependent molecular motors. Although Myo1e is not a processive motor, it has 

been confirmed that it has a weak binding affinity for actin in the presence of ATP 

(El Mezgueldi et al., 2002). Because of the weak binding affinity for actin, Myo1e 

has been suggested to function in a region of high concentration of actin 

filaments (stress fibers), supposedly cross-linking them. Therefore, actin is 

potentially an ideal intermediate component to link Myo1e and Synpo together. 

We hypothesize that the GST-tagged Myo1e-SH3 domain precipitates other 

proline-rich containing proteins that are directly associated with actin or Synpo. 

To further investigate this matter, we used purified Synpo fragments to perform 

the in vitro binding assays to confirm whether this interaction is direct. However, 

the results showed consistent lack of binding. We have also performed co-IP 

experiments to prove the interaction, except our co-IP analysis failed to work due 
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to unknown technical issues. An alterative method for investigating Synpo-Myo1e 

interaction is through mass spectrometry (Jonker et al., 2011; Kool et al., 2011), 

in which the identification of the Myo1e-SH3 domain binding partners could 

theoretically be deduce from podocytes lysate or tissue lysate after the 

precipitation by the Myo1e-SH3 domain. 

Our previous investigation on mapping the truncated Myo1e using MDCK 

cells showed that GFP-tagged Myo1e-SH3 domain did not localize to any cellular 

structures, instead it was evenly distributed within the cytoplasm (Bi et al., 2013). 

Therefore, using GFP-tagged Myo1e SH3 domain for microscopic analysis might 

not be a critical way to demonstrate the interaction between Synpo and Myo1e, 

since the SH3 domain itself might be lacking other significant binding motifs to 

function in vivo.  

 Our data has demonstrated lack of colocalization between Myo1e and 

Synpo, even though they interact in vitro. This suggests that there might be a 

shared interacting partner by both Myo1e and Synpo. Further investigations 

could carry out to identify this protein.  
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AP Figure 1.1. Domain mappings of Synaptopodin (Synpo) and Myosin 1e 

(Myo1e).  
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AP Figure 1.1. Domain mappings of Synaptopodin (Synpo) and Myosin 1e 

(Myo1e). (A) Three existing Synpo isoforms: Synpo-Long (1-903 aa), C-terminal 

Synpo-short (1-685 aa), and N-terminal Synpo-T (712-903 aa). The yellow-

colored boxes indicate the predicted proline-rich region in the protein based on 

sequence analysis (Mundel et al., 1997). (B) Myo1e protein contains a C-terminal 

globular head domain, a neck “IQ” motif that binds to calmodulin, and the tail 

domain that is comprised of membrane binding TH1 domain, proline-rich TH2 

domain, and Src-homology (SH3) domain, which is responsible for protein-

protein interactions.  
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AP Figure 1.2. Expression and localization of Synaptopodin in mouse 

podocytes.  
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AP Figure 1.2. Expression and localization of Synaptopodin in mouse 

podocytes. (A) Western blot analysis showing the expression of endogenous 

Synpo in the lysates from several podocyte cell lines using rabbit Anti-

Synaptopodin NT (1:1000). Synpo is only expressed in differentiated podocytes, 

but not in undifferentiated ones. (B) Immunofluorescent staining images showing 

the co-localization of actin (red) and Synpo (green) in differentiated podocytes. 

The “zoom-in” images show that Synpo localizes as puncta-like patterns on the 

stress fibers. 
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AP Figure 1.3. Synaptopodin interacts with Myo1e in pull down assays. 
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AP Figure 1.3. Synaptopodin interacts with Myo1e in pull down assays. (A) 

FLAG-tagged Synpo fragments were generated by InFusion cloning and PCR, 

and confirmed by DNA sequencing. (B) Western blot analysis showing the 

expression of FLAG-tagged Synpo fragments from COS-7 cells lysates after 

transfection. (C-D) Western blot analysis of glutathione-S-transferase (GST) 

pulldown reactions using mouse anti-FLAG M2 (1:1000) antibody. GST-tagged 

Myo1e-SH3 domain (GST-SH3) precipitated all the FLAG-tagged Synpo 

fragments (indicated by the red boxes).  
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AP Figure 1.4. Synaptopodin does not co-localize with full-length Myo1e in 

differentiated podocytes. 
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AP Figure 1.4. Synaptopodin does not co-localize with full-length Myo1e in 

differentiated podocytes. mCherry-tagged Synaptopodin full-length (A) and 

GFP-tagged Myo1e full-length (A’) were introduced into mouse wild type 

podocytes using adenoviral vectors. The merged image (A’’) indicates no or 

minimal co-localization between Synaptopodin and Myo1e in live-cell imaging 

condition. 
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AP Table 1.1. Synpo-Long Infusion primer design  

Note: Yellow highlighted bases are In Fusion sequences. Red –colored bases 

are Kozak sequences and start codon. Numbers inside the prentices indicate the 

melting temperature (Tm: oC) of each primer.  

Synpo_L_F_1-303aa 

TTGCGGCCGCAGATCTCACCATGGAGGGGTACTCAGAGGAGGCT (59.4) 

Synpo_L_R_1-303aa 

TACCGGATCCGTCGACTCGCTGCCCCATCATCCTCCT  (62.4) 

Synpo_L_F_299-504aa   

TTGCGGCCGCAGATCTCACCATGGGGCAGCGAAGCCCG (62.6) 

Synpo_L_R_299-504aa   

TACCGGATCCGTCGACCTCTGGCGTGTGGCTTGAAGAC  (58.5) 

Synpo_L_F_490-700aa   

TTGCGGCCGCAGATCTCACCATGGAGAAATATGTCATCGAGTCTTCA (56.3) 

Synpo_L_R_490-700aa   

TACCGGATCCGTCGACGTCTAGGCTGCTGGGGGGC  (59.4) 

Synpo_L_F_689-766aa 
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TTGCGGCCGCAGATCTCACCATGCCGGGCGCGTCCCGG (69.5) 

Synpo_L_R_689-766aa  

TACCGGATCCGTCGACCCGGGCCGCATTGATGATGTT (63.3) 

Synpo_L_F_753-851aa 

TTGCGGCCGCAGATCTCACCATGCAGGCGCTTCTGGCG (59.5) 

Synpo_L_R_753-851aa  

TACCGGATCCGTCGACGTAGAGGAAGGGCCTGGGAGG  (57.7) 

Synpo_L_F_847-903aa 

TTGCGGCCGCAGATCTCACCATGCCCTTCCTCTACCGCCGC  (63.1) 

Synpo_L_R_847-903aa 

TACCGGATCCGTCGACGGTGGTGCAGGAGGCCTCG  (60.0) 
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Appendix Chapter 2 

 

Investigation of the effects of the Myo1e 

rigor mutant N164A on the dynamics of the 

actin cytoskeleton 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix chapter 2 is written by myself and edited by my colleagues for grammatical errors. This 

chapter is not yet ready for publication, since there are still a few more experiments to perform in 

order to finish the story. 
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AP 2.1 Introduction 

Myosins are actin-dependent molecular motors. In the past two decades, 

researchers have found more than 25 classes of myosins in eukaryotes. 

Typically, myosins consist of 3 functional domains: the N-terminal motor domain 

that binds to actin in an ATP-dependent manner and is highly conserved through 

evolution, one or more IQ motifs for light chain binding, and the C-terminal tail 

domain which is highly diverse even within a single class. To study myosin 

functions and activity, researchers have used Dictyostelium discoideum (de la 

Roche and Côté, 2001) and yeast (Brown, 1997; Kim and Flavell, 2008) as model 

systems, because they are less complex than most of the vertebrates.  

In Dictyostelium discoideum, a point mutation, N233A, in the switch I loop 

of the myosin II motor domain was found to bind actin more tightly without 

moving the actin filaments in in vitro motility assays compared to wild type 

myosin II (Shimada et al., 1997). The switch I loop is located adjacent to the 

nucleotide binding pocket and is thought to play a role in nucleotide exchange 

during the ATPase cycle (Kintses et al., 2007). The rigor mutation N233A blocks 

the nucleotide binding by causing a conformational change to the switch I region 

and closing the nucleotide binding pocket, such that the mutant myosin II stays 

bound to actin filaments. Based on the conservation of the motor domain, 

another group of scientists generated an equivalent rigor mutation, N160A, in one 

of the vertebrate class I myosins, Myo1b, to test whether the motor activity is 

required for Myo1b function in controlling F-actin foci distribution. This N160A 
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mutant was also found to be unable to move the F-actin (generating force) in vitro 

(Almeida et al., 2011), which confirmed that the amino acid change from 

asparagine to alanine in myosin motor switch I loop from the previous study 

indeed turned myosin into a rigor mutant.  

We have identified the equivalent asparagine in the switch I loop of Myo1e 

motor domain via sequence alignment, and introduced the same alanine 

mutation by mutagenesis (Myo1e N164A). In this study, we will investigate the 

effects of the Myo1e N164A mutation on the actin cytoskeleton dynamics.      
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AP 2.2 Material and Methods 

Cell cultures, transfection and infection 

COS-7 cells were maintained in complete Dulbecco's Modified Eagle's 

Medium (DMEM + 10% fetal bovine serum (FBS) + 1x antibiotic mix (ABM)). 

Cells were plated in MatTek dishes for live-cell imaging. Immortalized Myo1e-null 

podocytes were cultured as previously described (Mundel et al., 1997). 

