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Abstract 

Characterization of the Effects of Steroid-Resistant Nephrotic Syndrome 

Associated Myo1e Mutations on Myosin 1e Activity and Podocyte 

Functions 

Author’s Name: Pei-Ju Liu                                  Sponsor’s Name: Mira Krendel 

MYO1E mutations are associated with familial pediatric nephrotic 

syndrome, a disease in which pharmaceutical treatment is limited to 

immunosuppressive drugs such as steroids and cyclosporine but still often fails 

to prevent progression to end-stage renal disease. While Myo1e deficiency leads 

to glomerular filtration abnormality, including podocyte foot process effacement 

and glomerular basement membrane thickening, developing a precise treatment 

for this disease is hindered, as the underlying mechanisms linking MYO1E 

mutations and nephrotic syndrome are unclear. 

With the power of whole genome and exome sequencing, multiple novel 

Myo1e variants have been rapidly identified from SRNS cohorts. To determine 

whether a MYO1E mutation identified in patients is likely to be pathogenic or 

benign, we have characterized the functional effects of novel sequence variants 

in cultured podocytes. Differential protein degradation, localization, endocytic and 

motor activities of Myo1eT119I and Myo1eD388H have been discovered (Chapter 2). 

Specifically, even when expressed as a full-length protein, Myo1eT119I is deficient 

in localization to podocyte junctions and clathrin-coated vesicles (CCVs). 

Consistent with the hypothesis that Myo1eT119I is a loss-of-function mutant, cells 
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expressing Myo1eT119I exhibit decreased CCV density and prolonged CCV 

lifetimes. The junctional and CCV localization of Myo1eD388H is not affected but it 

exhibits increased association with structures in the membrane-actin interface. 

Most importantly, Myo1eD388H is deficient in ATP hydrolysis and actin filament 

translocation. We have also characterized other MYO1E variants to provide cell-

based evidence to assist in the curation of variants of uncertain significance 

(Chapter 3). Unexpectedly, while Myo1eD185G may be considered as a likely 

benign variant based on the population and computational predictions, it exhibits 

prolonged association with the podocyte junctions, while no junctional localization 

and dissociation abnormality was found in a likely deleterious variant, 

Myo1eR523W. We also discovered that localization of Myo1eD3094-7 to the podocyte 

junctions can be partially restored with a proteasomal inhibitor treatment, which 

may be considered as a potential treatment for patients with this variant.  

Finally, to follow up on the questions derived from Chapter 2, we 

examined our hypothesis that Myo1eD388H tail is constitutively active, we 

demonstrated the similar junctional exchange but differential endocytic activity of 

Myo1eD388H and Myo1eTAIL, revealing the critical regulation of Myo1e motor to tail 

domain when it comes to clathrin-mediated endocytosis (Appendix 1). Overall, 

the studies documented here have uncovered the differential molecular defects 

of steroid resistant nephrotic syndrome (SRNS)-associated Myo1e variants and 

further elucidated the underlying mechanisms of podocyte disease. 
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1.1. The anatomy of the glomerular filtration barrier 

1.1.1 Kidney, nephron and glomerulus  

Mammalian kidneys are paired highly vascularized organs with the 

primary function of removing metabolic wastes and maintaining homeostasis of 

fluid and electrolytes in blood and plasma. Urine formation plays an essential part 

in regulating balance in blood volume and plasma osmolarity. The nephron is the 

functional unit of the kidney and some studies suggest that the number of 

nephrons inversely correlates with the probability of developing renal disease [1]. 

A nephron is divided into a filtration/glomerular unit and reabsorption/tubular 

segments (Figure 1A). Blood circulation from cardiac output first arrives in the 

kidney via the renal artery and enters the glomerulus through the afferent 

arteriole. Excessive water and soluble metabolic wastes in the blood are first 

selectively filtered by the glomerulus to form the primary filtrate, and then the 

filtrate is concentrated as it travels along the lumen of nephrons before the 

production of final urine. The remaining blood leaves the glomerulus by the 

efferent arteriole and returns to circulation (Figure 1B). 

The glomerulus is the filtration unit of the kidney, and is a small, 

intertwined group of capillaries within the Bowman’s capsule of the nephron 

(Figure 1B&C). A glomerulus is composed of glomerular endothelial cells, 

glomerular visceral epithelial cells (podocytes), mesangial cells, and parietal 

epithelial cells (Figure 1C). The glomerular endothelial cells comprise the inner 

wall of the glomerular capillary and share a common extracellular matrix, called 

the glomerular basement membrane (GBM), with the podocytes that envelop the 

outer walls. The vasculature of the glomerulus is held together by smooth 
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muscle-like mesangial cells. Parietal epithelial cells line Bowman’s capsule 

where the glomerular filtrate enters the lumen segment of the nephron for further 

refining processes. Podocytes are at the interface of the glomerular capillaries 

and the Bowman’s space (the space inside the Bowman’s capsule) where they 

provide structural support and elasticity against the hydrodynamic pressures of 

vascular flow. This allows the capillary to expand and contract with each 

heartbeat as well as to receive or transmit mechanical and chemical signals from 

the GBM and urinary space [2]. 

1.1.2. Glomerular filtration barrier 

The glomerular filtration barrier is a dynamic and selective filter that 

separates the water, solutes and metabolites in the blood to the urine space on 

the basis of molecular size and electrical charge. A three-layered structure, 

consisting of the fenestrated capillary endothelium, the glomerular basement 

membrane (GBM), and the slit diaphragms between podocyte foot processes 

comprise the glomerular filtration barrier [3] (Figure 2). When glomerular filtration 

is defective, excessive albumin and essential plasma proteins leak into the final 

urine, a condition known as proteinuria (or albuminuria), which is often used as 

an indicator of declining renal function. 

1.1.2.1. Glomerular endothelial cells 

The glomerular endothelial cells are perforated with 60-80 nm-wide pores 

(fenestrated endothelium) which allows high speed and large volume of fluid 

passage [4]. However, unlike systemic capillary endothelium, the transcellular 

pores in the glomerular endothelium lack diaphragms, making this filtration portal 

theoretically permeable to macromolecules, such as albumin (~67kDa) [4, 5]. 
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Evidence has shown that the lumen of glomerular capillaries is coated with the 

glycocalyx, a negatively charged glycoprotein [6, 7], which absorbs plasma 

components and together constitutes a >200nm thick endothelial surface layer, 

making a more restrictive fenestrae by charge repulsion [8]. This hypothesis is 

supported by enzymatic and chemical disruption of different glycoprotein 

components in the endothelial surface layer leading to an increase of albumin 

passage due to declined negative charge and structural thickness [9-14]. 

1.1.2.2. Glomerular basement membrane 

The glomerular basement membrane (GBM) is a ~300nm thick layer of 

extracellular matrix in an adult human, which adheres glomerular endothelia and 

podocytes together and supports the capillary structures. The main components 

of a mature GBM are collagens (type I, IV, VI, and XVIII subunits), laminins (a5, 

b2, and g1), nidogen-1, heparan sulfate proteoglycans (which is abbreviated as 

HSPGs, including agrin, perlecan and collagen XVIII) and tubulointerstitial 

nephritis antigen-like (TINAGL1) protein [15, 16]. In ultrastructure, the GBM is 

organized into lamina rara interna (facing the endothelial cells), lamina densa 

(the middle layer) and lamina rara externa (facing podocytes) (Figure 2B). 

Collagen IV and nidogen-1 are densely packed in the core of the GBM and 

compose the lamina densa, while laminin-a5 and agrin form both the lamina rara 

interna and lamina rare externa. This meshwork of matrix fibrils generates 

heterogeneous pores, averaging 10-20 nm in diameter. In a proteinuric nephritic 

rat model the GBM meshwork was loosened, with the pores enlarged up to 40 

nm [17]. Interestingly, minimizing the net negative charge of the GBM by genetic 
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and enzymatic measurements in mice was unsuccessful in inducing proteinuria. 

Therefore, these experiments invalidate the hypothesis of charge repulsion of 

macromolecules by GBM [18-23].  

1.1.2.3. Glomerular epithelial cells (podocytes) 

Podocytes are specialized epithelial cells that curve around the glomerular 

capillaries and are the final gatekeepers of glomerular filtration. In electron 

microscopy, podocyte primary processes arborize from the cell body and divide 

to form secondary and tertiary protrusions (foot processes). These final 

protrusions interdigitate with neighboring podocytes (Figure 2A), constituting 25-

40 nm-wide slits in between the foot processes [24] that are called filtration slits. 

Slit diaphragms, electron-dense membrane-like structures, cover the filtration 

slits and contribute to glomerular filtration. Slit diaphragms are modified tight 

junctions and adherens junctions that are composed of transmembrane proteins, 

Nephrin, Neph1, Fat, and P-cadherin [25-28] (Figure 2C), as well as intracellular 

scaffolding proteins, such as Podocin, ZO-1, CD2AP and Myo1e, which support 

the integrity of foot processes and slit diaphragm architectures to protect against 

loss of essential blood proteins [29-33]. Due to lack of cadherins, slit diaphragms 

are a porous structure where the filtration is size-dependent [34, 35]. Additionally, 

podocalyxin expression on the apical surface of podocytes, composing anionic 

glycocalyx, provides an auxiliary charge-selective barrier to prevent the passage 

of negatively charged proteins [36, 37]. Due to their impact on size- and charge-

dependent selective filtration, podocytes are a fundamental component of the 

glomerular filtration barrier. Many kidney diseases arise at the podocyte level 

when the slit diaphragm structure is disrupted [38]. In addition, mature podocytes 



   
 

   
 

6 

are terminally differentiated cells with limited capability of cell division to replenish 

[39-43], rendering the glomerulus vulnerable to secondary insults and leading to 

significant podocytes loss, which is a hallmark of chronic kidney disease (CKD) 

development [44-48].  

1.2. Renal filtration and diseases 

1.2.1. Chronic kidney disease 

Chronic kidney disease (CKD) encompasses a broad range of genetic and 

environmental causes, and affects millions of people worldwide. The early stages 

of CKD are often undetected causing diagnosis to wait until the disease has 

advanced. Unfortunately, the irreversible and progressive nature of the disease 

puts the patients at risk of end-stage renal disease (ESRD), which requires 

kidney transplantation to sustain life. Due to insufficient understanding of CKD 

mechanisms, the severity of CKD is currently categorized by proteinuria level and 

glomerular filtration rate (GFR), leading the goals of treatment to be slowing 

down the progression of kidney dysfunction, treating complications, and 

preparing for kidney transplantation [49]. An advanced classification and 

prognosis of CKD is required for the development of an effective disease 

management plan. 

1.2.2. Steroid-resistant nephrotic syndrome 

Glomerular dysfunction-associated nephrotic syndrome is one of the most 

common contributors to CKD. Although nephrotic syndrome originates in diverse 

ways (genetic or environmental), patients with nephrotic syndrome manifest 

proteinuria, hypoalbuminemia and edema, and the disease is categorized as 

steroid-sensitive or steroid-resistant depending on the response to steroid 
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therapy (a typical method to manage the condition of proteinuria). Steroid-

resistant nephrotic syndrome (SRNS) is the second most frequent cause of 

ESRD in the first two decades of life (the most frequent cause is congenital 

anomalies of kidney and urinary tract (CAKUT)) [50-52]. In renal biopsy, most 

SRNS patients show either minimal change disease (MCD) or focal segmental 

glomerulosclerosis (FSGS). MCD is a common feature in the early stage of 

glomerular injury where podocytes show foot process effacement (foot processes 

collapsing and losing the normal interdigitated pattern, which results in reduced 

numbers of open slit diaphragms per µm of GBM) due to slit diaphragms and 

actin cytoskeletons failing to reorganize over time [53, 54]. MCD is reversible. 

However, it can develop into FSGS and ESRD if the underlying condition 

continues. FSGS is described as the formation of “scars” on a part of glomerulus, 

and with only some glomeruli being affected, typically in the area where the 

podocytes are heavily injured (Figure 3) [55]. With the generation of knockout 

animals, as well as the interdisciplinary study of next-generation sequencing in 

SRNS patients and protein functional analysis, an increasing number of key 

molecules were identified as slit diaphragm components or regulators in the last 

two decades. Gene mutations in slit diaphragm proteins usually result in foot 

process effacement; therefore, they are unable to block the albumin from passing 

through the renal filtration barrier, which explains why podocyte injury is typically 

associated with proteinuria [2]. Patients who carry loss of function mutations in 

slit diaphragm genes are not responsive to steroid treatment [56]. Patients with 

mutations in the two most common SRNS-associated genes, Nephrin and 
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Podocin, have shown low recurrence rate after kidney transplantation. Therefore, 

avoiding unnecessary steroid or immunosuppressive treatment if genetic 

mutations are detected in SRNS patients is advisable [50, 57]. In addition, 

genetic screening and functional characterization of monogenic SRNS genes 

have shown the possibility of a simple and effective therapy to treat patients with 

CoQ10 biosynthesis gene mutations (including COQ2, COQ6, ADCK4 and 

PDSS2) by taking coenzyme Q10 [58, 59]. Because inherited mutations exhibit a 

feature of full or high penetrance bringing heavy burdens to the affected families, 

genetic sequencing in larger SRNS cohorts, family genetic tracing and protein 

functional characterizations can help to assess the adequacy of living kidney 

donors and the development of targeted therapies [60].  

In the autosomal recessive form of SRNS, homozygous or compound 

heterozygous mutations, such as NPHS1, NPHS2, PLCE1, LAMB2 and MYO1E, 

are identified, and the mutations give rise to childhood-onset proteinuria, while 

the autosomal dominant type of SRNS is mostly adult-onset, with mutations in 

genes such as TRPC6, ACTN4, and INF2 (adult-onset is defined as onset of 

proteinuria after the age of 18) [51, 60]. It is shown that the earlier the age of 

SRNS onset, the more likely the disease originates from monogenic mutations, 

which, excluding the effects of secondary insults such as aging, hypertension or 

diabetes, has a higher success rate of kidney transplantation [50, 51]. Depending 

on the cohorts and methods of analysis, the genetic diagnostic rate and 

prevalence of each mutation can be different [51, 61, 62]. Regardless, the most 

common mutations detected are in the early-onset genes NPHS1 (encoding 
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Nephrin) and NPHS2 (encoding Podocin), reflecting the indispensible function of 

these proteins in renal development and filtration [50]. Mutations in Nephrin result 

in congenital nephrotic syndrome of the Finnish type (CNF) with disease onset 

within the first three months of life. Affected patients present proteinuria in utero 

and their nephrotic syndrome, which is characterized by abnormal foot process 

formation, missing slit diaphragms and massive proteinuria, progresses rapidly 

after birth [25, 63]. Mutations in Podocin, which have similar symptoms to 

Nephrin mutations, show a wider range of onset ages and differences in the sites 

of mutation can lead to differentiating degrees in loss of function [60, 64]. This 

indicates the importance of understanding protein functions when characterizing 

SRNS.  

1.2.3. Myo1e mutation-associated SRNS  

Myosin-I is a class of membrane-associated proteins (myosin 1a-h in 

mammals) and assists cells in acquiring complex shapes by membrane 

deformation, such as during endocytosis and phagocytosis [65-67]. Class 1 

myosins are actin-dependent motor proteins and use the energy of ATP 

hydrolysis to move towards the plus-end of actin filaments [68]. In addition, these 

myosins are monomeric, making them distinct from two-headed motors, such as 

myosin-II (responsible for actomyosin contraction) and myosin-V (responsible for 

vesicle long-distance transportation) [69]. Myosin-I proteins contain a motor 

domain and a variable number of calmodulin-binding IQ motifs in the neck 

domain, which is connected to the tail homology 1 (TH1) domain. TH1 harbors a 

membrane-binding pleckstrin homology (PH) motif, allowing myosin-I proteins to 

anchor to the membrane-actin interface [68]. Myo1e and Myo1f are unique in the 
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myosin-I family as they both contain a proline-rich TH2 domain and an SH3 

domain, which provides additional protein binding, and are classified as long-

tailed myosins [68]. In class 1 myosins, Myo1b, Myo1c and Myo1e are detected 

in podocytes at the protein level, and only mutations in Myo1e have been found 

in patients with SRNS [70, 71]. Both complete and podocyte-specific Myo1e 

knockouts in mice result in post-natal proteinuria and foot process effacement, 

indicating an indispensable role of Myo1e in maintaining the kidney filtration 

barrier [32, 72]. Similar to Podocin, mutations in Myo1e show a spectrum of 

congenital to childhood onset SRNS. In addition, kidney transplantation 

performed on Myo1e mutation carriers has shown no recurrence of SRNS/FSGS 

conditions [51, 73]. While Myo1e mutations are rare, they are characterized by a 

high penetrance of glomerular injury and risk of ESRD. Therefore, a detailed 

characterization of the SRNS-associated MYO1E mutations and understanding 

the function of Myo1e in podocytes is required. A number of proteins and cellular 

components, including ZO-1, Dynamin, Synaptojanin, focal adhesion kinase 

(FAK) and phospholipids (PIP2 and PIP3) are shown to interact with Myo1e, 

indicating that Myo1e may be involved in cell-cell junctions (slit diaphragms), 

endocytosis and focal adhesion regulation [33, 66, 74, 75]. Combining our 

current understanding of the cellular function of Myo1e and the observed injury 

models in podocyte slit diaphragms, cell-matrix interfaces and actin morphology, 

this thesis depicts the mechanisms of how Myo1e maintains the integrity of the 

renal filtration barrier as well as reveals new findings in Myo1e activities. 
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1.3. The role of Myo1e in podocyte injury 

Considering podocyte-specific or inducible Myo1e-KO is sufficient to 

cause severe proteinuria in mice and glomerular injury associated renal 

dysfunction is characterized by persistent proteinuria with progressively declining 

kidney function, discovering the role of Myo1e in slit diaphragm integrity is key to 

developing an effective management plan for Myo1e associated SRNS [51, 61, 

72, 73]. In ultrastructure, the diseased glomeruli typically feature foot process 

effacement, GBM irregular thickening and podocyte detachment (Figure 3) [76]. 

Due to a cascade of discoveries about slit diaphragm components and 

interconnected signaling pathways (Figure 4), podocytes have gained the 

spotlight in glomerular disease characterization [2]. In addition, with the 

advancement of genetic, functional and high-resolution imaging methods, a 

detailed morphological change in diseased podocytes has been observed, which 

may shed new light on podocyte functional restoration and SRNS treatment.  

Cytoskeleton maintains the unique shape of podocytes and regulates 

adhesion stability and foot process plasticity in response to environmental stimuli. 

Microtubules and intermediate filaments reinforce the primary processes of 

podocytes, whereas short and branched actin filaments predominate in the foot 

processes (Figure 5) [77]. In contrast to microtubule-associated proteins and 

intermediate filament proteins, which do not result in an overt podocyte 

phenotype when knocked out in mice [78-80], perturbation of actin stability 

results in proteinuria and glomerular disease, rendering actin and its associated 

regulators as the most critical targets in maintaining podocyte function [81]. While 

non-muscle myosin II endows the actinin-4- and synaptopodin-crosslinked linear 
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F-actin bundles with contractility (Figure 4&5), class I myosins are associated 

with the Arp2/3-nucleated branched actin networks and coordinate membrane 

tension and deformation (Figure 6). 

1.3.1. Cell-cell junction regulation 

1.3.1.1. Podocyte tight junction remodeling in development and injury 

Glomerular development takes place in 4 stages: the renal 

vesicle/comma-shaped body stage, the S-shaped body stage, the capillary loop 

stage and the mature glomerulus stage (Figure 7). Podocytes are derived from 

the epithelial precursors of the S-shaped body stage that contain apical tight 

junctions with ZO-1, after which the cell morphology undergoes dramatic 

changes in transition to the capillary loop stage [30, 82]. In the S-shaped body, 

podocyte precursors are columnar epithelial cells with apically localized tight 

junctions. With the expression of WT-1 reaching peak levels, podocalyxin 

expression starts and the apical membrane expands. Upon entering the capillary 

loop stage, podocytes lose their mitotic activity and begin to establish foot 

processes and slit diaphragms by Nephrin and Neph1 expression as well as ZO-

1 baso-lateral migration [83, 84].  

Damage to podocytes first causes the slit diaphragms to disappear from 

the filtration slits, then the cell-cell adhesions are replaced by tight junction 

proteins, such as ZO-1. Interestingly, this damage-induced tight junction 

replacement can be reversed once the underlying condition is removed, implying 

the resilience and elasticity of podocytes [85-87]. ZO-1 is a widely expressed 

epithelial tight junction protein, which is also found to interact with Neph1 in the 

slit diaphragms, providing a signaling platform for the recruitment of signal 
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transduction components and rearrangement of actin cytoskeleton to the 

dynamic protein complex at the slit diaphragms [30, 88, 89].  

Myo1e, in addition to its localization in the foot processes, was identified to 

interact with ZO-1 in slit diaphragms using immunohistochemistry and 

immunoelectron microscopy of kidney sections as well as in the in vivo isolated 

slit diaphragm complexes [32, 33]. Myo1e is also recruited to podocyte junctions 

along with actin filaments upon new cell-cell contact formation and the SH3 

domain of Myo1e interacts with the C-terminus of the junctional protein ZO-1 in 

pulldown assays, indicating that Myo1e is involved in regulation of cell-cell 

junction formation by supporting the interactions between ZO-1 and actin 

filaments [33]. Interestingly, deletion of Myo1e has no influence on the 

expression and junctional localization of Nephrin, podocin or ZO-1, while the 

expression and localization of Podocin to the slit diaphragms is reduced when 

ZO-1 is deleted [73, 90]. These findings support the Myo1e-KO mice model 

which found that Myo1e plays a key function in the maintaining and remodeling 

of podocyte slit diaphragms instead of participating in the slit diaphragm 

development/maturation as the mice develop proteinuria and foot process 

effacement after birth [32, 33, 72].  

1.3.1.2. The role of Myo1e in cell-cell junction (slit diaphragm) regulation 

The two major slit diaphragm structural proteins, Nephrin and Neph1 were 

previously considered to form homo- or heteromeric complexes via their 

extracellular IgG-like motifs in the slit diaphragms, creating a zipper-like sieve to 

conduct size-dependent filtration [34, 63, 91]. How do the presumably stiff 

interactions of IgG-like repeats in the slit diaphragms adapt to the dynamic 
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remodeling of podocyte foot processes without being clogged by albumin? This 

question remained unanswered until the slit diaphragm structure was recently 

revealed. Cryo-electron tomography has shown that Nephrin and Neph1 bridge 

the mature mammalian slit diaphragms as single molecules, with Nephrin 

spanning the apical part of the slit diaphragm, while Neph1 predominating in the 

basal part of the junctions, leaving a flexible and non-clogging filtration barrier 

[24]. The number of IgG-like repeats (nine and five for Nephrin and Neph1, 

respectively) and the length of the extracellular domain determine the width of 

the filtration slits [24]. In addition, the intracellular domains of Nephrin and Neph1 

are engaged with actin cytoskeletal (Nck-N-WASP-Arp2/3 and CD2AP-Arp2/3) 

(Figure 4) and cell polarity signaling (Par3-Par6-aPKCl-cdc42) in podocytes 

[92]. Therefore, Nephrin-Neph1 slit diaphragm complexes interact with both 

structural and signaling networks in the foot processes, which is important for 

podocyte viability, polarity, differentiation and cytoskeleton regulation [93-95]. 

Myo1e is an actin-dependent motor protein that has been shown to regulate actin 

assembly at the cell-cell junctions of podocytes and the phagocytic cup of 

macrophages in vitro [33, 67]. In addition, the PH motif-containing TH1 domain 

allows Myo1e to bind to the plasma membrane, which partially contributes to 

Myo1e enrichment at the cell-cell junctions [33, 75]. These properties suggest 

that Myo1e regulates actin remodeling in the foot processes to support slit 

diaphragm integrity.  
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1.3.2. Clathrin-dependent endocytosis 

1.3.2.1. Myo1e role at the late stages of clathrin-dependent endocytosis 

Endocytosis is a conserved process that allows cells to acquire 

extracellular molecules and retrieve transmembrane receptors from the plasma 

membrane by forming and internalizing the vesicles, which is typically 

categorized into clathrin-dependent and clathrin-independent pathways and both 

are observed in podocytes by electron microscopy [96, 97]. Deletion of key 

regulatory components of clathrin-dependent endocytosis in mice, such as 

Dynamin, Synaptojanin, Endophilin or Myo1e, results in similar phenotypes in the 

kidney, including massive proteinuria, foot process effacement and irregularly 

thickened GBM, which indicates that clathrin-mediated endocytosis is crucial in 

maintaining the function of the glomerular filtration barrier (Figure 8) [32, 98]. 

Clathrin-coated structure formation proceeds through multiple stages before the 

departure of vesicles from the plasma membrane, including initiation, assembly, 

maturation and scission [99] (Figure 9). The initiation stage is where the adaptor 

proteins and clathrin are recruited to the PI(4,5)P2 enriched membrane segment 

and the assembly of clathrin-decorated coats is started, leading to plasma 

membrane deformation. This membrane curvature is further developed and 

stabilized by the recruitment of BAR-domain containing proteins, such as 

Endophilin. Subsequently, the mature vesicle is constricted in the neck by 

Dynamin, with the constriction sometimes also aided by the recruitment of 

branched actin, allowing the scission of the vesicles from the plasma membrane. 

Before the vesicle trafficking to specific intracellular compartments occurs, 

Synaptojanin, which is an inositol 5-phosphatase, dephosphorylates PI(4,5)P2 on 
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the vesicle membrane, leading to clathrin uncoating and promoting vesicle 

internalization [98]. Myo1e interacts with Dynamin and Synaptojanin [66] as well 

as appears on the clathrin-coated vesicles (CCVs) together with these proteins 

and WIP/N-WASP at a late stage of vesicle invagination and scission [100, 101] 

(Figure 9). Myo1e is therefore categorized as a part of scission machinery in 

clathrin-dependent endocytosis. Depletion of endogenous Myo1e in HeLa and 

SK-MEL-28 cells using RNAi reduces the internalization and endocytic trafficking 

of transferrin [101]. In addition, overexpression of the Myo1e-tail construct (which 

likely acts in a dominant-negative fashion) inhibits transferrin uptake in HeLa 

cells [66]. Although the precise relationship between endocytosis and glomerular 

filtration is unclear, and both clathrin and non-clathrin pathways have shown to 

mediate the internalization of Nephrin [102-104], Nephrin is suggested to be one 

of the endocytic cargos, based on the fact that its internalization is reduced when 

either Dynamin or Synaptojanin is deleted in podocytes [98]. This observation of 

Nephrin internalization indicates that slit diaphragm integrity can be regulated by 

clathrin-dependent endocytosis. 

1.3.2.2. Myo1e modulates branched actin at the clathrin-coated pits 

The foot processes are actin-based structures and the regulation of actin 

filaments is critical for the adaptation response of continuous replacement of 

damaged strands of slit diaphragm proteins which are subjected to the high 

pulsatile pressure of the glomerular capillary as well as constant fluid pass 

through [105]. Endocytic proteins in the scission machinery, including Myo1e, are 

shown to overlap with actin plumes before vesicles leave the plasma membrane 

[98, 100]. This transient actin plume appears prior to the CCVs leaving plasma 
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membrane and is the result of branched actin polymerization by Arp2/3 complex. 

Arp2/3 complex is an actin nucleation factor that promotes assembly of new 

filaments attached to the side of a pre-existing actin filament after activation by 

N-WASP (Figure 6). This process is essential for efficient foot process formation 

and the maintenance of focal adhesion stability [106]. Class 1 myosins in yeast 

were shown to regulate branched actin formation via their C-terminal acidic (CA) 

domains that directly interact with Arp2/3 complex in budding yeast Myo3/5 and 

fission yeast Myo1, however, this CA domain is missing in mammalian Myo1e 

[66, 107, 108]. When Myo1e is artificially targeted to the mitochondria, it recruits 

WIP/WIRE/N-WASP via its SH3 domain, and these proteins could activate 

Arp2/3 [101]. Although the roles of actin filaments during clathrin-dependent 

endocytosis in mammalian cells are still debated, it is hypothesized that actin 

may play a decisive part in triggering local membrane deformation for vesicle 

scission to take place (Figure 10) [109]. Myo1e influences the cortical actin to 

shape the phagocytic cup and stabilizes invadosome in the cell-matrix interface, 

suggesting that Myo1e can couple with actin filaments to fine-tune the membrane 

deformation when the cell shape has to be adjusted rapidly [67, 110].  

1.3.3. Focal adhesion regulation 

1.3.3.1. Podocyte protrusion in the GBM 

Focal adhesions are multiprotein complexes consisting of cytoplasmic 

adaptor proteins that connect transmembrane adhesion receptors (such as, 

integrins) to stress fibers in order to sense and respond to the mechanical force 

alterations when cells attach to the basement membrane. Considering foot 

processes are the main structure attaching podocytes to the GBM and for 
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resisting high transcapillary pressure, focal adhesions and integrins are essential 

signaling hubs for the podocyte to communicate with the GBM, maintain the slit 

diaphragm integrity and even prevent detachment from the GBM. Foot process 

effacement is cell process retraction and movement toward the cell body due to 

the disassembly of focal adhesions and rearrangement of the actin cytoskeleton, 

which allows mechanical force and signaling events to be transmitted into the cell 

when damage occurs [111]. Laminin-binding integrin a3b1 is the most 

indispensable focal adhesion receptor in podocytes, as both podocyte-specific 

KO mice and human mutations of either a3 or b1 integrin results in severe 

proteinuria and a highly disorganized GBM [112-115]. Deletion of vinculin 

activates FAK phosphorylation causing focal adhesion size to decrease and the 

defects in talin1 disrupt the actin organization as well as lead to foot process 

effacement and the death of mice within 10 weeks of birth [116, 117]. Phospho-

FAK mediates focal adhesion turnover while FAK deletion in mice inhibits foot 

process effacement [118]. In addition, mice with podocyte-specific deletion of the 

focal adhesion protein integrin-linked kinase (ILK) develop severe nephrotic 

syndrome [119].  

While foot processes adhere to the uniform line of the GBM by focal 

adhesions in healthy podocytes, the GBM expands irregularly when glomeruli are 

damaged. In addition, cellular infoldings into the GBM with podocyte origins are 

observed in diseased glomeruli [120]. To investigate the change in podocyte-

GBM interface in glomerular injury, a serial block face-scanning electron 

microscopy was applied to reconstruct the interaction of foot processes with the 



   
 

   
 

19 

GBM in three-dimensions. It was shown that the focal areas of foot process 

effacement coincide with irregularly thickened regions of the GBM, as a 

consequence, the extended protrusions of podocytes were found to submerge 

into the expanded GBM in various types of genetic glomerular disease models, 

including Myo1e-KO mice [121]. Because the structures of podocyte protrusions 

are similar to invadosomes, the damages in the glomerular filtration barrier can 

induce a remodeling of the focal adhesions in podocytes to prevent detachment 

as well as GBM deposition or degradation. While little is known about the exact 

mechanism of the formation of GBM-invading podocyte protrusions, Myo1e is 

found to initiate the formation of invadosomes and further promote their 

expansion in RSV-transformed BHK-21 cells [110]. Invadosomes are adhesive 

protrusions in the cells with an actin-rich core and a ring of adhesion adaptor 

proteins, such as paxillin and/or vinculin, which is critical for cell migration, 

invasion and extracellular matrix remodeling [122, 123]. Because Myo1e 

precedes paxillin in the leading edge of expanding invadosomes, Myo1e is 

proposed to be a membrane-cytoskeletal linker for membrane 

tension/deformation and actin filament anchorage for early adhesions. However, 

invadosome formation requires specific signaling activation, such as tyrosine 

kinase, and whether podocyte injury leads to the aforementioned invadosome 

signaling activation remains to be answered.  
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Supporting that it may be involved in focal adhesion regulation, Myo1e 

was shown to be recruited to the lamellipodia* and actin-rich early adhesions 

whereas deletion of Myo1e prohibits adhesion maturation and lamellipodia 

spreading [127]. This result also implies that Myo1e influences the recruitment of 

Arp2/3 complex to the early adhesion sites for actin nucleation by transporting 

the actin-regulatory protein CARMIL. However, whether CARMIL is involved in 

focal adhesions of podocytes still needs to be clarified [127-129]. In addition, 

wild-type Myo1e overexpression increases podocyte motility** while Myo1e 

knockdown and the expression of the motor domain mutation A159P have no 

influence on motility [73]. However, in other Myo1e knockdown experiments, less 

migratory podocytes are observed [130].  

1.3.3.2. Myo1e interacts with FAK and mediates GBM deposition 

Defects in glomerular filtration can result in an increase in mechanical 

stress in the glomeruli, which induces fibronectin expression in podocytes or 

parietal cells [131]. The excessive fibronectin deposition can in turn lead to an 

increased stiffness of the glomeruli. Myo1e interacts with FAK, which promotes 

the autophosphorylation of FAK residue Y397 and its relocation to the nucleus, 

driving the expression of fibronectin [74]. If the Myo1e/FAK complex affecting 

 
 
 
 
* Because in vitro cultured podocytes do not contain foot processes as they do in the 
glomeruli, lamellipodia oscillation and leading edge focal adhesion turnover are used as 
readouts to interpret the foot processes’ remodeling and adaptation to stress [124-126]. 
** Podocytes have limited motility on the GBM, therefore, in vitro experiments use motility 
assays, such as scratch-wound migration, to indicate adaptation/repairing of foot 
processes. 
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GBM composition is demonstrated in podocytes in vivo, inhibiting Myo1e/FAK 

binding could be promising in preventing podocyte injury. Intriguingly, integrin b1 

and fibronectin are the two cell-matrix interface proteins internalized by clathrin-

dependent endocytosis, providing evidence of focal adhesion and GBM turnover 

in podocytes [132]. However, whether Myo1e is involved in integrin b1 and 

fibronectin internalization, which further influences podocyte-GBM interface 

remodeling needs to be investigated. 

1.3.4. Contractile actin regulation 

1.3.4.1. Contractile actin moving down to cell-matrix interface from the cell body 

when injury 

Under super-resolution microscopy, actin filaments of healthy foot 

processes are synaptopodin-positive and myosin IIA-negative while they connect 

to myosin IIA-containing contractile fibers in the podocyte cell bodies and primary 

processes. Presumably, these contractile actin cables exert force on non-

contractile actin filaments in foot processes. When podocytes are injured (such 

as mouse models with CD2AP-KO, Laminin2-KO, and Adriamycin-treatment as 

well as patients diagnosed with FSGS), the myosin IIA-containing stress fibers 

collapse and are lowered to the basolateral surface of podocytes, resulting in 

sarcomere-like structures located adjacent to the GBM. This study provides new 

insights to how actomyosin and actin filaments coordinate to shape the unique 

structure of podocytes as well as sheds new light on treatment for restoring 

podocyte functions [133].  
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1.3.4.2. The role of small GTPases in stress fiber stability 

As a significant proportion of cytoskeletal proteins account for inherited 

glomerular disease, actin networks in podocytes are fine-tuned by intrinsic and 

extrinsic signaling. Otherwise, the system would shift to disease with minor 

changes. The intricate regulation via Rho family small GTPases is a classical 

model for illustrating how contractile actin controls the health and disease of 

podocytes. Small GTPase proteins (e.g. RhoA, Rac1 and Cdc42) and their 

associated regulators have been identified as important switches for actin 

restructuring in podocytes. In podocytes, RhoA activation promotes stress fiber 

and focal adhesion assembly and Cdc42 is involved in the generation of 

filopodia, which resemble actin bundles that reinforce normal foot processes, 

whereas Rac1 activation induces membrane spreading and lamellipodia 

formation [134]. Doxycycline-induced expression of both constitutive-active and 

dominant-negative RhoA in mice show nephrotic syndrome while the severity of 

the disease is determined by the extent of RhoA expression [126, 135]. When 

Rac1 is activated, the mice also develop proteinuria and segmental foot process 

effacement, however, the onset of proteinuria after Rac1 induction is weeks 

faster than RhoA activation, suggesting that Rac1 might be further upstream than 

RhoA in the signaling pathway of podocyte injury [134]. Podocyte-specific Rac1-

KO mice show normal kidney function and podocyte morphology into adulthood, 

however, these mice are susceptible to proteinuria and glomerulosclerosis with 

inducible hypertension, a secondary insult of chronic kidney disease [136]. In 

contrast to the deletion of RhoA and Rac1, which are not involved in podocyte 

maturation, deletion of Cdc42 leads to heavy proteinuria and foot process 
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effacement in young mice, indicating that Cdc42 is critical in slit diaphragm 

integrity and podocyte development [136, 137]. A loss of function mutation in the 

Arhgap24 gene has been identified in a family with inherited FSGS and ESRD 

[125, 138]. Arhgap24 is a GAP protein that inactivates Rac1 and suppresses 

lamellipodia formation, which is upregulated during podocyte maturation. 