 Transient transfections were performed using JetPei transfection reagent 

according to manufacturer instructions. The infection of differentiated podocytes 

was performed as previously described appendix chapter III (Bi et al., 2014).  

Live-cell imaging 

Live-cell imaging was preformed as previously described in Chapter 2 (Bi 

et al., 2013) 

Calcium switch assays 

Calcium switch experiments were preformed as previously described in 

Chapter 2 (Bi et al., 2013). 

Constructions of plasmids encoding GST-TH2 protein and purification of GST 

fusion protein 

 The subcloning of Myo1e-TH2 domain into pGEX-6P-1 multiple cloning 

site was performed using InFusion® HD cloning kit (Clothech, Moutain View, CA). 
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The primers were used for cloning are sense (5’-3’) 

GGGGCCCCTGGGATCCCCCAAGAACTCCCGTCCT, and anti-sense (5’-3’) 

GTCGACCCGGGAATTCATAGGCTTACAAAGCCTTGCACTG. The restriction 

sites used within the primers are BamHI and EcoRI, which were underlined. A 

new stop codon (highlighted in red) at the end of the TH2 domain was also 

created.  DNA sequencing confirmed the GST-TH2 is in frame with the 

sequences of the Myo1e-TH2 domain.  

 The expression and purification of the GST-TH2 was performed as 

previously described with modifications due to the high non-solubility of the TH2 

domain (Jung and Hammer III, 1994). Bacterial E. coli strain Rosetta™ (DE3) 

(Novagen, Merck Millipore, Billerica, MA) was inoculated at a low concentration, 

and the GST-TH2 protein expression was induced at OD595 = 0.8 with 1 mM final 

concentration of IPTG. After incubation for 3.5 hours at 30 oC, the bacterial cells 

were pelleted at 6000 g for 15 min at 4 oC, and the pellet was resuspended in ice 

cold buffer A (50 mM Tris-HCl, pH 8.0; 300 mM NaCl, 5 mM EDTA-Na, pH 7.5; 

10% sarkosyl; 10 mM BME) with complete protease inhibitor (Roche) and 1mM 

PMSF, followed by incubating at 4 oC over night. The next day, the lysate was 

centrifuged in a Ti-45 rotor at 15k rpm for 30 min at 4 oC (Beckman Instruments, 

Inc., Fullerton, CA), and the pellet was discarded. The supernatant then was 

diluted with ice cold buffer B (50 mM Tris-HCl, pH 8.0; 300 mM NaCl, 5 mM 

EDTA-Na, pH 7.5; 10 mM BME; 3.3% Triton X-100; 33 mM CHAPS) and 

checked for any precipitants (If there were any, the lysate was clarified by 



	   	   Appendix	  2	  Myo1e-‐N164A	  project	  
	  

	   265	  

centrifugation as above and the pellet discarded). The final supernatant was 

loaded onto a Glutathione-Sepharose 4B column (Sigma, St. Louis, MO). The 

column was washed extensively with 5 column volumes (CV) of GST lysis buffer 

(50 mM Tris-HCl, pH 8.0; 150 mM NaCl; 5 mM EDTA-Na, pH 7.5), 5 CV of 

TBSE-150 buffer (20 mM Tris-HCl, pH 8.0; 150 mM NaCl; 1 mM EDTA), 5 CV of 

TBSE-150 + 0.2% Thesit, 5 CV of TBSE-150 buffer, 5 CV of TBSE-150 + 1 M 

NaCl, and 5 CV of TBSE-150 buffer, sequentially. The GST-TH2 fusion protein 

was eluted with TBSE-150 buffer containing 10 mM Glutathione. The fractions of 

the fusion protein were monitored by Bradford assay (Bio-Rad, Berkeley, CA) 

and confirmed by SDS-PAGE.  Finally, the fractions enriched with the fusion 

protein were dialyzed against GST lysis buffer for twice, and twice more with GST 

lysis buffer containing 10% glycerol for long term storage. The concentration of 

the GST-TH2 fusion protein was determined by the Bio-Rad protein assay using 

bovine serum albumin (BSA) as a standard.  

Actin purification and actin cosedimentation assays 

The rabbit skeletal muscle acetone powder was purchased from Pelfreez 

(Pelfreez-bio, Rogens, AR). The purification of rabbit skeletal muscle actin was 

preformed as previously described (Pardee and Spudich, 1982) with minor 

modifications. Briefly, the acetone powder was mixed with ice cold buffer G (2 

mM Tris-HCl, pH 8.0; 0.2 mM ATP; 0.5 mM DTT; 0.2 mM CaCl2) and stirred at 4 

oC for 30 min. The extract was then centrifuged at 35K rpm (142K g) for 15 min at 

4 0C in Beckman 70-Ti ultracentrifuge rotor (Beckman Coulter, Pasadena, CA). 
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Following the centrifugation, the volume of the supernatant was measured using 

a graduated cylinder. Then the supernatant was stirred in a beaker at room 

temperature while adding KCl, MgCl2 and ATP to final concentrations of 50 mM, 

2 mM, and 1 mM, respectively, as well as protease inhibitor cocktails (Pefabloc, 

Roche), followed by incubating at room temperature without stirring for 30 min. 

Then the mixture was transferred to 4 oC and incubated for 60 min without stirring. 

At the end of the incubation, KCl was added to the mixture to a final 

concentration of 0.8 M while stirring. After the addition of KCl, the mixture was 

stirred at 4 oC for additional 60 min before being centrifuged in a Beckman 70-Ti 

rotor at 35K rpm for 3 hours. At the end of the centrifugation, the supernatant was 

removed and the pellet was washed with ice cold buffer G gently 5 times to 

remove the excess salt while not to dislodging the pellet. The pellet (F-actin) was 

then scraped out using a Teflon spatula and resuspended in ice cold buffer G 

using a loose glass pestle in a Kontes homogenizer. The resuspended G-actin 

solution was then dialyzed 3 times against fresh buffer G, and clarified by 

centrifugation in Beckman 70-Ti rotor at 35K rpm for 3 hours. The concentration 

of clarified G-actin solution was determined by absorbance at 280 nm, and the 

molecular weight was confirmed by SDS-PAGE. 

The actin cosedimentation assays were performed according to previously 

described procedure (Goode et al., 1998). Purified G-actin was diluted to a 

proper stock concentration (in this case, we used 20 μM) in buffer G and 

polymerized in F-buffer (G-buffer + 1x Initiation mix) for 1 hour at room 
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temperature before using in the actin co-sedimentation assay. At this point, 20 

μM polymerized actin was a mixture of 0.2 μM actin monomer and 19.8 μM actin 

polymer. Then, 2 μM freshly polymerized actin was mixed with 

0/0.2/0.4/0.8/1/2/4/8/16/20 μM purified GST-TH2 fusion protein (for a total 

volume of 50 μL) and incubated at room temperature for 10 min. The mixtures 

were sedimented by centrifugation at 90,000 rpm for 20 min at 20 oC in a TLA-

100 rotor (Beckman Coulter, Pasadena, CA). The supernatants and the pellets 

were separated and the pellets were resuspended in equal amount of 1x sample 

buffer. Equal amounts of the supernatants and pellets suspensions analyzed by 

SDS-PAGE. The gels were Coomassie-stained and the intensity of the GST-TH2 

and actin in the pellet was quantified using ImageJ software (National Institute of 

Health, Bethesda, Maryland). The data was plotted and fitted in KaleidaGraph 

(Synergy Software) using the following equation that was derived from (Sirotkin et 

al., 2005): 

Y=((M0+2+M1)-((M0+2+M1)2-4*M0*2)0.5)/4; M1=0.1 

Y is the fraction of ligand bound; M0 is [GST-TH2] at variable concentrations; 2 

refers to the soluble ligand at a constant concentration (In this case, [actin]=2 

μM); M1 is the dissociation constant Kd.  

Quantification of the protrusions 

 We categorized the protrusions based on their length and width. Regular 

filopodia have a length of less than 1.5 μm and are spike-like (no width). 
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Enlongated protrusions have a length between 1.5 to 12 μm, and a width less 

than line width of 2 when set up parameter in ImageJ. The bulbed protrusions 

have lengths longer than 12 μm, and the width of the protrusions were greater 

than line width of 2 when set up parameter in ImageJ. A total of 146 protrusions 

in wild type Myo1e expressing cells and 66 protrusions in Myo1e-N164A 

expressing cells were measured. All the measurements were done in ImageJ 

(National Institute of Health, Bethesda, MD), and the data were plotted as bar 

graphs in KaleidaGraph (Synergy Software). 

Fluorescence recovery after photobleaching (FRAP) 

The FRAP experiments were preformed as described in Material and 

Methods in Chapter 3.   



	   	   Appendix	  2	  Myo1e-‐N164A	  project	  
	  

	   269	  

AP 2.3 Results 

AP 2.3.1 The rigor mutant Myo1e N164A co-localizes with actin at cell 

protrusions and plasma membranes. 

Wild type Myo1e localizes to plasma membranes, cell-cell junctions and 

endocytic vesicles. To investigate the localization pattern of the rigor mutant 

N164A relative to actin, we transiently transfected COS-7 cells with mCherry-

tagged Lifeact and GFP-tagged Myo1e-N164A (AP Fig. 2.1C-D’’). In cells 

expressing the N164A mutant, we noticed that there appeared to be longer actin-

rich protrusions forming with N164A decorating along the protrusions (AP Fig. 

2.1C-C’’, yellow arrows). Additionally, the plasma membrane localization of the 

N164A mutant was much more prominent (AP Fig. 2.1D’, green arrows) 

compared to the wild type Myo1e expressing cells (AP Fig. 2.1A’-B’).  In both wild 

type Myo1e and the Myo1e-N164A expressing cells, we found the formation of 

the regular “spike-like” filopodia (AP Fig. 2.1B, red arrows). From these results 

we have concluded that the rigor mutant Myo1e N164A has prominent 

membrane localizations and induces the formation of long protrusions in COS-7 

cells. However, the nature of these protrusions is unknown, and still under 

investigation.  

We categorized the protrusions in COS-7 cells expressing wild type 

Myo1e or the rigor mutant Myo1e N164A (AP Fig. 2.2A). Regular filopodia are 

the normal actin-rich protrusions, which are found in most of the cells. These are 
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characterized by the protrusions being shorter than 1.5 μm and spike-like (AP Fig. 

2.2A, upper panel). The elongated protrusions are characterized by having 

lengths between 1.5 to 12 μm. The bulbous protrusions are characterized as 

protrusions whose lengths are greater than 12 μm, and decorated by myosin 

puncta (bulb-shaped protrusions). Bulbous protrusions mostly have a width 

greater than 2 when measured in ImageJ. We found that cells expressing wild 

type Myo1e form more regular protrusions, while almost 80% of cells expression 

the rigor mutant are bulb-shaped (AP Fig. 2.2B).  

AP 2.3.2 The rigor mutant Myo1e N164A co-localizes with ZO-1 at cell-cell 

junctions. 

 To examine whether the Myo1e N164A mutant affects ZO-1 localization, 

Myo1e null mouse podocytes were infected with adenoviral vectors encoding 

mCherry-tagged ZO-1 (AP Fig. 2.3A-C) and GFP-tagged Myo1e wild type (AP 

Fig. 2.3A’-B’) or N164A mutant (AP Fig. 2.3C’). The rigor mutant Myo1e N164A 

co-localized with ZO-1 at cell-cell junctions, similar to Myo1e wild type (AP Fig. 

2.3, yellow arrows). Interestingly, the Myo1e N164A mutant was enriched in the 

plasma membrane, which was also observed in COS-7 cells (AP Fig. 2.3C’-C’’, 

green arrows). 

AP 2.3.3 The rigor mutant Myo1e N164A is recruited to nascent cell-cell contacts 

with ZO-1 during calcium switch experiments. 
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 To further study the effect of N164A mutant on ZO-1 activity, we 

performed calcium switch experiments as previously described in Chapter 2 (Bi 

et al., 2013) (AP Fig. 2.4). As expected, the Myo1e N164A mutant was recruited 

to nascent cell-cell contacts during junction assembly, along with ZO-1 (AP Fig. 

2.4, yellow arrows). 

AP 2.3.4 The rigor mutant Myo1e N164A does not alter ZO-1 dynamics at the 

junctions. 

 To investigate whether the Myo1e N164A mutant affects ZO-1 dynamics 

at the junctions, we performed fluorescent recovery after photobleaching (FRAP) 

experiments on Myo1e null mouse podocytes that were re-introduced with either 

wild type Myo1e or the Myo1e N164A mutant (AP Fig. 2.5). The data was fit to a 

double exponential curve (AP Fig 2.5A), and the mobile fractions were calculated 

and displayed in AP Fig. 2.5B. The junctional ZO-1 fluorescence recovery was 

70%, similar to that in the cells expressing wild type Myo1e. This shows that the 

Myo1e-N164A mutant does not alter ZO-1 dynamics at the junctions.  

AP 2.3.5 Deletion of the TH2 domain from the Myo1e N164A mutant mimics the 

phenotype of Myo1e-ΔTH2 in the cells.  

 As evidenced in Chapter 2, the TH2 domain of Myo1e is essential for 

targeting Myo1e to cell-cell contacts. Since the N164A mutant is supposed to be 

a rigor mutant, we hypothesized that introducing a rigor mutation to the motor 

domain will rescue the Myo1e-ΔTH2 localization in the cells from diffuse to the 
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junctions. We generated Myo1e-N164A-ΔTH2 by mutagenesis and transfected it 

into COS-7 cells, along with mCherry-tagged Lifeact (AP Fig. 2.6). By comparing 

and analyzing the distributions of Myo1e-ΔTH2 (AP Fig. 2.6A-A’’ and 2.6C-C’’) 

and Myo1e-N164A-ΔTH2 (AP Fig. 2.6B-B’’ and 2.6D-D’’) in both single cells (AP 

Fig. 2.6A-B’’) and cell pairs (AP Fig. 2.6C-D’’), we could not find any significant 

differences in localization between Myo1e-ΔTH2 and Myo1e-N164A-ΔTH2, 

suggesting that TH2 domain is indeed essential for Myo1e localization in the cell.  
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AP 2.4 Discussion 

AP 2.4.1 Is Myo1e N164A a rigor mutant?  

We have predicted that the Myo1e N164A mutant is a rigor binding mutant 

based on previous studies (Almeida et al., 2011; Shimada et al., 1997). We 

attempted to confirm this prediction by live-cell imaging. Here we have shown 

that the localization patterns of Myo1e N164A in cells are very prominent at the 

plasma membrane and at cell-cell junctions. As we know, the underlying cortical 

actin filaments plays a key role in maintaining plasma membrane shape and 

generating tensile force for initiating proper cell processes such as migration and 

endocytosis. According to previous studies, due to its low affinity to actin 

filaments, Myo1e has been suggested to be enriched in places that have a high 

concentration of short actin filaments (El Mezgueldi et al., 2002). Additionally, our 

lab, among other groups, have demonstrated that there is a second actin-binding 

site at Myo1e tail domain (AP Fig. 2.7, and Brzeska et al., 1988; Doberstein and 

Pollard, 1992; Jung and Hammer III, 1994; Lynch et al., 1986; Swanljung-Collins 

and Collins, 1994; Lee et al., 1999; Rosenfeld and Rener, 1994). The affinity of 

Myo1e to actin ranges from 0.1 μM to 7.2 μM depending on salt and ATP 

concentrations. Our data suggested that the tail domain has a second actin-

binding site with the affinity to actin of 3.6 μM. These two weak actin-binding 

sites, one in the motor domain and the other in the tail domain, might contribute 

Myo1e localization to actin-rich regions in the cells and its role in cross linking 

short actin filaments underlying the plasma membrane. Therefore, we have 
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hypothesized that the N164A mutant increases Myo1e binding affinity to actin, 

which could account for the prominent localization to plasma membranes. 

However, further in vitro motility assays are necessary to confirm this prediction. 

In the live cell images of podocytes expressing N164A, we also observed 

more bright vesicles in the cytoplasm, which lead us to the hypothesis that the 

N164A mutant might promote endocytosis. Since this mutant is predicted to be a 

rigor mutant, theoretically it should bind to actin filaments tighter and spend more 

time on actin filaments compared to wild type Myo1e. We attempted to confirm 

this by immunostaining other proteins that are involved in the endocytic pathways, 

such as Dynamin-2, Rab11, EEA or Clathrin (data not shown). We hypothesized 

that if the rigor mutant promotes endocytosis by binding to the actin filament 

tighter, we would observe an increasing co-localization pattern with the endocytic 

proteins in Myo1e-N164A expressing cells. Unfortunately, we failed to detect 

hypothesized phenomenon (data not shown). Therefore, it suggests that the 

N164A positive vesicles we saw in the cells are unlikely to be involved in 

endocytosis.  

AP 2.4.2 What is the nature of the long protrusions that are induced by the 

Myo1e N164A mutant? 

The Myo1e N164A mutant induces the formation of long bulbed 

protrusions in both COS-7 cells (AP Fig. 2.1) and podocytes (data not shown). 

Live cell imaging with mCherry-tagged Lifeact indicated that these long bulbed 
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protrusions are rich in actin. We have hypothesized that by increasing the affinity 

to actin filament near the plasma membrane, the Myo1e N164A mutant promotes 

actin polymerization by stabilizing actin. Our preliminary imaging data with 

mCherry-tagged EMTB (the microtubule binding domain of ensconsin) suggested 

that these long bulb-like protrusions are also rich in microtubule (data not shown). 

This suggests that the nature of the long protrusions we saw in cells expressing 

the Myo1e N164A mutant is different from the novel filopodia. The microtubules 

based long protrusions have been found in neuronal cells during the induction of 

axons (Goldberg and Burmeister, 1992). In the future investigations, we may 

further explore the nature of Myo1e N164A induced long protrusions by 

examining the pathways that promote the formation of long filopodia in cells.  

AP 2.4.3 What is the effect of the rigor mutant on the dynamics of the actin 

cytoskeleton? 

 Class I myosins are predicted to be involved in the regulation of 

membrane tension (Nambiar et al., 2009). Recent preliminary studies from our 

lab have also shown that the membrane tension is reduced 25% in Myo1e/Myo1f 

double knockout microphages (unpublished data-S.B.). If the Myo1e N164A 

mutant is a true rigor mutant, then it should result in increased membrane tension. 