Similarly, mutations in RhoGDIa lead to hyperactivation of Rho-GTPase and 

have been found in congenital nephrotic syndrome patients [139, 140].  

In addition to SRNS-associated mutations in Arhgap24 and RhoGDIa, 

Synaptopodin is shown to strengthen the tight regulation of Rho-GTPase 

signaling in podocytes. Synaptopodin coordinates with a-actinin to bundle actin 

filaments in podocytes during foot process formation [141, 142]. Mice with 

Synaptopodin-KO show normal foot process and slit diaphragm structures but 

glomerular filtration is impaired after drug induced acute kidney injury [142, 143]. 

Likewise, deletion of Synaptopodin abolishes stress fiber bundling (actin filament 

reformation) in podocytes and focal adhesion turnover [142, 143]. Synaptopodin 

also modulates actin (re)organization by Rho signaling, allowing a more resilient 

recovery from injury in podocytes. Synaptopodin stabilizes stress fibers by 

competing for RhoA with the ubiquitin ligase Smurf1 to prevent proteasomal 

degradation of RhoA but the homeostasis of Rho-GTPase activity shifts toward 

Rac1 in the absence of Synaptopodin [144, 145]. In addition, Synaptopodin 

suppresses filopodia formation in podocytes by disrupting IRSp53 binding to 

Cdc42 and Mena [146, 147]. Despite pathological SYNPO (encoding 

Synaptopodin) mutations having not been identified in patients, mutations in the 
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promoter of the SYNPO gene lead to low expression of Synaptopodin levels and 

have been found to be associated with FSGS [148].  

Although Myo1e knockdown has been shown to lead to less stress fibers 

and more cortical actin meshwork in podocytes [130], this result is not sufficient 

to explain the relationship between Myo1e and contractile actin filaments in 

podocytes. Myo1e might affect the stress fibers in podocytes by initiating focal 

adhesion formation (activating FAK) and branched actin nucleation (recruiting 

WIP/N-WASP) when the cells respond to environmental cues, allowing the actin 

filaments to further elongate and cross-link in the process of focal adhesion 

maturation [127]. In support of this, patients with Myo1e mutations have shown a 

partial response to a treatment with cyclosporine A (typically used as an 

immunosuppressant) which is a chemical that also stabilizes Synaptopodin, and 

therefore preserves the activity of RhoA and the stability of actin filaments 

instead of eradicating the symptoms caused by Myo1e mutations, indicating the 

need for developing a targeted treatment of Myo1e [149].  

1.4. Rationale, hypothesis and research question  

Myo1e is the only long-tailed class 1 myosin expressed in podocytes and 

the only class 1 myosin where its genetic mutations are associated with renal 

pathology [32, 71, 73, 150]. Although the Myo1e SRNS-associated mutations are 

rare, its progressive nature allows for only a limited therapeutic window and plan 

[61, 73, 151]. The expanding information of exome sequencing on SRNS cohorts 

leads to an emergent need to characterize the function and activity of mutant 

SRNS proteins in podocytes in order to develop targeted therapies, including 

Myo1e. However, whether the novel Myo1e variants identified in SRNS patients 
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are truly pathogenic, and what the mechanisms of mutant Myo1e leading to 

podocyte dysfunction are, are the first questions to be answered [51]. 

A role for Myo1e as a component of the slit diaphragm complex was 

revealed by the discovery of its interaction with ZO-1 [33], which, combined with 

the finding of glomerular dysfunction at a young age in Myo1e-KO mice, 

suggests that Myo1e takes an essential part in maintaining slit diaphragm 

integrity and regulating actin reorganization in the cell-cell junctions [32, 33]. In 

addition, Myo1e is shown to play a role in determining clathrin-endocytic vesicle 

scission from the plasma membrane along with dynamin and synaptojanin, and 

fission yeast expressing Myo1 containing mutations identical to those found in 

human Myo1e failed to internalize clathrin-coated vesicles [66, 152]. Reviewing 

the podocyte injury models that examine the roles of cell-cell junctions, podocyte-

GBM interface and actin filaments, it is interesting to find that Myo1e is involved 

in a variety of activities in podocytes. In addition, clathrin-dependent endocytosis 

is thought to internalize Nephrin, integrin b1 and fibronectin, and requires a tight 

regulation of actin to accomplish this activity [98, 132]. 

Surprisingly, the clathrin-endocytic activity of Myo1e in podocytes has 

never been addressed in detail. This thesis documents our characterization of 

SRNS-associated Myo1e mutants in podocyte function using protein expression, 

subcellular localization, protein dynamics and kinetics with a focus on testing the 

hypothesis that mutant Myo1e fails to support clathrin-dependent endocytosis. 

Utilizing the adenoviral and image analysis systems available in our lab, we were 

able to reveal that Myo1e mutations T119I and D388H are likely pathologic 
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mutations in the motor domain. In addition, a collaboration with the Yengo lab 

(Penn State University) allowed us to use the baculovirus expression system to 

analyze the ATPase kinetics of the wild-type and mutant Myo1e constructs and 

determine the mechanisms of protein dysfunction that have been observed in this 

study.  
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Figure 1. An illustration of the nephron and the components of a glomerulus. 

(A) Nephron is the functional unit of kidneys, which contains a glomerulus (red 

globules) and tubules (yellow ribbons). (B) An enlarged view of a glomerulus 

showing the direction of blood supply and urine formation. (C) A cross sectional 

view of a glomerulus showing its cellular organization. Pod: podocytes; MC: 

mesangial cells; GEC: glomerular endothelial cells; PEC: parietal epithelial cells; 

BS: Bowman’s space; AA, afferent arteriole; EA, efferent arteriole; PT: proximal 

tubules; DT: distal tubules. Glomerular basement membrane (GBM) is shown in 

gray lines between podocytes and glomerular epithelial cells. Panel C is adapted 

from [92]. The figure is created in BioRender. 
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Figure 2. An illustration of podocyte foot processes and filtration barriers. 

(A) An electron microscopy view of a glomerulus shows the podocyte cell body 

(labeled CB) and foot processes (labeled P). Color-coded shading of podocytes 

indicates that the foot processes originating from different cells are interdigitated 

with those from neighboring podocytes. (B) An electron microscopy view of the 

three-layered components of filtration barrier, including slit diaphragms, 

glomerular basement membrane (GBM) and endothelial fenestrae. The arrows 

indicate the slit diaphragms between foot processes of podocytes (Fp and Pod). 

The arrowheads indicate the fenestrae of glomerular endothelial cells (Endo). 

The image shows the different electron density of the GBM. LRE: lamina rara 

externa; LD: lamina densa; LRI: lamina rara interna. (C) A schematic drawing of 

the slit diaphragm transmembrane proteins. Panel A is adapted from [153]. Panel 
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B is adapted from [154]. Panel C is adapted from [155]. The figure is created in 

BioRender.  
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Figure 3. An illustration of FSGS progression from healthy glomerulus.  

(A) EM (upper and middle panels) and light microscopy (lower panel) show the 

healthy glomeruli with intact foot processes (green arrowhead) on a linear GBM 

(upper panel) and no excessive matrix deposition in the sliver staining (lower 

panel). (B) With the onset of nephrotic syndrome, foot processes become 

flattened over the surface of the GBM (green arrowhead), the process called foot 

process effacement. (C) If the underlying condition is not improved, such as in 

genetic mutation-associated podocyte disorders, the injured or dying podocytes 

will detach from the GBM. (D) Loss of podocytes leads to increased matrix in the 

sliver staining (upper panel) and GBM with irregular thickness (lower panel and 

labeled red asterisks). This figure is adapted from [55, 156]. 
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Figure 4. An illustration of the signaling networks of slit diaphragms. 

The signaling pathways of the podocyte slit diaphragm, focal adhesion and actin 

dynamics are interconnected to maintain the proper function of renal filtration 

barrier. This figure is adapted from [156]. 
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Figure 5. An illustration of contractile actin in the podocyte foot processes.  

(A) The well-organized parallel actin bundles (arrows) are visible at a high 

magnification (´65000) EM image. (B) A schematic model for the cytoskeletal 

organization in the podocyte processes. While primary processes/major 

processes (MPs) contain microtubules and intermediate filaments (gray), the 

interconnected foot processes (FPs) are supported by contractile apparatus 

(red). (C) The contractile actin filaments, which are connected to focal adhesions, 

are bundled by a-actinin-4 and synaptopodin (shown in Fig. 4). Myosin II 

provides the contraction force on F-actin bundles. This figure is adapted from 

[105, 106].  
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Figure 6. An illustration of branched actin structures in the cell leading edge. 

(A) At the lamellipodia (foot processes in cultured podocytes), actin nucleation 

factors such as Arp2/3 assemble branched actin networks. Class I myosins are 

anchored in the plasma membrane and associated with the branched actin 

networks. (B) A model of actin side branching by Arp2/3. Arp2/3 activated by the 

C-terminus of N-WASP or WAVE binds to the side of an actin filament and 

initiates a lateral branch. B: basic motif; GBD: G-protein binding domain; PRD: 
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proline rich domain; VCA: verprolin homology, cofilin homology and acidic or C-

terminal region. Red spheres indicate ATP-actin and grey spheres indicate ADP-

actin. This figure is adapted from [157, 158]. 
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Figure 7. An illustration of glomerular development and podocyte maturation. 

(A) During the renal vesicle and comma-shaped body stage, the cell-cell 

junctions of podocyte precursors are presented apically. (B) While at the S-

shaped body stage, the cell-cell junction molecules are moving toward the basal 

sides of the cells. (C) In the capillary loop stage, the cell-cell junction proteins are 

found in the basal sides of progenitor podocytes. (D) At the mature stage, foot 

processes are generated from the podocyte cell-cell contacts, forming a 

specialized slit diaphragm as part of the renal filtration barrier. This figure is 

adapted from [84]. 
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Figure 8. An illustration of endocytic pathways in podocytes. 

(A) An EM image of endocytic vesicles in podocytes (arrows). (B) Endocytosis 

facilitates the turnover of slit diaphragm and focal adhesion proteins in 

podocytes. Dynamins (pink arcs), synaptojanin (green arcs), endophilin and 

Myo1e (orange arcs) are components of the endocytic scission machinery that 
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pinches off the mature vesicles from the membrane and allows their 

internalization and intracellular trafficking. This figure is adapted from [156].
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Figure 9. An illustration of clathrin-mediated endocytosis. 

(A) A successful cargo internalization requires multiple steps in clathrin-mediated 

endocytosis, including initiation, coat assembly, membrane invagination and 

scission. Myo1e (orange arcs) participates in membrane scission. This figure is 

adapted from [99] and recreated in BioRender. 
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Figure 10. Model for the role of Myo1e and branched actin in endocytic membrane 

bending. 

(A) Myo1e tail domain anchors the motor protein in the membrane and the motor 

domain moves toward the plus end of actin filaments. (B) While Myo1e sends the 

actin filament backward, it creates a space for the addition of the new G actin 

near to the plasma membrane and promotes the membrane deformation. This 

figure is adapted from [159]. 

 
 
 
 

  



   
 

   
 

49 

CHAPTER 2 

Steroid-resistant nephrotic syndrome 

associated MYO1E mutations have 

differential effects on myosin 1e 

localization, dynamics, and activity 

 

Pei-Ju Liu, Laura K. Gunther, Michael E. Garone, Chunling Zhang, Diana Perez, 

Jing Bi-Karchin, Christopher D. Pellenz, Sharon E. Chase, Maria F. Presti, Eric L. 

Plante, Claire E. Martin, Svjetlana Lovric, Christopher M. Yengo, Friedhelm 

Hildebrandt, and Mira Krendel 

 

 

 

 

This chapter is submitted to Journal of American Society of Nephrology in 2021  

and is undergoing 2nd revision.



   
 

   
 

50 

2.1. Contributions and acknowledgement 

P.J. collected data for figure 1-4 and supplementary figure 2-7, also 

proposed the summary model in figure 7; L.G. and C.Y. collected data for figure 

5-6, supplementary figure 8 and table 1-3; M.G. collected data for supplementary 

figure 1; C.Z. analyzed the data for supplementary figure 1; D.P. collected data 

related to HEK293T cells in supplementary figure 3; P.J. plotted and formatted all 

the figures and tables. J.B.K., C.P., S.C. and C.M. were responsible for making 

the mutation-containing Myo1e constructs and transferring the constructs to 

adenoviral vectors; M.P. and E.P. performed the initial junctional localization 

experiments; P.J. amplified and purified adenoviral vectors; P.L., C.Y., and M.K. 

interpreted results of experiments; P.L., S.L., C.Y., F.H., and M.K. were involved 

in conception and design of research; P.J. drafted manuscript; P.J., C.Y., F.H., 

and M.K. edited and revised manuscript; P.J. and M.K. approved final version of 

manuscript. 

We are grateful for the critical discussions with David W Pruyne, Peter 

Calvert and Mehdi Mollapour throughout the project development. We thank 

Sarah Barger and Jacqualyn Schulman for the early discussion of the project and 

assistance with cell culture, Western blotting and imaging analysis, Karen Gentile 

for expert technical help with qPCR and RNA-seq, Matthew J. Gastinger (Oxford 

Instruments, Inc.) for help using Imaris, Wayne A. Decatur and Sean M. Lantry 

(Osmose Utilities Services, Inc.) for generously creating data analysis tools. 

Illustrations were created using BioRender.com. 

This work was supported by the American Society of Nephrology (ASN) 

predoctoral fellowship to P.L., American Heart Association (AHA) 



   
 

   
 

51 

14PRE20380534 fellowship to J.B.K., and the National Institute of Diabetes and 

Digestive and Kidney Diseases Award R01DK083345 to M.K. The content is 

solely the responsibility of the authors and does not necessarily represent the 

official views of the National Institutes of Health.



   
 

   
 

52 

2.2. Significance statement 

MYO1E is one of the genes linked to early-onset SRNS, which has poor 

prognosis without kidney transplantation. Using live-cell imaging and myosin 

motor activity assays, we characterized two disease-associated mutations in the 

Myo1e motor domain, T119I and D388H, which are deleterious to Myo1e 

localization and functions. These findings can assist in interpreting genetic 

diagnosis of SRNS and lead to a more precise and efficient treatment of SRNS 

patients. This study also reveals new information that improves our 

understanding of Myo1e function in podocytes. 
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2.3. Abstract 

Background Myo1e is a non-muscle motor protein enriched in podocytes, with 

mutations in MYO1E associated with steroid-resistant nephrotic syndrome 

(SRNS). Most of the MYO1E variants identified by genomic sequencing have not 

been functionally characterized. Here, we set out to analyze two mutations in the 

Myo1e motor domain, T119I and D388H, selected based on protein sequence 

conservation.  

Methods EGFP-tagged human Myo1e constructs were delivered into the Myo1e-

KO mouse podocyte-derived cells via adenoviral infection to analyze Myo1e 

protein stability, Myo1e localization, and clathrin-dependent endocytosis, which is 

known to involve Myo1e activity. Furthermore, truncated Myo1e constructs were 

expressed using the baculovirus expression system and used to measure Myo1e 

ATPase and motor activity in vitro.  

Results Both mutants were expressed as full-length proteins in the Myo1e-KO 

cells. However, unlike wild-type (WT) Myo1e, the T119I variant was not enriched 

at the cell junctions or clathrin-coated vesicles (CCVs). In contrast, the D388H 

variant localization was similar to the WT. The rate of dissociation of the D388H 

variant from cell-cell junctions and CCVs was decreased, suggesting that this 

mutation affects Myo1e interactions with its binding partners. The ATPase activity 

and the ability to translocate actin filaments were drastically reduced for the 

D388H mutant, supporting the findings from cell-based experiments.  

Conclusions The T119I and D388H mutations are deleterious to Myo1e 

functions. The experimental approaches used in this study can be applied to 

future characterization of novel MYO1E variants associated with SRNS. 
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2.4. Introduction 

      Steroid-resistant nephrotic syndrome (SRNS) is often associated with 

mutations that undermine the selective permeability of the glomerular filtration 

barrier. Patients with familial SRNS are good candidates for kidney 

transplantation due to low risk of disease recurrence [1-4]. One of the genes 

linked to primary SRNS is MYO1E (encodes Myo1e), which exhibits an 

autosomal recessive pattern of inheritance of disease-associated variants [5]. In 

this paper we set out to characterize two mutations in MYO1E identified by 

genomic sequencing [5-8] to determine whether they disrupt Myo1e functions.  