According to the model that Lieber et al. proposed, actin polymerization creates a 

local force at the cell leading edge, and the cell counterbalances this force 

through generating membrane tension (Lieber et al., 2013). We propose that the 

Myo1e N164A stabilizes the actin filament by staying bound to it, allowing the 
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actin to continue to polymerize. The actin will push against the membrane more, 

thus increasing the membrane tension. Actin polymerization at the leading edge 

also promotes lamellipodia and filopodia formation and in turn regulates cell 

migration (Chen et al., 2014; Pollard et al., 2000; Vicente-Manzanares et al., 

2005). Therefore, we would hypothesize that the Myo1e N164A mutant would 

also affect cell migration. This also correlates our data that the N164A mutant 

induces the formation of long protrusions, which is the initiation step of cell 

migration.  

AP 2.4.4 Is motor activity required for Myo1e function at the junctions? 

 Myo1e, as one of the Class I myosins, has been characterized as a low 

duty ratio motor, which means it only spends a short amount of time bound to 

actin, and this process is coupled with the release of the inorganic phosphate (De 

La Cruz and Ostap, 2004; El Mezgueldi et al., 2002). Based on previous studies, 

we predicted that introducing the N164A point mutation to the Myo1e motor 

domain would create a rigor binding and motor dead mutant. This means the 

Myo1e N164A should stay bound to actin filaments in an ATP-independent 

manner, but would not be able to generate force. As an actin-binding myosin 

without motor activity, we can explore whether the actin binding ability, or the 

motor activity, or both are required for Myo1e functions at the junctions. Our 

FRAP analysis showed no differences in ZO-1 exchange at the junctions in wild 

type Myo1e and the Myo1e N164A expressing cells. This indicated that the motor 

activity of Myo1e is not required for regulating ZO-1 dynamics at the junctions, 
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but only the actin binding ability.  A follow-up analysis of FRAP experiments on 

junctional wild type Myo1e and the Myo1e-N164A mutant would allow us to 

elucidate whether there are any differences in Myo1e exchange at the junctions 

without Myo1e motor activity.  

In conclusion, we have shown that the Myo1e N164A mutant prominently 

localizes to the plasma membrane and intracellular vesicles, and colocalizes with 

actin and ZO-1 at cell-cell contacts, but there is not enough evidence to confirm 

its function and activity in cells. Therefore, further detailed biochemical 

characterizations are highly recommended.   
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AP Figure 2.1. The Myo1e N164A mutant co-localizes with actin at the 

plasma membranes and cell protrusions. 
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AP Figure 2.1. The Myo1e N164A mutant co-localizes with actin at the 

plasma membranes and cell protrusions. COS-7 cells were transiently 

transfected with mCherry-tagged Lifeact (A-D) and GFP-tagged wild type Myo1e 

(A’-B’) or the Myo1e N164A mutant (C-D’). The yellow arrows indicate the co-

localization of the Myo1e N164A mutant and actin at the cell protrusions. The 

green arrows (D’) demonstrate the prominent plasma membrane enrichment of 

the Myo1e-N164A mutant. The red arrows (B) point out the formation of the 

regular filopodia. Scale bar: 10 μm.  
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AP Figure 2.2. Categories and quantifications of the protrusions in COS-7 

cells. 

  



	   	   Appendix	  2	  Myo1e-‐N164A	  project	  
	  

	   283	  

AP Figure 2.2. Categories and quantifications of the protrusions in COS-7 

cells. (A) Representative examples of the three categories of protrusions found 

in COS-7 cells expressing wild type Myo1e or the Myo1e-N164A mutant. (B) The 

percentage of each category is presented in bar graph.  
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AP Figure 2.3. The Myo1e N164A mutant co-localizes with ZO-1 at the cell-

cell junctions, similar as the wild type Myo1e.   
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AP Figure 2.3. The Myo1e N164A mutant co-localizes with ZO-1 at the cell-

cell junctions, similar as the wild type Myo1e. Myo1e-null mouse podocytes 

were infected with adenoviral vectors encoding mCherry-tagged ZO-1 (A-C) and 

GFP-tagged wild type Myo1e (A’-B’) or the Myo1e-N164A mutant (C’). Yellow 

arrows indicate the co-localization of ZO-1 and Myo1e at the cell-cell junctions, 

while the green arrows point out the prominent plasma membrane localization of 

the Myo1e-N164A mutant (C’-C’’). Scale bar: 10 μm. 
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AP Figure 2.4. The Myo1e N164A mutant is recruited to the nascent cell-cell 

contact with ZO-1 during contact assembly. 
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AP Figure 2.4. The Myo1e N164A mutant is recruited to the nascent cell-cell 

contact with ZO-1 during contact assembly. Myo1e-null mouse podocytes 

were infected with adenoviral vectors encoding GFP-tagged Myo1e-N164A 

mutant and mCherry-tagged ZO-1. The videos were taken during calcium switch 

assays to mimic the junction assembly. Representative frames from the videos 

were taken at 5 min, 10 min and 15 min time point. The yellow arrows in the right 

panels indicate the recruitment of both Myo1e N164A mutant and ZO-1 during 

nascent contact formation. Scale bar: 10 μm.   
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AP Figure 2.5. The Myo1e N164A mutant does not alter the dynamics of 

junctional ZO-1.  
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AP Figure 2.5. The Myo1e N164A mutant does not alter the dynamics of 

junctional ZO-1. Fluorescence recovery after photobleach (FRAP) experiments 

were performed in Myo1e-null mouse podocytes re-expressing wild type Myo1e 

or the Myo1e-N164A mutant. (A) The recovery of junctional ZO-1 intensity was 

recorded and calculated, and fitted into a double exponential curve. The error 

bars indicate standard deviations. (B) The mobile fractions of mCherry-tagged 

ZO-1 plotted using KaleidaGraph (Synergy Software).  
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AP Figure 2.6. N164A mutation does not rescue cellular distribution of 

Myo1e-ΔTH2.  
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AP Figure 2.6. N164A mutation does not rescue cellular distribution of 

Myo1e-ΔTH2. COS-7 cells were co-transfected with GFP-tagged Myo1e-ΔTH2 

(A and C) or Myo1e-N164A-ΔTH2 (B and D), and mCherry-tagged Lifeact (A’-D’). 

The images contain single cells are depicted in A-B’’, while the cell pairs are in C-

D’’. Scale bar: 10 μm. 
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AP Figure 2.7. Actin cosedimentation assay shows the binding curve of 2 

μM GST-TH2 fusion protein and increasing amount of F-actin. 

  



	   	   Appendix	  2	  Myo1e-‐N164A	  project	  
	  

	   293	  

AP Figure 2.7. Actin cosedimentation assay shows the binding curve of 2 

μM GST-TH2 fusion protein and increasing amount of F-actin. The 

representative curve was generated and fitted in KaleidaGraph (Synergy 

Software). The Kd of GST-TH2 is 3.6 μM. 
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Appendix Chapter 3 

 

Visualization of cytoskeletal dynamics in 

podocytes using adenoviral vectors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix chapter 3 is adapted from the following article published in 2014: 

Bi, J., Pellenz, C.D., Krendel, M., 2014. Visualization of cytoskeletal dynamics in podocytes using 

adenoviral vectors. Cytoskeleton (Hoboken). 71, 145–156.  
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AP 3.2 Abstract 

 Glomerular visceral epithelial cells (podocytes) play a key role in 

maintaining selective protein filtration in the kidney.  Podocytes have a complex 

cell shape characterized by the presence of numerous actin-rich processes, 

which cover the surface of glomerular capillaries and are connected by 

specialized cell-cell adhesion complexes (slit diaphragms).  Human genetic 

studies and experiments in knockout mouse models show that actin filaments 

and actin-associated proteins are indispensable for the maintenance of podocyte 

shape, slit diaphragm integrity, and normal glomerular filtration.  The ability to 

examine cytoskeletal protein organization and dynamics in podocytes and to test 

the effects of disease-associated mutations on protein localization provides 

valuable information for researchers aiming to dissect the molecular mechanisms 

of podocyte dysfunction.  We describe how adenovirus-mediated transduction of 

cultured podocytes with DNA constructs can be used to reliably introduce 

fluorescently tagged cytoskeletal markers for live cell imaging with high efficiency 

and low toxicity.  This technique can be used to study the dynamic reorganization 

of the podocyte cytoskeleton and to test the effects of novel mutations on 

podocyte cytoskeletal dynamics. 
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AP 3.3 Introduction 

Renal glomeruli play an important role in selective filtration in the kidney 

by allowing the passage of water, small solutes, and waste products into the 

primary urinary filtrate while retaining high molecular weight proteins. Glomerular 

visceral epithelial cells, also known as podocytes, are essential for selective 

protein filtration in the glomerulus [Greka and Mundel 2012; Pavenstadt et al. 

2003]. 

Podocytes extend numerous interdigitating processes (foot processes), 

which cover the entire surface of glomerular capillaries and are interconnected by 

specialized cell-cell junctions, known as slit diaphragms. Loss of podocytes or 

disruption of the podocyte foot process architecture and slit diaphragm integrity 

results in defects in protein filtration, leading to proteinuria (protein in the urine) 

[Greka and Mundel 2012; Reiser and Sever 2013].  Nephrotic syndrome, a 

disease state characterized by the massive proteinuria due to the loss of 

selective glomerular filtration, is a serious health-threatening condition, which can 

lead to chronic kidney disease and renal failure. Disruption of glomerular filtration 

significantly increases the risk of death and cardiovascular complications in 

affected patients. Therefore, understanding molecular mechanisms leading to 

glomerular dysfunction is of major health importance.   