 Myo1e is an actin-dependent ATPase [9, 10] and a member of myosin class 

1 [11]. Class 1 myosins bind actin filaments via their motor domains and plasma 

membrane via their tail domains, thus serving as actin-membrane linkers.  Myo1e 

also contains additional motifs in its tail that allow recruitment of other proteins to 

the actin-membrane interface. Myo1e is highly expressed in podocytes, 

terminally differentiated glomerular epithelial cells [5, 12, 13], and is enriched in 

podocyte foot processes, elongated protrusions that are connected to each other 

by slit diaphragms (modified tight/adherens junctions). Podocyte foot processes 

and slit diaphragms are important components of the glomerular filter. Knockout 

of Myo1e (Myo1e-KO) in mice, either germline (complete) or podocyte-specific, 

leads to proteinuria, foot process effacement, and irregular thickening of the 

glomerular basement membrane (GBM) [12-14]. Patients with MYO1E mutations 

also exhibit proteinuria along with podocyte foot process effacement and GBM 

defects [5].  
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      Myo1e localizes to cell-cell junctions [5, 12, 15] and clathrin-coated 

vesicles (CCVs) [16] and binds endocytic proteins dynamin and synaptojanin [17] 

and junctional component ZO-1 [15]. Since knockouts of endocytic proteins 

Myo1e, dynamin, synaptojanin, and endophilin in podocytes lead to severe 

proteinuria in mice, clathrin-mediated endocytosis (CME) appears to play an 

important role in normal glomerular filtration [12, 18]. These observations suggest 

that Myo1e may contribute to maintaining slit diaphragm integrity or selective 

filtration via its roles in endocytosis and cell-cell contact assembly, and that 

mutations that affect Myo1e localization to cell-cell junctions or CCVs in 

podocytes are likely to be pathogenic. 

            Several novel MYO1E variants have recently been found in a Saudi 

Arabian cohort and a global cohort of families with SRNS [6, 7]. Here we have 

characterized protein expression/stability and intracellular localization of two of 

the novel Myo1e variants, T119I and D388H, using adenoviral expression of 

mutant constructs in the Myo1e-KO podocyte-derived cell line. We found that 

these mutations altered Myo1e localization and dynamics, and that expression of 

these variants affected the density and lifetimes of CCVs. We have also 

performed measurements of myosin motor activity using ATPase kinetics and 

filament sliding assays, with the latter providing the first characterization of the 

Myo1e-driven motility in vitro. The D388H mutation in the Myo1e motor domain 

led to a dramatic reduction of myosin ATPase activity and loss of motility, while 

the T119I variant was too unstable to be used for these measurements. Overall, 
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our work provides functional evidence for the pathogenic effects of these 

mutations in MYO1E. 

2.5. Materials and methods 

Podocyte culture. Conditionally immortalized wild-type podocytes (mouse 

podocyte clones, or MPCs) were a generous gift of Dr. Peter Mundel [19, 20] 

while conditionally immortalized Myo1e-KO podocytes were derived from the 

Myo1e-KO mice as described [12, 15]. Briefly, the Myo1e-KO cells were derived 

from glomeruli of Myo1e-KO mice carrying the Immortomouse transgene 

(tsA58TAg) [21] that were isolated by the sieving method [19]. Individual 

podocyte clones were obtained by dilution cloning and initially characterized by 

immunoblotting and immunostaining to verify the lack of myo1e expression as 

well as the presence of podocyte markers synaptopodin and nephrin. Podocyte-

derived clones have been maintained in our lab, and, as previously described for 

other podocyte cell lines [22], they have gradually lost nephrin expression but 

retained synaptopodin expression. Podocytes were grown on collagen I (Corning 

#354236) coated culture dishes in RPMI-1640 with 10% FBS, 1% antibiotic-

antimycotic, and 50 µg/ml interferon-g (EMD Millipore # 407303) at 33ºC with 5% 

CO2. For differentiation, podocytes were cultured at 37ºC without interferon-g [19, 

20]. Podocytes were differentiated for 10 days prior to adenoviral transduction for 

protein analysis and live-cell imaging following previously described transduction 

procedures [23].  

Constructs. Point mutations were introduced into the wild-type human Myo1e in 

the pEGFP-C1 vector using QuikChange Lightning Site-Directed Mutagenesis Kit 
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(Agilent Technologies #210519) [5, 17]. Mutant constructs were used for 

subcloning into the pAdEasy adenoviral vector and packaged into recombinant 

adenoviral particles as described [15, 23]. For the baculoviral expression, an 

EGFP-FLAG-AviTag-encoding linear DNA segment was prepared by gene 

synthesis (GENEWIZ) and inserted into the pFastBac vector using In-Fusion kit 

(TaKaRa # 638910). Inserts encoding wild-type or mutant Myo1e fragments 

(motor domain + IQ motif, a.a.1-724) were PCR amplified from the pEGFP-C1-

Myo1e constructs and subcloned by In-Fusion into the pFastBac/EGFP-FLAG-

Avi vector between EGFP and FLAG. Primers used for cloning are listed in the 

Supplementary table 1. 

Protein expression in podocytes and drug treatments. To measure protein 

expression, cell lysates were collected 24 hrs after infection with adenoviral 

vectors encoding Myo1e. To measure the effects of stopping protein synthesis, 

cell lysates were collected after 3-hour treatment of podocytes with 20 µg/ml of 

cycloheximide (Sigma-Aldrich #C7698) in the complete RPMI medium at 37ºC 

while control lysates were collected from cells treated with DMSO. Proteasome 

inhibition was performed using a 3-hour treatment of podocytes with 10 µM MG-

132 (Cell Signaling Technology #2194) in the RPMI medium at 37ºC. Cell lysates 

were analyzed by Western blotting as described below. 

Real-time PCR. Adenoviral infection (the amount of adenoviral DNA introduced 

into cells) and expression of EGFP-Myo1e RNA were detected by SYBR Green 

based real-time quantitative PCR. Primer sequences are listed in the 

Supplementary table 1. To verify the delivery of the Myo1e constructs into 
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podocytes, podocytes were washed three times with warm 1´ PBS at 24 hours 

post-infection, and the viral DNA was extracted using DNeasy Blood & Tissue kit 

(Qiagen #69504).[24] RNA isolation was done using TRIzol method (Invitrogen 

#15596026) and the cDNA synthesis (reverse-transcription PCR) was 

accomplished by using iScript cDNA Synthesis Kit (BioRad #1708890). The real-

time PCR was done using iTaq Universal SYBR Green Supermix (BioRad #172-

5121) and performed on BioRad CFX 384 Real Time PCR System. 

Western blotting (WB) and SDS-PAGE. Cells were harvested in CHAPS lysis 

buffer (20mM Tris-HCl pH7.5, 500mM NaCl, 0.5% w/v CHAPS) with protease 

inhibitors (Thermo Scientific #A32965), pipetted up and down 30 times and left 

on the ice for 30 minutes prior to boiling with sample buffer. Prior to performing 

WB, each set of lysate samples was separated by SDS-PAGE and stained with 

Coomassie Blue to verify that total protein amounts (determined for each gel lane 

using Fiji) were equal between the samples loaded onto each gel. The same 

amounts of cell lysates as those used for the Coomassie-stained gels were used 

for WB. Proteins were separated by SDS-PAGE, transferred to PVDF, and 

detected using rabbit anti-GFP antibody (ThermoFisher Scientific #A6455, RRID: 

AB_221570) and goat anti-rabbit HRP-labeled secondary antibody (Jackson 

ImmunoResearch). Chemiluminescence was detected using WesternBright 

Quantum (Advansta) and a BioRad ChemiDoc imaging system, using Image Lab 

software to quantify WB band intensity.  

Podocyte culture for live-cell imaging. 5X103 podocytes were plated onto 

collagen IV (Corning #356233) coated 35 mm glass-bottom MatTek (MatTek 
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#P35G-15-14-C) for differentiation for 10 days. At day 10, podocytes were 

infected with recombinant adenoviruses. After 24 hours of adenoviral 

transduction, podocytes were washed with warm RPMI media 3 times and 

observed using confocal or total internal reflection fluorescence (TIRF) 

microscopy. 

Confocal microscopy. For cell-cell junction and fluorescence recovery after 

photobleaching (FRAP) analysis, images were taken using a Perkin-Elmer 

UltraView VoX Spinning Disk Confocal system mounted on a Nikon Eclipse Ti-E 

microscope and equipped with a Hamamatsu C9100-50 EMCCD camera, a 

Nikon Apo TIRF 60X (1.49 N.A.) oil objective, and controlled by Volocity 

software. An environmental chamber was embedded to maintain cells at 37ºC. 

During imaging, cells were maintained in RPMI supplemented with 10% FBS and 

1% antibiotics-antimycotics.  

TIRF microscopy. For clathrin-coated vesicle analysis, the cells were imaged 

using a TIRF illumination setup (Nikon) mounted on a Nikon Eclipse TE-2000E 

inverted microscope equipped with a perfect focus system (Nikon), a Nikon Apo 

TIRF 100X (1.49 N.A.) oil objective and Prime 95B camera (Photometrics) and 

controlled by NIS-Elements software. An environmental enclosure was used to 

maintain cells at 37ºC. During imaging, cells were maintained in RPMI 

supplemented with 10% FBS and 1% antibiotic-antimycotic solution or in imaging 

buffer (136mM NaCl, 2.5mM KCl, 2mM CaCl2, 1.3mM MgCl2, and 10mM HEPES 

[pH 7.4]). Both 488nm and 561nm laser power were set at 60%. Images were 
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acquired every 5 seconds for 6 minutes, with exposures of 200ms or 800ms for 

the 561nm and 800ms for the 488nm wavelength.  

Fluorescence intensity and kymographs. Fluorescence intensity 

measurements for junctional enrichment (Fig. 3 and S4), FRAP (Fig. 3 and S5), 

ROI mean fluorescence intensity (Fig. S4B-C and S6B-C) and endocytic puncta 

intensity (Fig. S7) as well as endocytic vesicle kymographs (Fig. 4D) were 

collected using “Measure” and “Multi kymograph” functions in Fiji [15, 25-27]. 

Fluorescence recovery after photobleaching (FRAP) imaging and analysis. 

For photobleaching, a 488 nm argon laser with full power was used to bleach a 

30´75 pixel ROI at the podocyte junctions. 5 frames of pre-bleaching images 

were collected at 1 frame/sec. Post-bleaching images were acquired using the 

488 nm laser at 25% of laser power; the acquisition rate for the first 40 sec was 

set to 2 frames/sec and for the subsequent 120 sec to 1 frame every 2 sec. 

Fluorescence intensity of the bleached area was measured over time and 

normalized relative to the background and a control region of interest (to correct 

for acquisition bleaching) as well as the pre-bleaching images. Lastly, the 

fluorescence intensity of the ROI at the first time point after bleaching was set to 

0. The best-fit curve for fluorescence recovery was obtained using the 

exponential one-phase association model in Prism 8. The following equation was 

used: y=a(1−e−bx), where x is time in seconds. The half time of recovery was 

determined using b from the previous equation, where t1/2 = ln 0.5/−b. Analysis 

was performed on 16-bit images [26]. 
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Endocytic vesicle detection, tracking, and analysis. Quantification of the 

clathrin-coated vesicle (CCVs) and Myo1e co-localization (Fig. 4A), density (Fig. 

4B), peak intensity (Fig. 4C) and lifetimes (Fig. 4E-F) was performed using Imaris 

software (v. 9.7.1, Bitplane Inc.). CCVs were automatically detected using the 

spot module and particle tracking following previously described procedures with 

additional modifications [28]. TIRF microscopy images were first subjected to 

ROI segmentation (to obtain images with an area of about 900 µm2) and 

background subtraction. CCVs were then detected using the spot module with an 

estimated spot diameter of 0.5 µm. The detected vesicles were filtered with 

Quality (defined as the intensity at the center of the spot, Gaussian filtered by ¾ 

of the spot radius). The threshold values of Quality were set to minimize the 

noise (as determined by visual inspection). Brownian motion particle-tracking 

algorithm was applied to trace objects through sequential frames of the time-

lapse movies. If the distance between the candidate spot position and the 

predicted future position exceeded the maximum distance of 0.35 µm, the 

connections between a spot and a future position match were rejected. To 

connect tracks that were segmented due to the object temporarily out-of-focus, 

the maximum permissible gap length was set to 1 frame. Track outputs were 

then edited to correct for tracking errors by visual inspection. Only tracks that 

appeared from the first to the last frame (stable CCVs) as well as appeared and 

disappeared (dynamic CCVs) during the image acquisition (72 or 73 frames, 6 

minutes) were subjected to lifetime analysis [28, 29].  
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Following the ROI segmentation for CCV tracking, Myo1e puncta were detected 

using the surface module (without creating tracks for the Myo1e particles). The 

puncta were first background subtracted, then the surface grain size was set to 

0.1 µm and the diameter of the largest sphere was set to 0.28 µm. In addition, 

split touching objects (region growing) was enabled and seed point diameter was 

set to 0.4 µm. The thresholds for background subtraction, quality and number of 

voxels were set based on the visual inspection to minimize noise.  

To collect the CCV-Myo1e co-localization information, object-object statistics in 

the CCV module was applied and CCV tracks were temporarily unlinked. Next, 

the shortest distance of CCV spot to Myo1e surface was filtered by setting the 

threshold to the maximum of 0.25 µm. Percentages of CCVs containing Myo1e 

(CCV-Myo1e co-localization rate, Fig.4A) were counted in a selected frame (the 

frame that is equivalent to the 90 sec time point in a 6 min movie). Further, the 

selected (Myo1e-colocalized) CCVs were tagged, and the data for mean intensity 

(Fig.4C), track duration (Fig.4E&F), and shortest distance to the Myo1e surface 

(Fig.4G&H) were extracted from the statistics section. Additionally, Gaussian 

filter (threshold=0.111) and local background subtraction (threshold=0.5µm) were 

applied prior to collecting CCV peak intensity. 

CCV intensity (Fig.4C), lifetimes (Fig.4E&F), and association duration 

(Fig.4G&H) data collected from Imaris was first processed manually for statistical 

analysis. To reduce mistakes during repeated manual data processing, the data 

were then rearranged using Python code (https://github.com/fomightez/pjl), relying 

mainly on the Pandas module; the scripts were generously implemented by 
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Wayne A. Decatur and provided within active Jupyter-based sessions served via 

MyBinder.org. For data rearrangement for CCV intensity analysis (Fig. 4C), 

maximum intensity value in each track was extracted and rearranged in a new 

list, with each list corresponding to a different experimental group for statistical 

analysis. For CCV lifetimes (Fig. 4E&F), in each experimental group, the values 

of track duration were moved to a new list for statistical analysis. For the 

association duration (Fig. 4G), the total frames of a track and the frames with the 

CCV-Myo1e distance of £0.25 µm were counted. In the resulting list, if the total 

number of frames was £5 (abortive CCVs), the track was removed from further 

analysis. Lastly, to calculate the duration of the Myo1e-CCV contact, the number 

of frames where Myo1e was associated with the CCV was divided by the total 

number of frames. The values of each experimental group were moved to a list 

for statistical analysis. Furthermore, identification of the CCVs that were only 

associated with Myo1e for a single frame was performed using C# code 

(https://github.com/opidopi/DataFilter) that was kindly created by Mr. Sean M. 

Lantry. 

Expression and purification of Myo1e for motor function assays. 

Recombinant baculoviruses expressing Myo1e constructs containing the motor 

and IQ domain as well as the C-terminal GFP, Avi, and FLAG tags were 

produced as described previously [30-32]. The C-terminal tags were built into the 

Myo1e constructs to facilitate protein purification and motility assays. WT and 

D388H Myo1e were co-expressed with calmodulin in SF9 cells and purified with 

anti-FLAG affinity chromatography [33]. The purified Myo1e constructs were 
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examined by Coomassie Blue staining of SDS-PAGE gels and concentrations 

were determined by GFP absorbance (e488 = 55,000) and Bradford assays using 

BSA as a standard. Actin was purified from acetone powder derived from rabbit 

skeletal muscle (Pell-freeze) using the method of Pardee and Spudich [34]. 

Steady-state ATPase measurements. The actin-activated ATPase activity of 

purified Myo1e was examined using the NADH-coupled assay [35] in KMg50 

buffer (10 mM Imidazole, pH 7.0, 50 mM KCl, 1 mM EGTA, 2 mM MgCl2, and 1 

mM DTT) at 25 °C. The absorbance of NADH was examined over a 200 second 

period in an Applied Photophysics Stopped-Flow apparatus. A standard curve of 

known ADP concentrations was used to determine the absorbance units per 

concentration of ADP. The ATPase rates (V) were plotted as a function of actin 

concentration, and the data were fit to a Michaelis-Menten equation (V = 

V0+(kcat*[actin])/(KATPase+[actin]), which allowed determination of the maximum 

rate of ATPase activity, reported as the addition of the ATPase in the absence of 

actin (v0) and the actin-activated ATPase (kcat) (VMax = V0+kcat), and actin 

concentration at which ATPase activity is one-half maximal (KATPase). To remove 

non-functional Myo1e motors, we first bound Myo1e to actin, pelleted the 

actomyosin using ultracentrifugation (10 minutes at 95,000 RPMs in a TLA.120.2 

rotor at 4 °C), and subsequently released the Myo1e from actin with a second 

ultracentrifugation step in the presence of 2 mM ATP and additional salt (final 

150 mM KCl). The Myo1e released from actin in the presence of ATP was used 

directly in the ATPase and motility assays. 
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Single nucleotide turnover. We used mant-labeled ATP (mantATP) to perform 

single ATP turnover experiments with FLAG purified WT and D388H Myo1e in 

the absence of actin. A sub-stoichiometric concentration of mantATP was mixed 

with Myo1e in the stopped-flow apparatus, and mant fluorescence was examined 

over a 500 second period. The mant fluorescence, which increases when bound 

to myosin, was excited at 290 nm, and the emission measured with a 395 nm 

long-pass filter. The fluorescence decays were fit to the exponential equation that 

best fit the data. 