Podocyte cytoskeleton is necessary for the maintenance of normal 

podocyte structure, and disruption of the cytoskeletal organization in podocytes 

leads to the flattening (effacement) of foot processes, loss of slit diaphragm 
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integrity, and defects in filtration [Faul et al. 2007; Mathieson 2012; Welsh and 

Saleem 2012].  Human genetic studies have identified mutations in several 

components of the actin cytoskeleton that are associated with glomerular 

dysfunction.  These include actin crosslinker α-actinin-4, actin assembly regulator 

INF2, scaffolding protein CD2AP, and actin-dependent molecular motor myosin 

1e [Brown et al. 2010; Kaplan et al. 2000; Kim et al. 2003; Mele et al. 2011; 

Sanna-Cherchi et al. 2011]. Many glomerular disorders have also been linked to 

the proteolytic degradation of the important regulators of podocyte actin 

organization, for example, synaptopodin [Mundel and Reiser 2010], further 

underscoring the importance of the actin cytoskeleton for normal podocyte 

functions.  The ability to characterize the intracellular localization of normal and 

mutant cytoskeletal proteins and the effects of disease-associated mutations on 

the cytoskeletal dynamics in podocytes is important in order to establish the 

mechanistic links between specific mutations found in patients and the 

corresponding glomerular defects. 

 Many studies of podocyte biology that require detailed characterization of 

molecular mechanisms underlying glomerular disease rely on the use of cultured 

podocytes.  Primary podocyte cultures can be derived from explants growing out 

from isolated glomeruli, which are obtained using differential sieving of the kidney 

cortex or magnetic bead isolation and plated onto collagen-coated culture dishes 

[Katsuya et al. 2006; Shankland et al. 2007].  Derivation of podocyte explants 

from the transgenic mouse strain carrying a temperature-sensitive, interferon-
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inducible version of the immortalizing large T-antigen of SV-40 virus 

(Immortomouse) [Jat et al. 1991], allows establishment of stable, conditionally 

immortalized podocyte cell lines [Mundel et al. 1997b; Schiwek et al. 2004].  

Alternatively, podocyte cell lines (for example, those derived from human 

glomeruli) can be conditionally immortalized by the retrovirus-mediated 

expression of the temperature-sensitive large T antigen [Ni et al. 2012; Saleem et 

al. 2002].  Conditionally immortalized podocytes can be maintained under the 

permissive conditions (33°C + interferon) and switched to non-permissive 

conditions (37°C or 38°C) in order to induce differentiation.  A detailed discussion 

of the technical challenges and advantages of maintaining podocytes in culture is 

provided in [Shankland et al. 2007].  While differentiated podocytes in culture do 

not fully recapitulate the complex architecture of podocytes in vivo, they do 

express many proteins characteristic of podocytes and represent a valuable in 

vitro model for testing the effects of disease-associated mutations.  An additional 

advantage of conditionally immortalized podocyte lines is the ability to derive 

these cells from knockout animal models lacking the protein of interest.  These 

knockout podocytes can then be used to reintroduce the wild type or mutant 

protein and to examine its effects on the podocyte phenotype [Bi et al. 2013].  

 One of the challenges in working with conditionally immortalized 

podocytes is the low efficiency of expression of recombinant proteins (for 

example, fluorescently tagged proteins for live imaging studies). Non-

differentiated podocytes can be transiently transfected using standard 
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transfection reagents; however, the transfection efficiency, even under optimized 

conditions, rarely exceeds 20% [Shankland et al. 2007]. Since a typical 

experiment utilizing differentiated podocytes requires 7-14 days of growth under 

non-permissive conditions to obtain fully differentiated cells, plasmids introduced 

by transient transfection are likely to be lost. Alternatively, stably transfected cell 

lines can be derived using either a transient transfection or lentiviral infection of 

non-differentiated podocytes with subsequent antibiotic selection [Kaufman et al. 

2007; Reiser et al. 2004].  Establishment of stable cell lines is a lengthy process 

and it limits the ability to introduce multiple markers into the same cell line (for 

example, two proteins with distinct fluorescence tags). 

Live cell imaging provides valuable information regarding protein dynamics 

within cells and the changes in cell shape and organization.  Several techniques 

have been used to introduce plasmids encoding fluorescently tagged proteins 

into differentiated podocytes for live imaging, including transfection [Endlich et al. 

2009; Welsch et al. 2005], microinjection [Lennon et al. 2008], and 

electroporation/nucleofection [Soda et al. 2012].  Proteins directly labeled with 

fluorophores can also be introduced into podocytes by microinjection [Welsch et 

al. 2005]. Adenoviral infection has also been successfully used to introduce 

fluorescently labeled constructs encoding actin-binding protein, α-actinin-4, into 

podocytes [Michaud et al. 2009].  

In this paper, we provide a detailed characterization of the use of 

adenoviral vectors for expression of fluorescently tagged proteins in podocytes 
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for live cell imaging.  We test the efficiency of adenoviral infection and show that 

adenoviral vectors provide a versatile system for reliable protein expression in 

podocytes without significant toxicity, allowing simultaneous introduction of 

multiple constructs for multi-color imaging.  
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AP 3.4 Reagents and instruments 

Microscopes 

Epifluorescence imaging was performed using either a Nikon Eclipse TE-

2000E microscope equipped with a PlanApo TIRF 60x/1.45 NA objective, 

Harvard Instruments dish warmer for 37°C incubation, and Hamamatsu ORCAII 

CCD camera or a Leica AF6000 LX deconvolution microscope equipped with a 

40x/1.25 NA and a 63x/1.3 NA HCX PL APO objectives, an environmental 

chamber, and Andor LucaR EMCCD camera. Confocal imaging was performed 

using Perkin-Elmer UltraView VoX Spinning Disk Confocal system mounted on a 

Nikon Eclipse Ti microscope and equipped with a 60x/1.49 NA APO TIRF 

objective, Hamamatsu C9100-50 EMCCD camera, and an environmental 

chamber to maintain cells at 37°C. 

Reagents 

RPMI 1640 medium 1x (Hyclone), Fetal Bovine Serum (FBS), and 

antibiotic/antimycotic solution (ABM) (100x) were purchased from Fisher 

Sceintific. Rat tail collagen type I and type IV were obtained from BD 

Biosciences. Interferon-γ was purchased from EMD Chemicals. Adenovirus kits 

(AdEasyTM Adenoviral Vector System and AdEasy Virus Purification Kits) were 

from Agilent Technologies. Clarity enhanced chemiluminescence substrate for 

Western blot analysis was from Bio-Rad.  

Mouse anti-synaptopodin antibody (clone G1D4) was from Meridian Life 

Science. Rabbit anti-Myo1e antibody was prepared using GST-tagged human 
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Myo1e tail as the antigen, and its specificity was characterized using tissue 

lysates prepared from Myo1e-null and wild type mice.  
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AP 3.5 Methods 

Podocyte maintenance  

Undifferentiated podocytes originally isolated by [Mundel et al. 1997b] 

were cultured as described therein. Briefly, 1-2 x105 undifferentiated podocytes 

were plated into a 100 mm collagen I-coated tissue culture dish in 10 ml 

complete RPMI (RPMI + antibiotic/antimycotic solution + 10% FBS + interferon-γ 

at 50 U/ml) at 33oC, 5% CO2 and subcultured every 2 - 3 days to avoid 

confluency. 

Podocyte differentiation for imaging 

1.5 x 104 undifferentiated podocytes were plated into a 35mm collagen IV 

coated glass bottom dish (Mattek, Ashland, MA) or into a 35mm dish containing 

collagen-coated glass coverslip in 2 ml complete RPMI without interferon-γ, 

shifted to 37oC and allowed to differentiate for 14 days.  Medium was changed 

every 2 – 3 days.  At the time of infection and imaging, podocytes were at 

approximately 60-70% confluency. 

Collagen coating: 

For tissue culture plastic dishes: 

Collagen I was diluted to 0.1 mg/ml in PBS with 20 mM acetic acid. 5 ml of 

diluted collagen I was added to 100mm dish, incubated at 37oC for 1 hour, dishes 

were washed 3 times with PBS, and used immediately or allowed to dry and 

stored at 4oC. 
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For Mattek glass bottom dishes or coverslips: 

Collagen IV was diluted to 10 µg/ml in 0.05 N HCl, added to the glass substrate, 

incubated at 37oC for 1 hour. After 3 washes with PBS, dishes were used 

immediately or allowed to dry and stored at 4oC. 

Adenoviral vector preparation  

AdEasy XL Adenoviral System (Agilent Technologies) was used as the 

source of the vectors and cells required to clone and package recombinant 

adenovirus. cDNA encoding protein of interest fused with a fluorescent protein 

tag (EGFP or mCherry) was initially cloned into the pShuttle vector using either 

standard restriction/ligation mediated cloning or the InFusion cloning kit 

(Clontech).  Coding sequences of human Myo1e, human ZO-1 (obtained from 

Alan Fanning, UNC), human synaptopodin (long isoform, a generous gift from 

Peter Mundel, Mass General) [Asanuma et al. 2005], rat clathrin light chain 

(generous gift from Pietro De Camilli, Rushika Perera, and Roberto Zoncu), or 

Lifeact were used for cloning into the pShuttle vector. All constructs were 

expressed under the control of CMV promoter, which was either transferred into 

the promotorless pShuttle vector from the intermediate cloning vector (for 

example, pEGFP-C1 (Clontech)) or was contained within the pShuttle-CMV 

vector. The fusion constructs in pShuttle vector were tested by standard DNA 

transfection into an appropriate eukaryotic cell line (e.g., Cos-7) to confirm 

protein expression and localization prior to the investment of the effort required to 

make adenoviral particles.  
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Recombination of the shuttle vector with pAdEasy-1 plasmid, which 

contains most of the human adenoviral Ad5 genome, was performed according to 

the manufacturer’s instructions (Agilent Technologies). Viral particles were 

obtained by transfection of HEK-293 or AD-293 cells.  According to the standard 

protocol, the recombinant pAd DNA needs to be linearized before transfection, 

yielding a ~30Kb fragment and either a 3 or 4.5 Kb bacterial sequence fragment.  

The resulting adenoviral genome fragment (~30 Kb) can be isolated by gel 

purification. Due to the large size of the DNA fragment, standard resin column gel 

purification methods may not produce high yield of DNA necessary for productive 

transfection. We found that phenol:chloroform:isoamyl alcohol extraction of the 

entire digest mixture followed by ethanol precipitation produced adequate yields 

of transfectable DNA.   

60 mm dish of HEK-293 or AD293 cells was transfected using JetPEI 

(Polyplus) and 5 µg of linearized pAd plasmid. Transfected cultures were 

monitored for cytopathic effect (cells rounding up and floating).  When cytopathic 

effect was evident, cells were scraped off and transferred along with the culture 

media (~ 5ml) into a 15ml screw top tube.  Cells were lysed by three cycles of 

freezing at -80o C and thawing in a 25oC water bath followed by vigorous 

vortexing after each cycle.  Alternatively, to shorten the time necessary to freeze 

the lysate, a dry ice / ethanol bath may be used.  Cellular debris was removed by 

centrifugation at 3000 x g at 4oC for 15 minutes.  The supernatant, containing the 
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primary crude viral lysate (primary CVL), was transferred into a sterile tube and 

used to test protein expression and localization in podocytes.   

For plaque purification of the virus, 5 x 105 293 cells were plated into each 

well of a 6 well tissue culture plate and incubated at 37o C, 5% CO2 overnight. 0.1 

ml of serial dilutions of primary CVL from 10-3 to 10-7 or mock infection control 

were used to infect each well by incubation for 1 hour, 37oC, 5% CO2 with gentle 

rocking of plate every 15 minutes. 

Prior to infection, we prepared 2x DMEM (from powder), 2x ABM, 15% 

FBS, warmed up to 37o C. 3% SeaPlaque agarose (Lonza) in water was melted 

by boiling and cooled to 42o C. Equal volumes of 2x media and agarose solution 

was mixed and 3 ml of the mixture was immediately but gently overlayed on 

infected cell monolayers. Cells were maintained at 37oC in 5% CO2. Cultures 

were overlayed with 1 ml newly prepared media / agarose mixture based on the 

color change of phenol red indicator to yellow, usually at least once per week.  

Plaques became visible within one to three weeks. Several well isolated plaques 

were collected using a micropipettor or a Pasteur pipette, by aspirating the 

plaque and dispensing into a microcentrifuge tube containing 300 ul infection 

media.  Cells were lysed by freeze / thawing 3 times, vortexing after each thaw. 

Cellular debris and agarose were pelleted by centrifugation at 15,000 x g, 5 

minutes, and supernatant (CVL0) was transferred to new tube.   
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Amplification 1: 

5x105 293 cells were plated into 35mm dish and grown overnight. 100 µl of 

CVL0 + 400 µl infection media was added to the monolayer for one hour, with 

gentle rocking every 15 minutes.  After 1 hour, 1.5 ml medium was added to each 

dish. Cytopathic effect was typically observed after 2 – 3 days.  At this point, cells 

were scraped off, media and cells were collected and transferred to a Falcon 

2063 tube. Cells were lysed by freeze / thawing 3 times, vortexing after each 

thaw. Cellular debris was removed by centrifugation at 3000 x g at 4o C for 15 

minutes. The viral supernatant CVL1 was transferred into a sterile Falcon 2063 

tube. 

Amplification 2: 

2 x 106 293 cells were plated into 60mm dish and grown overnight. Using 

500 µl CVL1, cell monolayer was infected for one hour, with gentle rocking every 

15 minutes. After 1 hour, 2.5 ml medium was added to each dish. Cytopathic 

effect was typically complete after 2 days.  Viral supernatant was collected as 

described for amplification 1, producing CVL2. 

Large Scale Amplification: 

The day prior to infection, a 175 cm2 tissue culture flask of 293 cells was 

split in to five 175 cm2 flasks so that the monolayer was 80% confluent the day of 

infection. 2.5 ml CVL2 was diluted in 22.5 ml infection media.  Each of the 5 

flasks was infected with 5ml diluted CVL2 at 37oC, 5% CO2 for one hour, with 

gentle rocking every 15 minutes. After 1 hour, 15 ml of medium was added to 
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each flask.  When cytopathic effect was complete, cells were scraped and 

collected for purification of high titer viral stock. AdEasy Virus Purification Kit 

(Agilent Technologies) was used to purify high titer viral stocks. Purified virus was 

exchanged into the cryoprotective long-term storage buffer as suggested by the 

manufacturer. 

Viral concentration (plaque forming units (PFU)/ml) was determined by 

plaque assay following the same procedure as described above for the isolation 

of the viral plaques. Generally, 1 ml viral stock of 1 x 108 PFU/ml was obtained 

from each preparation.  Stocks were aliquoted and stored at -80oC 

Infecting podocytes  

Cells were infected by diluting virus in infection media (RPMI, ABM, 2% 

FBS) and adding to cells 24 hrs before imaging.  Typical dilution used for live cell 

imaging was 1 x 105 PFU/ml; however, some viruses were diluted to a lower 

concentration as empirically determined to avoid overexpression (for example, 

mCherry-Lifeact). For expression of multiple markers, two viruses were combined 

and used for infection at the same time. Culture media was removed and 

replaced with the diluted virus in a minimum volume required to cover the cell 

monolayer, typically 0.1 ml in a 35 mm dish or 1 ml in a 100 mm dish.  Using this 

infection protocol with viral dilution of 1 x 105 PFU/ml, the multiplicity of infection 

(MOI, or the ratio of virus particles to cells) was estimated to be approximately 1.  

It should be noted that, based on testing various infection protocols, we did not 

observe an increase in infection efficiency with increasing volume of virus-
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containing solution.  Thus, infection efficiency appears to depend primarily of 

virus concentration (PFU/ml) rather than on the total number of virus particles in 

the dish. 

Virus may be added directly to the entire culture volume at the same 

concentration. However, to minimize the chance of a spill as well as to conserve 

the viral material, the minimum volume method is preferable. The dishes were 

returned to 37o C, 5% CO2 for 1 hour with gentle rocking every 15 minutes to 

distribute the diluted virus across the monolayer.  At the completion of the 

infection period, diluted virus was removed if desired and complete media was 

added to the culture (RPMI, ABM, 10% FBS). 

For time-course infection, cells were infected at a concentration of 1 x 106 

PFU/ml and transgenes allowed to express for different amounts of time before 

being lysed and analyzed by western blot.  

Western blotting and gel quantitation 

WT podocytes were infected with different concentrations of adenoviral 

vector encoding GFP-Myo1e for 24 hours. The cells were then lysed in ice-cold 

lysis buffer (50mM Tris-HCl pH=7.5, 150 mM NaCl, 1% Triton X-100, and 10% 

glycerol) with Complete protease inhibitor (Roche), followed by SDS-PAGE. The 

samples were blotted using anti-Myo1e antibody, and developed with Clarity 

enhanced chemiluminescence substrate (Bio-Rad). 

For gel quantitation, the images were taken using a gel imager (ChemiDoc 

system, Bio-Rad) and quantified using ImageJ software.  
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Immunofluorescence staining 

WT podocytes were plated on collagen IV coated coverslips and 

processed as described (Chase et al., 2012). The cells were stained for 

endogenous synaptopodin. 

MTT assay for cell viability 

Wild type podocytes were plated at 1000 cells/ well in a 96-well plate and 

allowed to differentiate at 37oC. Cells were mock-infected or infected with the 

indicated concentrations of the adenoviral vector encoding mCherry (pAd-

mCherry) for the indicated time period. To perform the assay, the medium was 

removed and replaced with 100 µl of DMEM without phenol red and 10 µl of 5 

mg/ml MTT (methylthiazolyldiphenyl-tetrazolium bromide), and the plate was 

incubated 4 hours at 37oC.  Following the incubation, 85 µl of the medium were 

removed and 50 µl of DMSO were added to each well. The plate was incubated 

at 37oC for 10 min, and the absorbance at 540 nm wavelength was measured 

using a plate reader. 	  
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AP 3.6 Results 

AP 3.6.1 Adenoviral vector infection has high efficiency and low toxicity.  