In vitro motility. The in vitro actin-gliding assay was performed as previously 

described [36, 37]. While in our design either the anti-GFP antibody or biotin-

streptavidin bonds could be used to attach Myo1e to the coverslip, we found that 

attachment of the EGFP-tagged Myo1eWT to the coverslip via an anti-GFP 

antibody supported robust motor activity in vitro, and that biotinylation was not 

needed to provide strong adhesion to the motility chamber. Myo1e was adhered 

to 1% nitrocellulose coated coverslips that contained anti-GFP antibody (0.1 

mg/ml), and the surface was blocked with BSA (2 mg/ml). Sheared unlabeled 

actin (2 µM) followed by 2 mM ATP were added to block the dead myosin heads 

on the surface. The activation buffer containing KMg50 buffer, 0.35% 

methylcellulose, 0.45 mM phosphoenolpyruvate, 45 units/ml pyruvate kinase, 0.1 

mg/ml glucose oxidase, 5 mg/ml glucose, 0.018 mg/ml catalase, and 2 mM ATP 

was added right before video acquisition. Alexa 555 phalloidin-labeled actin was 

visualized with a Nikon TE2000 fluorescence microscope equipped with a 

60X/1.4NA lens and a Coolsnap HQ2 cooled CCD camera controlled using Nikon 
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Elements 3.0. Videos were collected for up to 10 min at a 10 s frame rate. The 

velocities were manually analyzed by tracking actin filaments using MTrackJ in 

ImageJ [38]. 

Protein sequence alignment and structure modeling. Protein sequence 

alignments were performed using ClustalW alignment function in MacVector (v. 

17.0.10). The sequence accession numbers are listed in Supplementary table 2. 

Protein structure modeling and rotamer predictions were performed using UCSF 

Chimera [39]. 

Statistical analysis. For multiple comparisons of the WT and mutants, data 

were analyzed using a one-way ANOVA with Tukey’s post-hoc test, with 

statistical significance set at p-value ≤0.05. All the statistical analyses and 

graphing were performed using GraphPad Prism software. 

2.6. Results 

2.6.1. MYO1E variants found in nephrotic syndrome patients and their predicted 

effects on protein structure 

Genomic sequencing has identified a number of disease-associated 

variants in MYO1E [6, 7]. Patients homozygous for MYO1ET119I or MYO1ED388H 

presented with FSGS on renal biopsy and were resistant to steroid treatment 

(Supplementary table 3) [6, 7]. T119 and D388 are highly conserved residues in 

the myosin motor domain (Fig. 1A-C). T119 is located within the P-loop, which, 

along with the switch-1, constitutes the structural elements essential for 

nucleotide binding [40] and sensing whether the bound nucleotide is ATP or ADP 

[41]. D388 is in the switch-2 region, which connects with the relay helix to convey 

the conformational changes to the converter domain during the ATPase cycle 
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[42, 43]. To determine if these mutations affect the key elements that are 

involved in myosin activity, we selected a class 1 myosin for which crystal 

structure has been determined, namely, the short-tailed Dictyostelium myosin 

myo1E [44]. Introducing the corresponding mutations into the myo1E structure 

and modeling possible side chain orientations, we found several possible clashes 

between the mutated residues and other amino acid residues in the motor 

domain (Fig. 1D-F). Based on this modeling, the T119I and D388H mutations 

may affect the ATPase activity of Myo1e. We then set out to experimentally test 

the effects of these mutations.  

2.6.2. Protein stability of the SRNS-associated Myo1e variants 

 To investigate whether the T119I and D388H mutations affect Myo1e 

protein stability, we expressed N-terminally-EGFP-tagged human Myo1e 

constructs in several cell lines, including previously described conditionally 

immortalized podocyte-derived cells obtained from Myo1e-KO mice (KO 

podocytes) [12, 15]. These cells can be differentiated in culture and used in 

conjunction with adenoviral vectors for protein expression [23]. Since many cell 

lines, including podocyte-derived immortalized cells, may undergo changes in 

protein expression and morphology in culture, we performed transcriptomic 

characterization of the Myo1e-KO cell line used in this study and compared it 

with the mouse podocyte-derived cell line obtained from WT mice (MPCs) [19]. 

Our transcriptomic analysis revealed that both Myo1e-KO cells and MPCs 

expressed many podocyte markers, although expression levels of some markers 

differed between the two cell lines, and some transcripts, such as nephrin and 

podocin, were not detectable in either cell line, in agreement with previous 



   
 

   
 

68 

observations (Fig. S1) [22]. Due to the subtle differences between the Myo1e-KO 

podocyte-derived cells (KO podocytes) and MPCs (WT podocytes), we used both 

cell lines for initial testing of Myo1e stability, although primarily KO podocytes 

were used to examine Myo1e localization and activity.  

Full-length proteins corresponding to the EGFP-myo1e fusions were 

detected by WB in the Myo1eWT-, Myo1eT119I-, and Myo1eD388H-transduced cells 

at approximately equal levels (Fig. 2A&B, S2A&B). Additionally, average RNA 

expression for the mutants was 50 times higher than for the Myo1eWT (Fig. S2C). 

The increased mRNA expression/stability could potentially compensate for any 

changes in protein stability. To examine the rate of turnover of mutant vs. wild-

type proteins, we treated Myo1e-expressing podocytes with cycloheximide 

(CHX), a ribosome inhibitor, to stop protein expression and measure Myo1e 

degradation over time. The decrease in the mutant Myo1e protein level was not 

significantly different from the Myo1eWT (Fig. 2C&D, S2D). In addition, we 

inhibited proteasomal protein degradation in the Myo1e-KO podocytes using MG-

132 and found that accumulation of Myo1eT119I or Myo1eD388H was not 

significantly different from the Myo1eWT (Fig. 2E&F, S2E). On the other hand, 

when protein expression level and protein turnover were examined using 

expression of EGFP-Myo1e in WT mouse podocytes or in HEK-293 human cells, 

Myo1eT119I was found to be expressed at a lower level than Myo1eWT and was 

rapidly degraded (Fig. S3). Similarly, our attempts to express and purify 

Myo1eT119I in the baculovirus system resulted in very low protein yield and 

significant protein degradation. Myo1eD388H was less stable than Myo1eWT when 
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expressed in the baculovirus system but did not exhibit increased degradation in 

the wild-type podocytes or HEK-293 cells. Overall, while the Myo1eT119I and 

Myo1eD388H variants exhibit no evidence of increased degradation in Myo1e-KO 

podocytes, these mutations may affect Myo1e stability in other cell types or in the 

presence of the wild-type Myo1e. 

2.6.3. Myo1eT119I localization to podocyte cell-cell junctions is disrupted 

 Since Myo1e localizes to cell-cell junctions in podocytes [5, 15], we set out 

to determine whether the SRNS-associated mutations affect Myo1e localization 

to cell-cell contacts. While EGFP-Myo1eWT and Myo1eD388H co-localized with the 

junctional marker mCherry-ZO-1, Myo1eT119I was mostly absent from cell-cell 

contacts (Fig. 3A-B, S4A). Myo1e junctional enrichment did not correlate with 

the level of Myo1e or ZO-1 expression in each cell (Fig. S4B&C), indicating that 

differences in expression between cells likely do not affect the outcome of this 

analysis. 

Since Myo1eT119I protein level was elevated after proteasomal inhibition 

(Fig. S2E), we tested if increasing mutant protein availability would enhance its 

localization to the cell-cell junctions. After the MG-132 treatment, Myo1eT119I (but 

not Myo1eWT) formed patchy clumps in the cytosol that, in some cases, aligned 

with cell-cell contacts (Fig. 3C, S4D) but were not precisely co-localized with ZO-

1 (Fig. 3D). To test whether Myo1eT119I patches in MG-132-treated cells may 

represent misfolded/immobilized protein aggregates, we measured EGFP-

Myo1eT119I dynamics using FRAP. Compared to the Myo1eWT or DMSO-treated 

Myo1eT119I, Myo1eT119I puncta at the junctions and the cytosol exhibited reduced 

fluorescence recovery after the MG-132 treatment (Fig. 3E). In addition, in the 
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MG-132 treated cells, Myo1eT119I and Myo1eD388H had lower solubility than 

Myo1eWT with the majority of the protein remaining in the pellet fraction after cell 

lysis (Fig. S4E&F). Thus, when the misfolded Myo1eT119I protein is prevented 

from being degraded by proteasomes, it forms immobile protein aggregates.  

2.6.4. Myo1eD388H localizes to cell-cell junctions but exhibits decreased 

dissociation from the junctions   

                Since Myo1eD388H localized to cell-cell junctions (Fig. 3A&B), we 

examined the dissociation of Myo1eD388H from cell-cell contacts using FRAP 

analysis (Fig. 3F, Fig. S5). Myo1eN164A, designed to be a rigor mutant with strong 

actin binding [45], was used as a positive control for FRAP experiments. Both 

Myo1eD388H and Myo1eN164A exhibited decreased dissociation from cell-cell 

junctions (Fig. 3F, S5B&C, Supplementary movie 1). Thus, Myo1eD388H 

mutation changes Myo1e-actin binding or other protein-protein interactions at 

cell-cell junctions, resulting in slower protein exchange. 

2.6.5. Expression of Myo1eT119I or Myo1eD388H affects CCV dynamics   

           To test whether mutations affect Myo1e localization to CCVs, we co-

expressed mCherry-tagged clathrin light chain (CLC-mCherry) and EGFP-Myo1e 

in KO podocytes and used total internal reflection fluorescence microscopy 

(TIRFM) to image CCVs (Fig. S6A). The extent of CCV/Myo1e co-localization 

was significantly lower for the Myo1eT119I than for the Myo1eWT and Myo1eD388H 

(Fig. 4A). 

The density of CCVs was significantly reduced in cells expressing 

Myo1eT119I and significantly increased in cells expressing Myo1eD388H compared 

to the KO podocytes expressing Myo1eWT (Fig. 4B). The CCV density in the KO 



   
 

   
 

71 

podocytes expressing Myo1eT119I was similar to the Myo1e-uninfected KO 

podocytes (Fig. 4B). Peak clathrin intensity in the Myo1e-containing CCVs was 

significantly increased in the Myo1eD388H-expressing KO podocytes, but no 

change was found in Myo1eT119I-expressing cells compared to the Myo1eWT-

expressing cells (Fig. 4C, S7). These findings suggest that Myo1e not only 

influences vesicle internalization or scission, as previously suggested, but may 

also affect clathrin recruitment or CCV stabilization during the earlier steps in 

endocytosis, affecting the number and size of CCVs. 

            Myo1e is recruited to endocytic invaginations immediately before the 

internalization of CCVs [16]. While Myo1eWT was transiently recruited to CCVs 

immediately before their disappearance from the TIRFM image, Myo1eT119I 

localization was diffuse, and very few instances of its transient recruitment to 

CCVs were observed (Fig. 4D). However, Myo1eD388H formed longer-lived and 

numerous puncta, some of which were co-localized with CCVs (Fig. 4D). 

Tracking CLC-mCherry in time-lapse series, we classified CCV lifetimes into 

abortive (£20 sec), productive (>20 sec but £90 sec), long-lived (>90 sec but 

£300 sec) and stable (>300 sec) [25, 46]. Both Myo1eT119I- and Myo1eD388H-

expressing cells contained higher fraction of abortive CCVs than Myo1eWT-

expressing cells (Fig. 4E). We then examined separately the lifetimes of CCVs 

that contained Myo1e; they were characterized by a lower proportion of abortive 

CCVs than the general CCV population (Fig. 4F). There was a further decrease 

in the abortive CCV population and an increase in the stable CCV population 

among Myo1eT119I-positive CCVs compared to the Myo1eWT-positive CCVs (Fig. 
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4F), although this analysis may be complicated by the low number of the 

Myo1eT119I-positive CCVs (Fig. 4A). In contrast, in the Myo1eD388H-expressing 

cells, the proportion of abortive CCVs was elevated and that of the stable 

population was reduced (Fig. 4F). We next measured the duration of Myo1e 

association with the CCVs as a fraction of each CCV’s lifetime. In the Myo1eT119I-

expressing cells, 91% of the Myo1e-containing CCV were associated with Myo1e 

for £25% of the track lifetime, while this short-duration fraction constituted only 

43.61% of the CCVs in the Myo1eWT-expressing cells (Fig. 4G). In some cases, 

Myo1e was recruited to a single CCV track multiple times. Because the nature of 

these repeated Myo1e-CCV interactions is unclear, we excluded these CCVs 

from our analysis and re-analyzed Myo1e association for those CCVs that 

exhibited only a single event of Myo1e recruitment (Fig. 4H). With this analysis, 

the Myo1eD388H was characterized by a higher proportion of the CCVs that 

exhibited prolonged association with Myo1e compared to the Myo1eWT (Fig. 4H). 

Overall, our analysis indicates that Myo1eT119I is not recruited to CCVs to the 

same extent as Myo1eWT, and that expression of this variant affects CCV density 

and internalization while Myo1eD388H is characterized by the prolonged retention 

at the sites of CME. 

2.6.6. SRNS-associated mutations affect Myo1e motor activity  

We utilized the baculovirus system to express and purify a Myo1e 

construct for enzymatic and biophysical characterization [47]. In an earlier study, 

a truncated Myo1e protein, lacking the C-terminal tail but containing the motor 

domain and calmodulin-binding neck region, was used for enzymatic studies. We 
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expressed a similar version but added C-terminal tags for motility assays: an 

EGFP tag that could elevate the myosin motor domain above the coverslip to 

avoid steric interference with the motor activity and an Avi-tag that could be used 

to couple the motor to the coverslip via biotin-streptavidin bonds (Fig. 5A).  

Due to the susceptibility of the Myo1eT119I to proteolysis, we were not able 

to purify enough of this protein to perform in vitro assays. Myo1eD388H was more 

stable but still exhibited elevated degradation compared to the Myo1eWT (Fig. 

S8A). To further purify Myo1e prior to performing the motor characterization 

assays we performed actin cosedimentation and ATP release, which isolates the 

enzymatically “active” myosin (e.g. myosin that binds actin in an ATP-dependent 

manner). The proteolytic bands remained even after this additional purification in 

both Myo1eWT and Myo1eD388H, albeit the latter showed more proteolysis than the 

former (Fig. S8A). Thus, the proteolytic cleavage may occur on a surface loop 

instead of the key structural elements of the motor domain. Therefore, we used 

both actin-purified and standard myosin preparations in our experiments.  

We measured Myo1e ATPase activity in the presence of varying actin 

concentrations (Fig. 5B, Fig. S8B). In the absence of actin, Myo1eWT exhibited 

relatively high basal ATPase activity (V0=0.82±0.05 s-1), which was observed in a 

previous study [47] and is unusual for myosins. In the presence of actin, ATPase 

was maximally increased approximately 30% (VMAX = 1.05±0.08 s-1). The basal 

ATPase activity of Myo1eD388H was substantially reduced (V0=0.09±0.04 s-1) 

compared to Myo1eWT. However, the ATPase activity was activated 

approximately 2-fold in the presence of actin (VMAX = 0.21±0.07). Overall, the 
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maximum ATPase rate (VMAX) of Myo1eWT was 5 times higher than that of 

Myo1eD388H. The actin concentration needed to achieve half-maximum ATPase 

activity (KATPase (µM)) was similar in WT and mutant Myo1e (Fig. 5B, Table 1). 

The measurements of Myo1e ATPase activity were also examined without the 

extra step of purifying by actin co-sedimentation (FLAG purified), which 

demonstrated that the actin co-sedimentation step slightly increased the 

maximum ATPase activity but did not change the relative differences observed 

between Myo1eWT and Myo1eD388H (Fig. S8B&C). To further examine the 

ATPase kinetics in the absence of actin, single ATP turnover experiments were 

performed on FLAG purified Myo1e. By mixing Myo1e with fluorescently-labeled 

ATP (mantATP) we observed a fluorescence increase, associated with mantATP 

binding to myosin, followed by a fluorescence decay, which represents the period 

of time required for ATP hydrolysis, phosphate release, and then mantADP 

release (single turnover). We found that the fluorescence decay was best fit by a 

single exponential function for Myo1eD388H but was triphasic for Myo1eWT (Fig. 

5C-E). The results showed that the fast phase of the fluorescence decay in 

Myo1eWT is most similar to the basal ATPase rate constant while the slower 

phases may represent a different conformation of Myo1e that releases products 

slowly.  Myo1eD388H was able to bind and hydrolyze ATP and the single turnover 

rate constant was relatively similar to the basal ATPase rate measured in the 

steady-state ATPase assay (Fig. 5C-E, Table 2). 

To investigate the functional consequences of the reduced ATPase 

activity in Myo1eD388H, we performed in vitro motility measurements with the 
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Myo1e motor-IQ constructs (WT and D388H) (Fig. 6). Using comparable motor 

densities, Myo1eWT supported robust F-actin sliding (Vavg =117.9±49.4 nm/sec, at 

1 µM Myo1e surface density) (Fig. 6A, Table 3, Supplementary movie 2), 

whereas, no F-actin translocation was detected in the assays with the 

Myo1eD388H preparations at any density (Table 3, Supplementary movie 2). 

When analyzing the motor density dependence of the Myo1eWT-mediated 

motility, we observed some variability but overall similar velocities at varying 

motor densities (Fig. 6B). Finally, mixing 1µM Myo1eWT with varying amounts of 

Myo1eD388H, we found that the observed velocity of F-actin decreased with the 

increasing amount of Myo1eD388H. This indicates that Myo1eD388H can bind to F-

actin and slow down Myo1eWT motility (Fig. 6C, Supplementary movie 2). 