Using adenoviral vectors for infecting differentiated mouse podocytes in 

culture, we routinely observed high efficiency of infection (more than 50% of cells 

infected). To quantify the infection efficiency, we used an adenoviral vector 

encoding mCherry fluorescent protein (Ad-mCherry) to infect both differentiated 

and non-differentiated podocytes. Four different concentrations of adenovirus 

(PFU/ml of medium) were used in the experiments. To collect the images of 

infected cells, an identical exposure time (1.5 s) was used to capture mCherry 

fluorescence signal in all cells. More than 90% of cells were infected using 

adenovirus at 106 PFU/ml, with the efficiency of infection decreasing gradually at 

lower virus concentration (AP Fig. 3.1A). Slightly higher infection efficiency was 

observed when applying adenovirus to non-differentiated podocytes compared to 

the differentiated cells. However, this difference was relatively small, confirming 

our observations that adenovirus can be used to readily infect differentiated, non-

proliferating podocytes. Since mCherry is a relatively small protein (~20kD), we 

also used adenovirally encoded mCherry-synaptopodin long isoform (~120kD) to 

test the infection efficiency of a vector containing a larger expression construct.  

As shown in AP Fig. 3.1B, the size of the fusion protein did not affect infection 

efficiency.  

Some methods of introducing expression constructs into differentiated 

cells, such as electroporation, are accompanied by the high degree of cell death. 
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Our observations indicated that adenoviral infection was not accompanied by 

toxic effects on cells, since very little cell detachment and death was observed in 

the infected cultures. To quantify the effects of adenoviral infection on cell 

viability, we used an MTT assay (AP Fig. 3.1C-D). We did not observe an 

increase in cell death in virus-infected cells compared to the mock infection at 

one day post-infection (AP Fig. 3.1C), and even after 4 days cell number was not 

decreased in the infected wells compared to the mock-infected cells (AP Fig. 

3.1D). Thus, at concentrations used in our experiments, adenoviral infection of 

podocytes does not affect cell viability. 

AP 3.6.2 Expression level of recombinant proteins.  

Overexpression of recombinant proteins compared to the endogenous 

level of the same protein is often a concern in transient transfection experiments, 

particularly those aimed at analyzing protein dynamics in live cells. In order to 

compare the expression level of a recombinant protein achieved using either 

adenoviral infection or a transient DNA tranfection, we used constructs encoding 

EGFP-tagged myosin 1e (Ad-GFP-Myo1e or pEGFP-C1-Myo1e).  An antibody 

against Myo1e was used to determine the amount of GFP-Myo1e and the 

endogenous Myo1e (AP Fig. 3.2). As shown in AP Fig. 3.2A, GFP-Myo1e 

expression level in podocytes 24 hours after an infection with the adenovirus at 

104 or 5 x 104 PFU/ml was 0.8 and 3-fold higher than the level of expression of 

endogenous Myo1e, respectively.  GFP-Myo1e expression level in Cos-7 cells 24 

hours after standard DNA transfection was so high that the endogenous Myo1e 
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band was completely obscured by the overexpressed protein (AP Fig. 3.2B). 

According to AP Fig. 3.1A, using adenovirus at 104 and 5 x 104 PFU/ml results in 

infection of approximately 15% and 45% of cells, respectively. When the fraction 

of cells infected was taken into account, we calculated that GFP-Myo1e 

concentration in each infected cell was on average 4.6-4.7-fold higher than the 

level of endogenous Myo1e (AP Fig. 3.2A).  While this level of overexpression 

was more moderate than that observed with the DNA transfection of Cos-7 cells, 

we decided to further investigate whether expression level of the recombinant 

protein could be modulated by changing the time of expression. We conducted a 

time course experiment using the adenoviral vector encoding GFP-Myo1e to 

infect wild type podocytes at a concentration of 106 PFU/ml, at which more than 

95% of cells should be infected. GFP-Myo1e expression level was analyzed at 

different time points post-infection (AP Fig. 3.2C). At 4 hours post infection, the 

expression level of GFP fusion protein was similar to the endogenous level of 

Myo1e (91% of the endogenous level). Thus, adjusting the time of expression 

makes it possible to express adenovirally delivered constructs at the same level 

as the endogenous protein. This observation may be particularly useful in some 

rescue experiments to avoid potential negative effects of protein overexpression. 

AP 3.6.3 Using adenovirally encoded cytoskeletal probes to visualize podocyte 

cytoskeleton.  

We have developed several adenoviral vectors encoding cytoskeletal 

marker proteins fused to EGFP or mCherry that can be used for live cell imaging. 
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These proteins (AP Fig. 3.3) represent important markers of the podocyte 

cytoskeleton and cytoskeleton-associated structures.  All of the markers shown 

can be visualized using either confocal microscopy (spinning disk confocal 

microscope was used to allow rapid acquisition of images from live cells) or 

conventional epifluorescence microscopy.  Since podocytes are fairly flat, 

satisfactory results were obtained using both confocal and epifluorescence 

imaging.  All microscopes used in this study were equipped with temperature 

controlled chambers or stage warmers to maintain cells at 37°C. 

Myosin 1e (Myo1e) is an unconventional myosin necessary for normal 

podocyte development [Chase et al. 2012] and represents one of the protein 

components of the glomerular slit diaphragm [Bi et al. 2013].  Myo1e is involved 

in clathrin-dependent endocytosis [Cheng et al. 2012; Krendel et al. 2007] and 

formation of cell-cell contacts [Bi et al. 2013].  GFP-Myo1e expressed in 

podocytes localized to the newly forming lamellipodia and filopodia (AP Fig. 3.3A, 

arrows), to cell-cell junctions, and to clathrin-coated vesicles (AP Fig. 3.5C-D; 

[Soda et al. 2012]). Mutations in MYO1E gene are associated with familial kidney 

disease focal segmental glomerulosclerosis [Al-Hamed et al. 2013; Mele et al. 

2011; Sanna-Cherchi et al. 2011].  One of the disease-associated mutations in 

MYO1E replaces a highly conserved alanine 159, located near the Switch I 

region in the motor domain, with proline [Mele et al. 2011].  When adenovirally 

encoded GFP-Myo1e-A159P was expressed in podocytes, it displayed a diffuse 
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cytoplasmic localization, indicating the loss of the ability to localize to actin-

containing structures (AP Fig. 3.3B, [Bi et al. 2013; Mele et al. 2011]).   

Lifeact, a 17 amino acid-long peptide derived from a budding yeast actin 

filament-binding protein ABP140 [Riedl et al. 2008], is a good marker of the 

dynamic actin cytoskeletal structures since it does not interfere with actin 

assembly and disassembly [Riedl et al. 2010]. Using adenovirally encoded 

mCherry-Lifeact, we were able to visualize F-actin in live podocytes (AP Fig. 

3.3D, AP Fig. 3.4E-F). Since Lifeact is also a good marker of actin-containing 

cortical structures, we were able to readily track the forward movement of the 

leading edge (AP Fig. 3.4G kymograph). 

Synaptopodin, an actin-binding protein, is an important regulator of the 

podocyte actin cytoskeleton [Asanuma et al. 2005; Asanuma et al. 2006; Deller et 

al. 2003; Faul et al. 2008; Mundel et al. 1997a]. mCherry-synaptopodin decorated 

actin stress fibers in podocytes, forming a characteristic punctate pattern 

reminiscent of myofibrils (AP Fig. 3.3C). The localization of mCherry-

synaptopodin was similar to that of the endogenous synaptopodin, as revealed 

by immunostaining (AP Fig. 3.3C’). Because synaptopodin creates a 

discontinuous, speckle-like pattern of actin labeling, it can be used to trace 

contraction and lateral movements of stress fibers. AP Fig. 3.4 (A-C) shows 

confocal images of live podocytes infected with adenovirus encoding mCherry-

synaptopodin.  Individual frames from a time-lapse movie of mCherry-labeled 

synaptopodin are shown in AP Fig. 3.4 (B and C). Individual synaptopodin spots 
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(arrow in 4B) underwent retrograde flow away from the cell edge, which is 

characteristic of actin-containing structures. Examples of retrograde flow of 

synaptopodin spots are shown using kymographs (AP Fig. 3.4D).  The rate of 

retrograde flow measured from the kymographs of synaptopodin spots (0.38 +/- 

0.24 µm/min, N=4 cells) was similar to the relatively slow rate of retrograde actin 

flow observed in some fibroblast cell lines [Theriot and Mitchison 1992]. 

Synaptopodin labeling also allowed visualization of actin stress fiber contraction 

(AP Fig. 3.4C).  When paired with GFP-tagged Myo1e, synaptopodin can be 

used to visualize stress fibers while Myo1e highlights the cell edge and is 

enriched in lamellipodia (AP Fig. 3.5). 

Clathrin plays a key role in endocytosis, which is important for podocyte 

functions [Soda et al. 2012]. Transient expression of fluorescently labeled clathrin 

light chain using DNA transfection of cell lines such as Cos-7 often results in 

overexpression and loss of vesicular localization, based on our experience (data 

not shown). When using an adenoviral vector to introduce clathrin light chain into 

podocytes, overexpression of clathrin light chain was rarely observed, allowing 

successful imaging of endocytic vesicles. In AP Fig. 3.3E’, clathrin coated 

endocytic vesicles can be easily visualized. AP Fig. 3.5 C-D also show the 

colocalization of clathrin (red) and Myo1e (green) in endocytic vesicles (arrows).  

ZO-1 is an actin-associated protein and an important component of the 

glomerular slit diaphragm [Reiser et al. 2000; Schnabel et al. 1990]. We have 

previously shown that ZO-1 interacts with Myo1e [Bi et al. 2013]. In AP Fig. 3.3F, 
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mCherry tagged ZO-1 localizes to the cell-cell contacts between podocytes 

(arrows).  
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AP 3.7 Discussion 

Imaging of podocyte cytoskeletal organization and dynamics can provide 

valuable insights into the functioning of the molecular machinery responsible for 

the complex architecture of the glomerular filtration barrier. Introduction of 

conditionally immortalized podocyte cell lines represented a key advancement in 

the ability to study podocyte cell biology in vitro [Shankland et al. 2007].  