2.7. Discussion 

The assignment of gene variants as pathogenic or benign can be 

challenging, and direct functional testing of the effects of the mutations 

represents one of the key lines of evidence for variant annotation [48-50]. In this 

study we used a combination of cell biology and biochemistry approaches to 

evaluate the effects of two SRNS-associated MYO1E mutations. In addition to 

identifying sensitive readouts for Myo1e activity, we have also revealed the 

effects of the loss of Myo1e activity on specific podocyte functions, such as 

endocytosis. Thus, this work not only demonstrates that the two missense 

variants in Myo1e lead to functional defects but also sheds new light on the roles 

of Myo1e in podocytes and lays foundation for developing functional assays that 

can be used for MYO1E variant annotation in the future.  
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We had hypothesized that mutations could affect Myo1e folding and degradation. 

Unexpectedly, we found that the stability of the Myo1e variants varied depending on the 

cell type used for their expression, with the stability of Myo1eT119I drastically decreased in 

cells containing endogenous Myo1e (WT podocytes and HEK-293 cells) but not in the 

Myo1e-KO podocytes. When we had previously introduced a Myo1eT119I equivalent 

mutation into the genomic copy of the fission yeast S. pombe class I myosin, Myo1, the 

mutant protein was stably expressed and did not exhibit any evidence of degradation or 

misfolding [51]. Our findings indicate that Myo1eT119I and even Myo1eD388H may exhibit 

decreased stability in some cells, although the mechanism resulting in differences in 

protein degradation between cell types is unknown. Whether this loss of stability may be 

sufficient to completely disrupt Myo1e activity and lead to SRNS is unclear since the 

mutant proteins are still expressed in Myo1e-null podocytes. 

            Junctional localization analysis revealed that Myo1eT119I was deficient in the 

ability to localize to podocyte cell-cell contacts while Myo1eD388H had lower junctional 

dissociation rate than Myo1eWT. The inability of Myo1e to serve as a dynamic 

membrane-actin linker at the cell-cell junctions may result in the disruption of the 

organization or dynamics of the slit diaphragm complexes, which are critical for 

glomerular integrity [52, 53].  

            Analysis of CME provides another sensitive and quantitative readout for 

Myo1e activity. The involvement of class I myosins, such as Myo1e in 

mammalian cells and its yeast homologs, Myo3/5 (budding yeast) and Myo1 

(fission yeast), in endocytosis is highly conserved [54]. Overexpression of the 

Myo1e-tail construct (lacking the motor domain) inhibits transferrin uptake in 

HeLa cells [17], and introduction of motor domain mutations into the single 

genomic copy of Myo1 in fission yeast inhibits endocytic internalization [51]. 
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While internalization of endocytic cargo has been traditionally used to measure 

the efficiency of endocytosis, either bulk cargo internalization measurements or 

measurements of CCV movement away from the plasma membrane may not 

accurately reflect changes in the early steps of clathrin coat assembly, such as 

initiation or stabilization of clathrin coats [55, 56]. In the present study, detailed 

tracking of CCV intensities and lifetimes and Myo1e localization to CCVs enabled 

identification of the subtle differences between the WT and mutant Myo1e. 

Specifically, the extent of co-localization between Myo1e and CCVs, the duration 

of Myo1e association with CCVs, the density of CCVs at the plasma membrane, 

and the distribution of CCV lifetimes were all affected by the expression of the 

Myo1e variants.  

 Our analysis of the CCV dynamics in the Myo1e-KO cells expressing 

Myo1e constructs revealed differences between the two mutations and 

unexpected contributions of Myo1e to CME. Previously Myo1e was thought to act 

solely as a component of the vesicle internalization and scission machinery 

based on the timing of Myo1e recruitment [16] and its interactions with dynamin 

and synaptojanin [17] and with actin assembly regulators [25, 57]. Indeed, 

deletion of Myo1e homologs in yeast slows down the endocytic pit invagination 

and actin assembly [58, 59]. Thus, in cells lacking active Myo1e, we expected to 

observe prolonged CCV lifetimes, representing less efficient scission, and the 

presence of a large fraction of stable (non-internalizing) CCVs. Indeed, we found 

that the lifetimes of Myo1e-containing CCVs were increased in the Myo1eT119I-

expressing cells. Since Myo1eT119I exhibits weak co-localization with the CCVs, it 
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may not be able to contribute to scission. However, we also made some 

unexpected findings: the absence of Myo1e or the expression of Myo1eT119I were 

associated with decreased density of CCVs on the plasma membrane, 

suggesting that Myo1e may contribute to the initial steps in clathrin coat 

assembly or stabilization. Indeed, a recent survey of the functional effects of the 

knockdowns of endocytic accessory proteins that relied on the automated CCV 

analysis placed Myo1e into the group of accessory proteins that regulate CCV 

stabilization [55], suggesting that sensitive approaches to the analysis of CCV 

dynamics can reveal novel roles for some endocytic proteins, such as Myo1e. 

Unlike the Myo1eT119I, Myo1eD388H expression was associated with the increased 

CCV density and intensity. Thus, overall, decreased interactions between Myo1e 

and CCVs result in a decrease in both CCV assembly (reduced density) and 

internalization (extended lifetimes) while prolonged interactions lead to the 

increased density and intensity of the CCVs. Additional insight into the Myo1e 

functions in CME may be gained in the future by using specific endocytic cargos 

in podocytes [60] to develop new endocytosis assays. 

ATPase activity measurements and in vitro motor activity assays 

represent the most direct tests of motor domain function. Previously, Myo1e 

ATPase activity was characterized using a purified protein consisting of the motor 

and neck domains [47], while in vitro motility was not studied. We were able to 

measure Myo1e-driven actin motility for the first time, resulting in an estimate of 

the actin sliding speed of ~120 nm/sec, which is faster than some of the short-

tailed class I myosins, Myo1a, with the actin sliding speed of 28 nm/sec [61], and 
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Myo1b, with the speed of 56 nm/sec [62], and comparable to the short-tailed 

Myo1c at 83 nm/sec [63]. The high basal ATPase activity and maximal ATPase 

activity of Myo1eWT is consistent with the previous kinetics study [47], but the 

concentration of actin required to activate ATPase activity is 10-times higher in 

this study than that of the previous study (KATPase=10.7±7.5  µM in this study vs. 

1.2±0.36 µM in [47]). The buffer in the current study contained a 2-fold higher 

MgCl2, which can have an impact on myosin ATPase kinetics [32]. The dramatic 

reduction in both basal and actin-activated ATPase activity of Myo1eD388H 

indicates a severe defect in the ATPase cycle of this mutant. The results of single 

ATP turnover measurement are consistent with the steady-state ATPase assay 

for the Myo1eWT and Myo1eD388H, supporting the conclusion of the deficient but 

not completely abolished ATPase activity of Myo1eD388H. We demonstrate that 

Myo1eD388H does not support actin gliding in the motility assay, which is 

consistent with previous work on the corresponding mutation in Dictyostelium 

myosin II (D454 being an equivalent residue to D388 in Myo1e). Our work 

suggests that this aspartate residue in the switch-2 region is essential for myosin 

motor activity in both class I and class II myosins [64].  

Overall, our analysis identified differences between the two mutants tested 

and between the mutants and the wild-type Myo1e, including reduced 

association of the Myo1eT119I with CCVs and cell-cell junctions and prolonged 

association of the Myo1eD388H with these structures (Fig. 7). One possible 

explanation for these differences is that actin binding via the motor domain or 

actin-dependent transport are required for Myo1e recruitment to its sites of 
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action, and that Myo1eT119I lacks the ability to bind actin, which we were not able 

to test directly due to its proteolysis during purification. However, our previous 

studies show that a Myo1e tail construct (lacking the motor and neck domains) is 

enriched in the cell-cell junctions and CCVs [15, 17], arguing against the direct 

contribution of the motor domain to localization. Second, the T119I mutation 

could lead to complete misfolding, including misfolding of the tail domain, 

preventing the tail from performing its normal function in Myo1e localization. 

Third, while it is not known whether Myo1e motor activity is regulated via 

intramolecular interactions, other myosins have been shown to be autoinhibited 

via tail-motor binding [65]. If this mode of regulation is also applicable to Myo1e, 

the mutant motor domain may not be able to undergo the conformational change 

required to relieve the auto-inhibition. The prolonged association of Myo1eD388H 

with cell junctions and CCVs could potentially be explained by a reduced rate of 

ADP dissociation or by slower dissociation from actin in the presence of ATP, 

which could prolong actin binding. However, both Myo1eWT and Myo1eD388H were 

able to dissociate from actin in the presence of ATP and have a similar KATPase, 

suggesting Myo1eD388H is not a true rigor mutant. Alternatively, if the auto-

inhibition model for regulation of Myo1e activity is correct, perhaps the D388H 

mutation allows Myo1e to remain in an open (activated) conformation longer, 

thereby prolonging tail domain interactions with its binding partners. Since 

Myo1eD388H expression increases CCV density, we hypothesize that prolonged 

tail domain interactions with the plasma membrane phospholipids or endocytic 

accessory proteins may promote assembly and maturation of CCVs (Fig. 7).  
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In summary, in this study we have provided direct functional evidence for 

the deleterious effects of the T119I and D388H mutations in Myo1e. In the future, 

we hope to apply a similar experimental design to examine other novel MYO1E 

variants.  
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2.8. Supplementary materials 

RNA Sequencing (RNA-seq) (related to Figure S1). MPCs (WT podocytes) 

and Myo1e-KO podocyte derived cells (KO podocytes) were cultured at 37ºC for 

approximately two weeks for differentiation. Three separate biological replicates 

for each cell type were collected and analyzed. Total RNA was extracted from 

these cells using the RNeasy Plus Mini Kit from Qiagen. RNA quality was 

assessed using the Agilent 2100 RNA 6000 Nano chip. Sequencing libraries 

were prepared using the Illumina Stranded mRNA Library Prep. Libraries were 

sequenced on the Illumina NextSeq 500 instrument with a single 72bp read, 

generating approximately 47 million reads per sample. Sequencing quality was 

accessed by FastQC (v0.11.8) 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Low-quality 

bases/reads and adapters were removed using Trimmomatic program [66] 

(v0.39). The trimmed reads were mapped to GENCODE GRCm38 release M24 

Mouse reference genome using STAR aligner [67] (v2.7.3a). Reads mapped to 

genes were summarized by the featureCounts program [68] in subread v1.6.4. 

Genes were filtered by CPM ≥ 1 in at least 2 samples, and data were normalized 

to effective library size by edger [69] (v3.28.1). The RNA-seq data will be 

deposited into the Gene expression Omnibus (GEO) database as needed. 

Differential gene expression analyses were performed by using edgeR. 3666 

genes with FDR less than 0.05 and fold changes greater than ± 2 were detected 

statistically significant for KO vs. WT group. 

Cell culture, protein expression and drug treatments (related to Figure S3). 

To measure protein expression, WT podocyte (MPC) lysates were collected 48 
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hrs post-infection. Protein degradation level was measured after 1.5- or 3-hour 

treatment on the WT podocyte with 20µg/ml of cycloheximide (Sigma-Aldrich 

#C7698) in the complete RPMI medium at 37ºC. Protein accumulation level upon 

proteasome inhibition was measured after 3- or 4-hour treatment on the WT 

podocyte with 10µM of MG-132 (Cell Signaling Technology #2194) in complete 

RPMI medium at 37ºC while control lysates were collected from cells treated with 

DMSO.  

HEK-293 purchased from ATCC (#CRL-11268) were grown in high glucose 

DMEM with 10%FBS and 1% antibiotic-antimycotic at 37ºC with 5% CO2. At 

steady state, HEK-293 cell lysates were collected 24 hrs post-transfection. 

Protein degradation level was measured following 6-hour treatment of HEK-293 

cells with 0.5 µg/ml cycloheximide in the complete DMEM medium at 37ºC. 

Protein accumulation level upon proteasome inhibition was measured following 

10 µM MG-132 treatment of HEK-293 cells for 24 hours in complete DMEM 

medium at 37ºC while control lysates were collected from cells treated with 

DMSO. 

Transfection (related to Figure S3). 1 ug of Myo1e mutant constructs on the 

EGFP-C1 vector were transfected to HEK-293 cells in 12-well plates by using 

Lipofectamine 3000 transfection reagent (Invitrogen) following the manufacturer’s 

instructions. 
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Figure 1. Amino acid residues T119 and D388 in the Myo1e motor domain are 

highly conserved. 

(A) Domain map of human Myo1e indicating the locations of the SRNS-

associated Myo1e mutations T119I and D388H. (B-C) Alignment of myosin 

protein sequences for the regions containing T119 (B) and D388 (C) residues. 

Both amino acid residues are conserved among class 1 myosins, including long-

tailed class 1 myosins from Caenorhabditis elegans (worm), Dictyostelium 

discoideum (slime mold), Schizosaccharomyces pombe (fission yeast), and 

Saccharomyces cerevisiae (budding yeast), the short-tailed class 1 myosin 

myo1E of D. discoideum that we used for the rotamer analysis, as well as in 

myosin 1e of Mus musculus (mouse), Gallus gallus (chicken), Xenopus laevis 

(frog) and Danio rerio (zebrafish). These residues are also conserved in other 

myosin classes, including human non-muscle myosin 2a-c, 5a, and 6. The 

conserved residues corresponding to the mutation site are highlighted in blue 

boxes. (D) Ribbon diagram representation of the ADP-bound D. discoideum 

myo1E motor domain (PDB: 1LKX) showing the residues T108 and D386 that 

are equivalent to the human Myo1e residues T119 and D388. Their locations are 

shown relative to the key structural elements of the magnesium-binding site. The 

T108 residue in myo1E binds the magnesium ion associated with the ATP. The 

backbone of the myo1E structure is shown as a blue ribbon. P-loop is highlighted 

as a green ribbon. Switch-1 is highlighted as an orange ribbon. Switch-2 is 

highlighted as a cyan ribbon. Magnesium is highlighted in pink. D. discoideum 

myo1E residue numbers are shown. (E) A more detailed view of the T108 

residue (green). Upon changing the threonine at position 108 to isoleucine to 
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model the most likely effects of the T118I mutation, the isoleucine side chain 

clashed with the magnesium ion and switch-1 residue S158. (F) A more detailed 

view of the D386 residue (cyan). Replacing D386 with a histidine, we modeled a 

number of possible histidine side chain orientations. In rotamer 1 (probability 

score 0.18), the histidine clashed with S111 on the a-helix that connects to the P-

loop (F, upper panel). In rotamer 2 (probability score 0.13), this histidine clashed 

with the T108 on the P-loop, which is the above-mentioned residue binding to the 

magnesium ion (F, lower panel). In both cases, the D386H mutation may disrupt 

the P-loop interaction with Mg-ATP. 
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Figure 2. Myo1eT119I and Myo1eD388H are expressed as full-length proteins in Myo1e-

KO podocytes. 

(A) WB analysis of total cell lysates of Myo1e-KO podocytes expressing 

Myo1eWT, Myo1eT119I and Myo1eD388H at steady state. (B) Quantification of band 

intensity in (A), normalized to the WT (mean±SD). (C) WB analysis of total cell 

lysates of Myo1e-KO podocytes expressing Myo1eWT, Myo1eT119I and 

Myo1eD388H treated with 20 µg/ml CHX or DMSO for 3 hours. (D) Measurement of 

Myo1e degradation (band intensity in the DMSO-treated sample divided by the 

band intensity in the CHX-treated sample for the same construct) after CHX 

treatment in KO podocytes (mean±SD). (E) WB analysis of total cell lysates of 

Myo1e-KO podocytes expressing Myo1eWT, Myo1eT119I and Myo1eD388H treated 

with DMSO or 10 µM MG-132 for 3 hours. (F) Measurement of Myo1e 
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accumulation (band intensity in the MG-132-treated lysates divided by band 

intensity in the DMSO control) after the MG-132 treatment (mean±SD). (A, C, E) 

Blots were probed with the anti-GFP antibody. Equal protein loading verified by 

Coomassie Blue staining. (B, D, F) Data collected from 3 independent 

experiments. There is no significant difference (P>0.05) among groups as 

determined by one-way ANOVA. 
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Figure 3. Junctional localization of Myo1eT119I is disrupted and junctional protein 

exchange of Myo1eD388H is decreased in podocytes. 

(A) Single confocal sections of Myo1e-KO podocytes co-expressing ZO-1-

mCherry and EGFP-Myo1eWT, -Myo1eT119I or -Myo1eD388H. Yellow arrowheads 

indicate cell-cell junctions. Scale bar, 20 µm. (B) Bar graph of Myo1e enrichment 

at the cell-cell junctions (mean±SD). 44 Myo1eWT-, 51 Myo1eT119I- and 47 

Myo1eD388H-expressing cells from 2 to 3 independent experiments were 

quantified. (C) Merged single confocal sections of KO podocytes co-expressing 

EGFP-Myo1eT119I and ZO-1-mCherry after 10 µM MG-132 treatment for 3 hours. 

Dotted white boxes indicate the zoomed-in view shown in the lower panels. 

Yellow arrowheads point to podocyte junctions. Scale bar, 20 µm. (D) 

Quantification of junctional protein fluorescence intensity in (C) by line scan. Line 

scans of junctions without (D, left) and with (D, right) MG-132 treatment. Hollow 

circles indicate mean fluorescence intensity of ZO-1-mCherry and solid circles 

indicate mean fluorescence intensity of EFGP- Myo1eT119I (mean±SD). 40 MG-

132 (-) cells and 26 MG-132 (+) cells from 1 independent experiment were 

quantified. (E) Graphs of mobile fraction and recovery half-time of EGFP-

Myo1eT119I at cell-cell junctions (E, 2 left panels) and in the cytosol (E, 2 right 

panels) with DMSO or 10 µM MG-132 treatment for 3 hours. DMSO treated 

junctional FRAP was quantified from 7 Myo1eWT- and 6 Myo1eT119I-expressing 

cells. MG-132 treated junctional FRAP was quantified from 15 Myo1eWT- and 11 

Myo1eT119I-expressing cells. DMSO treated cytosolic FRAP was quantified from 4 

Myo1eWT- and 4 Myo1eT119I-expressing cells. MG-132 treated cytosolic FRAP 
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was quantified from 5 Myo1eWT- and 7 Myo1eT119I-expressing cells. Data from 1 

to 2 independent experiments. (F) Graphs of mobile fraction and recovery half-

time of EGFP-Myo1eWT, Myo1eD388H, and Myo1eN164A at cell-cell junctions at 

steady state. 26 Myo1eWT-, 33 Myo1eD388H- and 33 Myo1eN164A-expressing cells 

from 2 to 3 independent experiments were quantified. (E-F) Box and Whisker 

plots indicate the median value, interquartile range, and full range of data points. 