Following the development of podocyte cell lines, live imaging of podocyte 

cytoskeletal structures has been used to characterize such dynamic processes 

as formation of actin-containing protrusions [Akilesh et al. 2011], actin 

cytoskeletal reorganization in response to the treatment with growth factors and 

serum components [Endlich et al. 2009; Lennon et al. 2008], contraction of stress 

fibers and reorganization of focal adhesions [Endlich et al. 2009], and movement 

and internalization of endocytic vesicles and endosomal compartments 

associated with actin and other cytoskeletal proteins [Soda et al. 2012; Welsch et 

al. 2005].  Fluorescently labeled cytoskeletal proteins have also been utilized for 

measurements of protein turnover in podocytes by fluorescence recovery after 

photobleaching (FRAP) [Endlich et al. 2009]. 

Since transient transfection of podocytes is characterized by relatively low 

efficiency, the use of viral transduction for expression of fluorescently tagged 

proteins represents a promising technique for the studies of podocyte cell 

biology.  Both lentiviral and adenoviral vectors have been used for podocyte 

transduction.  The lentiviral and retroviral vectors are able to integrate into the 
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host cell genome, resulting in stable transfection.  This property is beneficial for 

the production of stable cell lines but could also result in insertional mutagenesis 

by disrupting or activating host cell genes.  On the other hand, adenoviral vectors 

offer a highly efficient system for short-term protein expression, without the 

likelihood of disrupting endogenous gene expression.   

Adenoviruses have been reported to cause changes in the cytoskeletal 

organization of host cells upon infection, due to activation of a number of cell 

signaling pathways [Taylor et al. 2011]. These effects of adenoviruses have been 

mapped primarily to the genes located in the E1 region.  The E1 region has been 

removed from the adenoviruses engineered for use in laboratory studies, such as 

those produced using the AdEasy system.  Removal of the E1 region renders 

adenovirus replication-incompetent so that infectious adenoviral particles can be 

produced only in special packaging cells, such as HEK-293, which supply the E1 

gene products. This modification not only increases the safety of adenoviral 

vectors but also reduces the chances of adenoviral infection causing 

reorganization of the host cell cytoskeleton.  However, in every experiment using 

adenoviral vectors, a possibility of the viral infection inducing changes in the actin 

organization should be considered, and careful use of controls (such as infecting 

cells with an adenovirus encoding GFP or mCherry followed by examination of 

actin organization in infected and non-infected cells) may be advisable.  

Recent advancements in the field of podocyte biology include 

development of the techniques that allow fluorescent labeling of glomerular 
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podocytes in vivo using transgenic mice [Grgic et al. 2012; Hohne et al. 2013] 

and zebrafish [He et al. 2011] that express genetically encoded fluorescent labels 

in a podocyte-specific manner.  In future studies, these cell type-specific 

fluorescent labels can be combined with the intravital imaging of renal glomeruli 

by multi-photon microscopy [Peti-Peterdi and Sipos 2010] to allow the direct 

observation of dynamic rearrangements of podocyte foot processes and changes 

in glomerular permeability in vivo. 

Development of the techniques that allow efficient labeling of podocytes 

with specific fluorescent markers would further broaden the toolkit of the 

researchers interested in the cell biology of podocytes and allow the dissection of 

molecular pathways leading to the development of glomerular disorders.   As 

described in this paper, adenoviral vectors encoding fluorescently tagged 

cytoskeletal proteins provide another valuable tool that can be used to analyze 

podocyte cytoskeletal dynamics. Our study shows that adenoviral vectors can be 

used to introduce fluorescently tagged cytoskeletal markers into differentiated 

cultured podocytes with high efficiency and low toxicity.  Viral concentration and 

infection time can be adjusted to regulate the level of overexpression of the 

protein of interest, and multiple fluorescent markers can be combined in the 

same cell.  In the future, this technique may be adapted to allow fluorescent 

labeling of podocytes in vivo for intravital imaging of glomerular dynamics. 
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AP Figure 3.1. Adenoviral infection of podocytes is characterized by high 

efficiency and low toxicity. 
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AP Figure 3.1. Adenoviral infection of podocytes is characterized by high 

efficiency and low toxicity. A, adenoviral infection efficiency of non-

differentiated vs. differentiated podocytes was determined using different 

concentrations of mCherry-encoding adenovirus. Fraction of infected cells was 

determined using a ratio of the number of cells expressing mCherry to the 

number of DAPI-labeled nuclei. B, adenoviral infection efficiency of differentiated 

podocytes infected with an adenoviral vector encoding mCherry vs. an adenoviral 

vector encoding mCherry-synaptopodin. Fraction of infected cells was 

determined as in A.  C, MTT-based viability assay on differentiated podocytes 24 

hours after being infected with an adenoviral vector encoding mCherry. Equal 

numbers of cells were plated into each well and infected with the adenovirus at 

indicated concentrations.  OD540 is proportionate to the number of viable cells.  D. 

MTT-based viability assay on differentiated podocytes at 96 hours (4 days) after 

being infected with adenovirus at indicated concentrations. 
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AP Figure 3.2. Western blot analysis of cell lysates prepared from 

differentiated podocytes infected with different concentrations of the 

adenoviral vector encoding GFP-Myo1e. 
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AP Figure 3.2. Western blot analysis of cell lysates prepared from 

differentiated podocytes infected with different concentrations of the 

adenoviral vector encoding GFP-Myo1e. A, wild type podocytes were infected 

with adenoviral vector encoding GFP-Myo1e at indicated concentrations. Cells 

were lysed at 24 hours post-infection, and gel samples were processed for SDS-

PAGE and Western blot analysis using anti-Myo1e antibody. Ratio of GFP-

tagged myosin to the endogenous myosin was calculated by dividing GFP fusion 

band intensity expression (upper band) by the intensity of the endogenous 

Myo1e (lower band). Fold overexpression was calculated by taking into account 

the fraction of cells that are expected to be infected at a given adenovirus 

concentration. B, Cos-7 cells were transfected with GFP-Myo1e plasmid. Cells 

were lysed 24 hours after the transfection and analyzed by Western blotting. C, 

wild type podocytes were infected with the adenoviral vector encoding GFP-

Myo1e at the concentration of 106 PFU/ml, which results in infection of >95% of 

cells. Cells were lysed every 4 hours post infection, and gel samples were 

analyzed by Western blotting.  
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 AP Figure 3.3. Localization of fluorescently labeled cytoskeletal markers in 

differentiated podocytes. 
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AP Figure 3.3. Localization of fluorescently labeled cytoskeletal markers in 

differentiated podocytes. A, B, single confocal images showing localization of 

GFP-tagged wild type Myo1e (A) and disease-associated Myo1e mutant (B). A, 

arrows indicate Myo1e localization to filopodia-like projections and vesicle-bound 

Myo1e. B, Myo1e mutant (A159P) does not localize to actin-containing 

projections or to vesicles. C-F, epifluorescence images showing localization of 

mCherry-tagged synaptopodin (C), Lifeact (D), Clathrin Light Chain (E), and ZO-1 

(F) in differentiated podocytes. C’, immunostaining against endogenous 

synaptopodin in a differentiated podocyte. E’: enlarged image of the boxed region 

in E.  Arrows in F point to cell-cell junctions, where ZO-1 is enriched.  Viral 

concentrations used to infect podocytes were 105 PFU/ml for all constructs. Scale 

bars: 10 µm. 
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 AP Figure 3.4. Visualization of podocyte cytoskeletal dynamics using live-

cell imaging. 
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AP Figure 3.4. Visualization of podocyte cytoskeletal dynamics using live-

cell imaging. Differentiated mouse podocytes were infected with either mCherry-

tagged synaptopodin (A-D, confocal images) or mCherry-tagged Lifeact (E-G, 

epifluorescence images). B and C, enlarged images of the boxed regions in A at 

the indicated time points. Arrow in B points to a synaptopodin-labeled structure 

undergoing retrograde flow away from the cell edge.  Arrows in C, pointing to 

synaptopodin speckles within stress fibers, illustrate stress fiber contraction 

(decreasing distance between the arrows over time).  D, kymographs generated 

using red lines in B illustrate retrograde flow of synaptopodin-labeled actin 

bundles. F, a time-lapse sequence showing enlarged images of the boxed region 

in E. G, kymograph generated based on the time-lapse sequence shown in F 

illustrates protrusion of the cell edge. Scale bar: 10 µm. 
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 AP Figure 3.5. Visualization of podocyte cytoskeletal dynamics using 

multi-color live cell imaging.  
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AP Figure 3.5. Visualization of podocyte cytoskeletal dynamics using multi-

color live cell imaging. Differentiated podocytes were co-infected with GFP-

Myo1e (A) and mCherry-synaptopodin (A’) (A-B), or GFP-Myo1e (C) and 

mCherry-clathrin light chain (C’) (C-D) and imaged using epifluorescence 

microscopy. Arrows in A point to synaptopodin-labeled stress fibers, arrows in B 

indicate Myo1e localization to lamellipodia, arrows in D indicate colocalization of 

Myo1e and clathrin on endocytic vesicles. Scale bar: 10 µm. 

 
	  