Asterisks indicate significant difference from the Myo1eWT control as determined 

by one-way ANOVA, *P≤0.05, ***P≤0.001 and ****P≤0.0001. 
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Figure 4. Myo1eT119I and Myo1eD388H expression in place of Myo1eWT leads to 

changes in clathrin-coated vesicles (CCVs) density, peak intensity, and lifetimes 

in podocytes. 

(A) Percent (mean±SD) of clathrin-coated vesicles that contain Myo1e puncta in 

KO podocytes in a single time point image. (B) Density (mean±SD) of clathrin-

coated vesicles (CCV puncta/µm2) in KO podocytes expressing Myo1e mutant 

constructs. (A-B) 9 KO (CLC alone, no Myo1e expression), 35 Myo1eWT-, 13 

Myo1eT119I- and 26 Myo1eD388H-expressing cells from 1 to 3 independent 

experiments were quantified. (C) Peak fluorescence intensity (mean±SD) of the 

CCV tracks that contain Myo1e as measured by Imaris after local background 

subtraction. Mean value of each experimental group is shown. 28 Myo1eWT-, 13 

Myo1eT119I- and 26 Myo1eD388H-expressing cells from 2 to 3 independent 

experiments were quantified. (D) Kymographs showing CCV density, dynamics 

and Myo1e recruitment in Myo1eWT-, Myo1eT119I-, and Myo1eD388H-expressing KO 

podocytes. (E) Distribution of CCV lifetimes. (F) Distribution of the lifetimes of 

CCVs that contain Myo1e. (E-F) Lifetimes of CCVs were measured and 

categorized into abortive (£20 sec, shown as ■), productive (>20 sec but £90 

sec, shown as ■), long-lived (>90 sec but £300 sec, shown as ■), stable (>300 

sec, shown as ■). The total number of puncta analyzed was indicated below 

each construct. (G) Duration of Myo1e association with CCVs expressed as a 

fraction of the CCV lifetime. Only subpopulations with the lifetimes >20s were 

analyzed. (H) Duration of Myo1e association with CCVs for the CCVs that 

exhibited only a single Myo1e association event and CCV lifetimes >20s. (G-H) 
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Duration of Myo1e association was measured and categorized into quartiles 

(£25% of CCV track duration, shown as ■; >25 but £50% of CCV track duration, 

shown as ■; >50 but £75% of CCV track duration, shown as ■; >75% of CCV 

track duration, shown as ■). (E-H) Percent values of events are indicated on the 

bar plots. 28 Myo1eWT-, 13 Myo1eT119I- and 26 Myo1eD388H-expressing cells from 

2 to 3 independent experiments were quantified. Asterisks indicate a significant 

difference from Myo1eWT as determined by one-way ANOVA, ***P≤0.001 and 

****P≤0.0001. 
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Figure 5. D388H mutation in Myo1e disrupts motor ATPase activity.  

(A) Myo1e construct design for baculovirus expression. The star indicates the 

point mutation of D388H (c.1162G>C) on Myo1e motor domain. (B) Actin-

dependent ATPase activity of the FLAG- and actin-co-sedimentation-purified 

Myo1e constructs was measured using the NADH-coupled ATPase assay. The 

data points represent the mean±SD from 3 independent experiments for both WT 

and D388H. The solid lines are best fit to a Michaelis-Menten model. (C) Single 

ATP turnover kinetics using FLAG purified Myo1e in the absence of actin. Sub-

stoichiometric amount of mantATP was mixed with Myo1e. We observed a 

fluorescence increase that was followed by an exponential decrease, which was 

used to estimate the single turnover rate constant. (D) The fluorescence decay of 

Myo1eWT was fit to a three-exponential equation, (E) while the decay of 
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Myo1eD388H was single exponential (Table 2). The single turnover data were 

collected from a single experiment for both WT and D388H. 



   
 

   
 

101 

 

Figure 6. Myo1eD388H lacks motor activity. 

(A) Actin filament translocation in in vitro motility assays using FLAG- and actin 

co-sedimentation-purified Myo1e constructs (1µM surface density). The average 

sliding velocity (actin translocation speed) of Myo1e was determined by pooling 

the filaments from 4 independent experiments each with a separate protein 

preparation (N=121 filaments, approximately 30 filaments from each prep) and 

fitting the data to a Gaussian function. (B) The sliding velocity of Myo1eWT was 

examined at a series of loading concentrations. The data is the summary of 2 

independent experiments from 2 separate protein preparations. (C) Myo1eWT was 

slowed by the presence of Myo1eD388H in a dose-dependent manner in the mixed 

motility assay. The average sliding velocity is plot as a function of the fraction of 

Myo1eD388H present [(D388H/(WT + D388H)] collected from 1 independent 

experiment. 
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Figure 7. Model describing how expression of Myo1e variants may affect cell 

junctions and clathrin-dependent endocytosis. 

Normal Myo1e regulation and activity. Myo1eWT transiently localizes to the 

boundary between plasma membrane and branched actin at the (A) cell-cell 

junctions and (B) clathrin-coated pits where it interacts with its binding partners 

(ZO-1, dynamin and synaptojanin). Myo1e motor/head domain binds branched 

actin (shown in beige in B) while tail domain interacts with plasma membrane. 

Myo1e tail domain interactions promotes clustering or activation of its binding 

partners, including phospholipids and endocytic accessory proteins (as shown in 

B in blue), thus facilitating CCV maturation or scission and slit diaphragm 

assembly. Interactions of the Myo1e motor/head domain with actin are transient, 
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as indicated by the two-headed arrows in A and B. We hypothesize that as 

Myo1e head domain dissociates from actin, it folds into an autoinhibited 

conformation, preventing the tail domain from interacting with proteins or lipids. 

Effects of motor domain mutations. Myo1eT119I is a misfolded/inactive mutant with 

diffuse localization. In the absence of Myo1e recruitment to the CCVs, the 

lifetimes of the CCVs are extended, and the number of CCVs is reduced due to 

the failure of the mislocalized Myo1eT119I to support vesicle maturation, 

invagination, and scission. Myo1eD388H is a motor activity-deficient mutant 

characterized by the prolonged retention at the cell-cell junctions and CCVs. 

Since its tail domain is still functional and capable of interacting with its binding 

partners, expression of this mutant results in the increased accumulation of 

endocytic accessory proteins, leading to an increase in the CCVs density and 

intensity.  
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Supplementary Figure 1. RNA sequencing identifies expression of podocyte-

specific markers in both WT and Myo1e-KO podocyte-derived cell lines used in 

the current study. 

(A) Volcano plot of gene expression comparing Myo1e-KO and WT podocytes. A 

list of 24 podocyte markers was created by combining markers that are typically 

used to characterize podocytes in single-cell sequencing studies or during cell 

line derivation (canonical markers [70, 71]) as well as additional markers 

identified by single-cell sequencing and validated the data from Human Proteome 

Atlas (validated markers [70]). 13 out of 24 podocyte markers (listed in the table 

on the right in light gray) did not exhibit significant difference in expression 

(log2(Fold Change)<|±1|) while expression difference for 6 out of 24 markers was 

low (log2(Fold Change)<|±2|). Col4a3, Pard3b, Pdpn, Wt1 and Cdkn1c genes 

were differentially expressed in the two cell lines (log2(Fold Change)>|±2|). 

Differentially expressed podocyte markers are highlighted in the plot as red dots 

with their gene IDs labeled while those markers that do not meet the cutoff for 

differential expression are indicated by red dots without the gene IDs. Total of 

12803 genes was included in the differential gene expression analysis. Dashed 

line indicates the log2(Fold Change)=1 (Fold change=±2) and -log10(FDR)=1.3 

(FDR=0.05) cutoff threshold. Light gray dots indicate the 9137 genes below the 

cutoff thresholds. Dark gray dots are the 3666 genes exhibiting differential 

expression based on the cutoffs. (B) Heatmap showing a comparison of gene 

expression between Myo1e-KO and WT podocytes. (C) Heatmaps derived from 

B highlight the canonical (C, upper half) and validated (C, lower half) podocyte 
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markers. Each column represents the replicates of cell types sequenced and 

each row represents a gene. Results are depicted as z-scores (maximum=14 

and minimum=-5.3). (D) Box plots showing the range of log2CPM expression 

values (for 3 repeats per cell line) for canonical (D, left half) and validated (D, 

right half) podocyte markers in Myo1e-KO and WT podocytes. 
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Supplementary Figure 2. Expression of recombinant Myo1e constructs in Myo1e-

KO podocytes using adenoviral vectors (related to Figure 2). 

(A) The efficiency of the adenoviral delivery of the various EGFP-Myo1e 

constructs into podocytes was compared by performing quantitative PCR-

amplification of the EGFP coding sequence using viral DNA isolated from 

infected cells as a template. The values obtained for EGFP was normalized to 

genomic GAPDH and mutant values to those for the WT.  (B) Analysis of 

correlation between viral DNA amount (determined as in A) and Myo1e protein 

level (determined from WB band intensity in Figure 2A&B) indicates that the 

higher viral load in the cell does not directly correlate with the higher protein band 

intensity in these experiments. (C) EGFP-Myo1e construct mRNA expression 

was quantified by quantitative RT-PCR. EGFP-Myo1e RNA amount was 

determined by normalization of the values for EGFP to those for three 
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housekeeping genes, GAPDH, HPRT1 or RPLP0, and the resulting number for 

the mutants was normalized to the WT in each experiment. (D) Related to Fig. 

2C-D. Myo1e protein level after CHX treatment of the Myo1e-KO podocytes 

expressing various EGFP-Myo1e constructs. EGFP-Myo1e band intensity was 

normalized to that for the EGFP-Myo1eWT in DMSO-treated cells. (E) Related to 

Fig. 2E-F. Myo1e accumulation level after MG-132 treatment of the Myo1e-KO 

podocytes expressing various EGFP-Myo1e constructs. Band intensity was 

normalized to that for the EGFP-Myo1eWT in DMSO-treated cells. (A-E) Data 

collected from 3 independent experiments. Data shown in A, C, D, E are 

mean±SD. Asterisks indicate a significant difference from Myo1eWT or indicated 

controls as determined by one-way ANOVA, *P≤0.05. 
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Supplementary Figure 3. Myo1eT119I is unstable in the cell lines with endogenous 

Myo1e. 

(A) WB analysis of total cell lysates of WT podocytes expressing Myo1eWT and 

Myo1eT119I at steady state. (B) WB analysis of total cell lysates of WT podocytes 

expressing Myo1eWT and Myo1eT119I following 20 µg/ml CHX treatment. (C) WB 

analysis of total cell lysates of WT podocytes expressing Myo1eWT and 

Myo1eT119I following 10 µM MG-132 treatment for 3-4 hours. (D) EGFP-Myo1e 

band intensity normalized to that for the WT (as in A) (mean±SD). Data collected 

from 3 independent experiments. There is a significant decrease in the intensity 

of the Myo1eT119I band compared to the Myo1eWT as determined by one-way 

ANOVA, *P≤0.05. (E) Quantification of the EGFP-Myo1e band intensity following 

CHX treatment (as in B). The intensity for each construct was normalized to the 

intensity for the same construct at time 0. Data collected from 1 experiment. (F) 
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Quantification of the EGFP-Myo1e band intensity after MG-132 treatment (as in 

C) and normalized to the Myo1eWT DMSO (mean±SD). Data collected from 3 

independent experiments with 3 (2 repeats) or 4 hours (1 repeats) of MG-132 

treatment. (G) WB analysis of total cell lysates of HEK-293 cells expressing 

Myo1eWT and Myo1eT119I at steady state. (H) WB analysis of total cell lysates of 

HEK-293 cells expressing Myo1eWT and Myo1eT119I following 0.5 µg/ml CHX 

treatment for 6 hours. (I) WB analysis of total cell lysates of HEK-293 cells 

expressing Myo1eWT and Myo1eT119I following 10 µM MG-132 treatment for 24 

hours. (A-C, G-I) Blots were probed with anti-GFP antibody. Equal protein 

loading verified by Coomassie Blue staining. 
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Supplementary Figure 4. Analysis of EGFP-Myo1e localization at cell-cell 

junctions in the Myo1e-KO podocytes (related to Figure 3). 
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(A) An illustration of the junctional enrichment analysis method for live-cell 

images in Fig. 3A-B. Junctional enrichment was determined by dividing EGFP 

fluorescence intensity at the cell-cell contacts (J) by the cytosolic EGFP intensity 

(C) after subtracting the non-cell (background) intensity (B). To be unbiased in 

the junctional ROI selection, we used ZO-1-mCherry channel images, rather than 

EGFP-Myo1e images, to identify the junctions. (B-C) Correlation plots of Myo1e 

enrichment at podocyte junctions vs. mean fluorescence intensity (MFI) of ZO-1-

mCherry (B) or EGFP-Myo1e (C). The dotted lines indicate linear regression fit. 

The linear regression R square values are shown in the graphs. Each data point 

indicates a single cell. There was no significant positive correlation between the 

mean fluorescence intensity (MFI) of ZO-1-mCherry or EGFP-Myo1e and the 

extent of junctional enrichment. (D) A single confocal section of Myo1e-KO 

podocytes expressing EGFP-Myo1eWT or -Myo1eT119I with DMSO or 10 µM MG-

132 treatment for 3 hours. Yellow arrowheads indicate cell-cell junctions. Scale 

bar, 20 µm. (E) WB analysis of total cell lysates, supernatants and pellets of KO 

podocytes non-infected (NT) or expressing Myo1eWT, Myo1eT119I and Myo1eD388H 

following 10 µM MG-132 treatment for 3 hours. Blots were probed with anti-GFP 

antibody. Equal protein loading verified by Coomassie Blue staining. (F) 

Quantification of band intensity in (E) normalized to the Myo1eWT supernatant 

(mean±SD). Data collected from 2 independent experiments. 
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Supplementary Figure 5. Myo1eD388H exhibits slower protein exchange at the 

podocyte junctions (related to Figure 3). 

(A) A single confocal section of Myo1e-KO podocytes co-expressing ZO-1-

mCherry and EGFP-Myo1eN164A. Yellow arrowhead indicates cell-cell junction. 

Scale bar, 20 µm. (B) Three time frames (single confocal sections) from the time-

lapse movies of FRAP analysis of the Myo1e-KO podocytes expressing 

Myo1eWT, Myo1eD388H, or Myo1eN164A. Scale bar, 10 µm. (C) FRAP curves 

(mean±SD) of 13 Myo1eWT-, 8 Myo1eD388H- and 13 Myo1eN164A-expressing cells 

from 1 independent experiment. The intensity data were corrected for 

photobleaching and normalized to the pre-bleach intensities. 
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Supplementary Figure 6. Analysis of EGFP-Myo1e co-localization with CCVs by 

TIRF microscopy (related to Figure 4). 

(A) TIRF images of Myo1e-KO podocytes co-expressing clathrin-light-chain-

mCherry (CLC-mCherry) and EGFP-Myo1eWT, -Myo1eT119I or -Myo1eD388H. 

Yellow arrowheads point to Myo1e-containing CCVs while red arrows mark 

CCVs without Myo1e co-localization. Scale bar, 20 µm. (B-C) The correlation 
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plots of percent of CCV-Myo1e co-localization vs. mean fluorescence intensity 

(MFI) of CLC-mCherry (B) or of EGFP-Myo1e (C), along with the linear 

regression lines (dotted line). There was no significant positive correlation 

between the MFI of CLC-mCherry or EGFP-Myo1e and the extent of co-

localization in each Myo1e variant, indicating that differences in expression level 

between individual cells likely do not affect the outcome of the colocalization 

analysis. The linear regression R square values are shown. Each data point 

indicates a single cell. 
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Supplementary Figure 7. Analysis of the fluorescence intensity of CCVs co-

localized with Myo1e (related to Figure 4). 

(A) An illustration of the line scan method used to measure the intensity at the 

center of each CCV (central intensity). Five Myo1e-containing CLC puncta in 

each cell were manually selected, and their fluorescence intensity was measured 

using a line scan to obtain both intensity plots in (C-E) and intensity values at the 
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center of each structure in (B). The highest intensity value within the 5 µm-long 

line scan across each CCV was corrected by the local background around the 

CCV. (B) Central fluorescence intensity (mean±SD) of the CCVs that contain 

Myo1e as measured by line scans and background-subtracted as shown in (A). 

Consistent with the peak CLC intensity data in Figure 4C, the central intensity of 

CLC was significantly increased in the Myo1eD388H-expressing KO podocytes. 

CCVs from 9 Myo1eWT (N=45), 6 Myo1eT119I (N=30), and 6 Myo1eD388H (N=31) 

expressing cells from 2 to 3 independent experiments were quantified. (C-E) 

Fluorescence intensity curves (mean±SD) derived from line scans across EGFP-

Myo1e-containing CLC-mCherry CCVs. (C) EGFP-Myo1eWT (D) EGFP-

Myo1eT119I (E) EGFP-Myo1eD388H. (F) To determine whether Myo1e affects the 

recruitment of clathrin to the endocytic pits, CLC intensity in the CCVs that 

contained Myo1e was measured over time. Peak fluorescence intensity 

(mean±SD) of the CCV tracks that contain Myo1e is shown in batches 

corresponding to each individual experiment. Mean value of each experimental 

group is shown. The panel is related to Figure 4C. 
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Supplementary Figure 8. Purification of Myo1eWT and Myo1eD388H constructs for in 

vitro motor activity experiments (related to Figure 5). 

(A) Coomassie-stained SDS-PAGE showing fractions from the purification of the 

Motor-IQ domain constructs (Myo1e wild-type and D388H) using the baculovirus 

expression system. (B) ATPase activity measurements using FLAG-purified 

Myo1e constructs. (C) Summary of ATPase values determined with FLAG-

purified Myo1e constructs. 

  



   
 

   
 

119 

Table 1. Measurements of the ATPase activity of the Myo1e motor-IQ constructs 

(actin co-sedimentation purified) 

 

 

Table 2. Measurements of the single turnover kinetics of the Myo1e motor-IQ 

constructs 

 

 

Table 3. In vitro motility of Myo1e motor-IQ constructs 
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Supplementary Table 1. List of primer sequences used in this paper 
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Supplementary Table 2. Accession numbers for the sequences used for the Myo1e 

alignments 
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Supplementary Table 3. Summary of the recently identified MYO1E variants 
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CHAPTER 3 

Functional characterization of 

MYO1E variants of uncertain 

significance in pediatric patients with 

SRNS 

 

Pei-Ju Liu 
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3.2. Abstract 

Background Multiple novel MYO1E sequence variants have been found in 

SRNS patients by whole genome and exome sequencing, and undoubtedly more 

variants will be identified in the course of future genetic testing. As MYO1E 

mutation-associated SRNS is an autosomal recessive disease, determining if a 

variant is pathogenic or neutral when variants are found in heterozygous patients 

with no family history is challenging. Determining whether a novel MYO1E variant 

is the direct cause of glomerulopathy requires not only structural and genetic 

information but also functional characterization in cells.  

Methods Utilizing adenoviral vectors, we delivered EGFP-tagged human Myo1e 

constructs into mouse podocytes for protein expression and junctional 

localization assays. Protein expression testing and treatment with inhibitors of 

protein synthesis and degradation can help to determine if a variant is rapidly 

degraded. Fluorescence microscopy and image analysis for Myo1e localization 

and dynamics can help to assess if a variant’s interaction with protein partners or 

cellular components is affected. 

Results Myo1eD185G and Myo1eD3094-7 were rapidly degraded in WT podocytes. 

However, localization of Myo1eD185G to cell-cell junctions was not completely 

disrupted unlike that of Myo1eD3094-7 in both WT and Myo1e-KO podocytes. 

Protein exchange of Myo1eD185G in the cell-cell junctions was slower than that of 

the WT Myo1e as determined by FRAP, suggesting Myo1eD185G might exhibit 

defects of protein interaction. Myo1eD3094-7 is a loss-of-function mutation as 

determined by the low abundance of full-length protein and the lack of 
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localization to cell-cell junctions. Interestingly, treating Myo1eD3094-7 with a 

proteasome inhibitor might rescue its junctional localization. Myo1eR523W did not 

show deficient full-length protein expression, complete loss of junctional 

localization or abnormal dynamics. While the junctional enrichment level is 

decreased in both Myo1eD185G and Myo1eR523W, whether the mutations directly 

lead to podocyte dysfunction needs further investigation. 

Conclusions Using cell-based assays, we characterized multiple SRNS-

associated MYO1E variants from heterozygous patients and identified a 

differential expression, localization and dynamics of each variant. Although 

variant annotation needs to follow standardized guidelines, the information we 

collected here can be used for gene curation in the future projects.  
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3.3. Introduction 

Steroid-resistant nephrotic syndrome (SRNS) often progresses to end 

stage renal disease (ESRD) and requires kidney transplantation to improve 

quality of life. Mutations in MYO1E (encoding Myo1e, which is a non-muscle 

myosin that scaffolds its binding partners at the membrane-cytoskeletal interface) 

are associated with early onset SRNS. Analysis of sequence variants of MYO1E 

that might be associated with SRNS relies in part on the evolutionary 

conservation of the affected amino acid residues and on the variant allele 

frequency in large control populations [1-5]. However, it can still be challenging to 

unequivocally evaluate the pathogenicity of the new variants to facilitate the 

diagnosis and targeted treatment of primary SRNS as the identification of new 

variants by exome sequencing is not always accompanied by the corresponding 

family history or biopsy diagnosis [3, 4]. Therefore, it is necessary to characterize 

the cellular function of Myo1e variants with uncertain significance (VUS) to 

determine whether they are pathogenic and to predict their effects in podocyte or 

renal filtration functions.  

Prior to performing detailed functional analysis of Myo1eT119I and 

Myo1eD388H (Chapter 2), we screened most of the Myo1e non-truncating variants 

listed in Table 3 of Chapter 2 as well as variants from other sources in some cell 

lines. These variants included D185G, R523W, L822M, P1049H and D3094-7 [3, 

4], with the results not included in the published preprint [6]. In addition, patients 

carrying some of these variants are compound heterozygotes of Myo1eD185G/L822M 

and Myo1eR523W/D3094-7 for whom biopsy and therapy response information are 
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unavailable [4]. As Myo1e mutation-associated SRNS is an autosomal recessive 

inherited disease [1], it may be important to characterize both sequence variants 

to determine if the condition of SRNS in these patients is the result of the 

compound mutations. Therefore, we collected the data in this chapter to help us 

understand the differential effects of MYO1E variants and envision where the 

overall mutant Myo1e characterization work would go for next steps. 

3.4. Materials and methods 

Podocyte culture. We generated conditionally immortalized Myo1e-KO 

podocytes from the Myo1e-KO mice based on Dr. Peter Mundel’s protocol, which 

has been described [7, 8] while the mouse wild-type podocytes were kindly 

donated by Dr. Peter Mundel [9, 10]. Podocytes were grown on collagen I 

(Corning #354236) coated culture dishes in RPMI-1640 with 10%FBS, 1% 

antibiotic-antimycotic, and 50 µg/ml interferon-g (EMD Millipore # 407303) at 

33ºC with 5% CO2. For differentiation, podocytes were cultured at 37ºC without 

interferon-g [9, 10]. Podocytes were differentiated for 10 days prior to adenoviral 

transduction for protein analyses and live-cell imaging following previously 

described transduction procedures [11].  

Constructs and preparation of adenovirus. Point mutations were introduced 

into the wild-type human Myo1e in the pEGFP-C1 vector using QuikChange 

Lightning Site-Directed Mutagenesis Kit (Agilent Technologies #210519) [1, 12]. 

Mutant constructs were used for subcloning into the pAdEasy adenoviral vector 

and packaged into recombinant adenoviral particles as described [8, 11].  
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Protein expression in podocytes and drug treatments. To measure protein 

expression, WT podocyte lysates were collected 48 hrs post-infection. Protein 

degradation rate was measured after podocytes were treated with 20µg/ml of 

cycloheximide (Sigma-Aldrich #C7698) for 3 hours in the complete RPMI 

medium. Protein accumulation rate upon proteasome inhibition was measured 

after podocytes were treated with 10µM of MG-132 (Cell Signaling Technology 

#2194) or DMSO for 3 hours in the RPMI medium. The cells were incubated at 

37°C for protein expression and drug treatments. 

Real-time PCR. Adenoviral infection (the amount of adenoviral DNA introduced 

into cells) was detected by SYBR Green based real-time quantitative PCR. 

Primer sequences used are as follows, EGFP_F1 

ACGTAAACGGCCACAAGTTC, EGFP_R1 AAGTCGTGCTGCTTCATGTG, 

mGAPDH_F ACTCCACTCACGGCAAATTC and mGAPDH_R 

TCTCCATGGTGGTGAAGACA. 48 hours post-infection, podocytes were washed 

three times with warm 1´ PBS and the viral DNA was extracted using DNeasy 

Blood& Tissue kit (Qiagen #69504) [13]. The real-time PCR was done using iTaq 

Universal SYBR Green Supermix (BioRad #172-5121) and performed on BioRad 

CFX 384 Real Time PCR System. 

Western blotting (WB) and Coomassie staining. Cells were harvested by 

scraping in CHAPS lysis buffer (20mM Tris-HCl pH7.5, 500mM NaCl, 0.5% w/v 

CHAPS) with protease inhibitors (Thermo Scientific #A32965). Cells were 

pipetted up and down 30 times and left on the ice for 30 minutes. Cell lysates 

were then boiled with Laemmli sample buffer, and separated on 10-20% gradient 
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SDS-PAGE gel, followed by transfer to PVDF. Membranes were blocked in 5% 

milk in TBST for 1 hour at room temperature. The primary antibody, rabbit anti-

GFP (ThermoFisher Scientific #A6455), was diluted (1:2000) in 5% milk in TBST 

and incubated with the membranes overnight at 4ºC. The next day, the 

membrane was washed 3 times for 5 minutes in TBST. The secondary antibody, 

goat anti-rabbit conjugated with HRP (Jackson ImmunoResearch), was diluted 

(1:5000) in 5% milk in TBST and incubated with the membranes for 1 hour at 

room temperature. Chemiluminescence was detected using WesternBright 

Quantum (Advansta) and imaged on a BioRad ChemiDoc imaging system. To 

verify that total protein amounts (determined for each gel lane using Fiji) were 

equal between the samples loaded onto each gel, each set of lysate samples 

was separated by SDS-PAGE and stained with Coomassie Blue, and then the 

same amount of lysate was used for Western Blotting. 

Podocyte culture for live-cell imaging. 5X103 podocytes were plated onto 

collagen IV (Corning #356233) coated 35mm glass-bottom MatTek (MatTek 

#P35G-15-14-C) for differentiation for 10 days. At day 10, podocytes were 

infected with recombinant adenoviruses. After 24 hours of adenoviral 

transduction, podocytes were washed with warm RPMI media 3 times and 

observed using confocal microscopy. 

Confocal microscopy and fluorescence intensity measurements. Images 

were taken using a Perkin-Elmer UltraView VoX Spinning Disk Confocal system 

mounted on a Nikon Eclipse Ti-E microscope and equipped with a Hamamatsu 

C9100-50 EMCCD camera, a Nikon Apo TIRF 60X (1.49 N.A.) oil objective, and 
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controlled by Volocity software. An environmental chamber was embedded to 

maintain cells at 37ºC. During imaging, cells were maintained in RPMI 

supplemented with 10%FBS and 1% antibiotics-antimycotics. Fluorescence 

intensity measurements for junctional enrichment (Fig. 5 and 6) and FRAP (Fig. 7 

and 8) were collected using Fiji [8, 14, 15]. 

FRAP imaging and analysis. For photobleaching, a 488 nm argon laser with full 

power was used to bleach a 30´75 pixel ROI at the podocyte junctions. 5 frames 

of pre-bleaching images were collected at 1 frame/sec. Post-bleaching images 

were acquired using the 488 nm laser at 25% of laser power; the acquisition rate 

was set to 3 frames/sec for 1 min duration. Fluorescence intensity of the 

bleached area was measured over time and normalized relative to the 

background and a control region of interest (to correct for acquisition bleaching) 

as well as the pre-bleaching images. Lastly, the fluorescence intensity of the ROI 

at the first time point after bleaching was set to 0. The best-fit curve for 

fluorescence recovery was obtained using the exponential one-phase association 

model in Prism 8. The following equation was used: y=a(1−e−bx), where x is time 

in seconds. The half time of recovery was determined using b from the previous 

equation, where t1/2 = ln 0.5/−b. Analysis was performed on 16-bit images [14]. 

Protein sequence alignment and structure modeling. Protein sequence 

alignments were performed using ClustalW alignment function in MacVector (v. 

17.0.10). The sequence accession numbers are listed in Supplementary table 2 

of Chapter 2. Protein structure modeling and rotamer predictions were performed 

using UCSF Chimera [16]. 
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Statistical analysis. For multiple comparisons of the WT and mutants, data 

were analyzed using a one-way ANOVA with Tukey’s post-hoc test, with 

statistical significance set at p-value£0.05. All the statistical analyses and 

graphing were performed using GraphPad Prism software. 

3.5. Results 

3.5.1. Allele frequency and protein alignment of novel Myo1e variants 

Since Myo1e is a crucial component in maintaining the function of renal 

filtration [1, 7, 17], genetic variants leading to severe Myo1e dysfunction are 

usually rare or not detected in whole-genome sequencing of reference human 

populations in large-scale. To be considered a rare variant and likely pathogenic, 

the allele frequency of the genetic variant must be below 0.1% (because the 

genetic variation in reference human populations is 0.1% on average) [18, 19]. 

To predict the possible effect of novel Myo1e variants detected in a global SRNS 

cohort (Fig. 1A) by genetic perspective, Table 1 listed the allele frequency of 

these variants mainly based on gnomAD database 

(https://gnomad.broadinstitute.org/) [20] and dbSNP 

(https://www.ncbi.nlm.nih.gov/snp/) as extra references [21]. Both the allele 

frequencies of D185G and P1049H are 2.1´10-3, which shows they are not rare 

among human populations and are predicted as likely benign. However, L822M 

is a rare allele with a frequency of 2.78´10-5 in reference populations but 

pathogenic predictions have not been reported in gnomAD and the information of 

this variant is not available in dbSNP. The allele frequency of R523W is 3.98´10-6 

and is predicted as a likely pathogenic variant while information on D3094-7 is 



   
 

   
 

133 

unavailable in gnomAD and the only reported information is from a Japanese 

cohort with 6´10-5 of population frequency [22]. Caution has to be taken when 

using population allele frequency to predict the possibility of deleterious alleles 

since the healthy vs. disease cohorts, cohort age range and families in the 

subjects can affect the predictions. For example, population of gnomAD is mainly 

healthy adults (mean age=54), therefore, it cannot reflect the childhood-onset 

diseases like MYO1E mutation-related SRNS [23, 24]. 

Fragments of Myo1e amino acid sequence containing mutations were 

aligned with other myosin sequences to assess whether these residues are 

conserved. In the motor domain, D185 and R523 are conserved in the Myo1e of 

selected vertebrates as well as human Myo1f. In addition, the R523 residue is 

more conserved than D185 as some myosins, such as the long-tailed myosins of 

Dictyostelium and yeast, human Myo5a, and Dictyostelium short-tailed myo1E, 

contain a lysine (K) at this position, which is also a basic side chain residue (Fig. 

1B&C). Despite L822 being on the less conserved tail domain, it is conserved in 

most of the vertebrate Myo1e, except zebrafish (Supplementary Fig. 1A). 

Similarly, P1049H is conserved in the vertebrate Myo1e as well as Dictyostelium 

discoideum myo1B, a long-tailed myosin (Supplementary Fig. 1B). Δ3094-7 is a 

four-nucleotide deletion leading to a frameshift of the last 24 residues of Myo1e, 

comprising the end of TH2 and the entire SH3 domain (Fig. 1D). 

To predict if the mutated residues affect the key elements that are 

involved in myosin functions, the short-tailed Dictyostelium myo1E (PDB: 1LKX) 

can be used for structural modeling as it is the only class 1 myosin motor domain 
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where the crystal structure has been determined [25]. D185 is not on the 

nucleotide-binding elements, its predicted equivalent residue, I175, is on the b-

sheet that connects the switch-1 and switch-2 loops, which might be essential for 

conformational change while binding to actin filaments [26], but no molecule 

clash was found when I175 was replaced with G175 (Fig. 1E-F). K524 of 

Dictyostelium myo1E is the equivalent residue of Myo1e R523 and is in the strut 

loop, where it connects the actin binding face on the upper and lower 50 kDa 

domains. The replacement of K524 to tryptophan resulted in a clash of T526 

(Fig. 1E&G). In Dictyostelium myosin II, replacing the residues in the strut loop 

(K589, D590, P591, L592 and Q593) disrupts the stability of actin binding and 

increases the binding with ADP (a product of ATP hydrolysis), indicating the 

mutation on R523W may lead to weak actin cleft closure [27]. Combining the 

genetic and structural predictions, D185G is likely a benign variant while R523W 

is likely pathogenic. Unfortunately, the Myo1e homologous tail structure is 

unavailable to predict the possible effect of mutations on L822, P1049 and 

Δ3094-7. Losing the SH3 domain on Δ3094-7 might affect the capability of 

Myo1e binding to its partner proteins and lead to a defect in cell-cell junctions 

and/or CME on podocytes, which might be the reason of proteinuria and GBM 

thickening. 

3.5.2. Various degrees of protein stability in SRNS-associated Myo1e variants  

To investigate whether the mutations affect Myo1e protein stability, we 

introduced N-terminally-EGFP-tagged human Myo1e constructs into HEK293T 

cells as well as immortalized WT and Myo1e-KO mouse podocytes. However, 



   
 

   
 

135 

when we first looked for a dramatic decrease in Myo1e variants expression in 

HEK293T cells, no significant expression change was found in L822M and 

P1049H, they were therefore omitted in the podocyte experiments 

(Supplementary Fig. 1C) (L822M data in Diana Perez’s thesis [28]). In the 

protein expression assays, Myo1eT119I and Myo1eA159P served as controls for 

deleterious variants as they both are unstable/degraded mutants when 

expressed in the WT podocytes [1, 6]. Blotting with the anti-GFP antibody 

revealed the presence of the full-length protein corresponding to the EGFP-

Myo1e fusions in the Myo1eR523W-expressing cells. However, Myo1eD185G and 

Myo1eD3094-7 were expressed at a lower level than Myo1eWT (Fig. 2A-B,D-E&G). 

Successful viral delivery of the Myo1e constructs into podocytes was verified 

using isolation of viral DNA followed by qPCR (Fig. 2C,F&H). To examine 

whether there was a difference in the mutant protein degradation rate, we treated 

the Myo1e expressing podocytes with cycloheximide (CHX), a ribosome inhibitor, 

to stop protein expression and measure Myo1e degradation over time (Fig. 3A-

B). Similar to Myo1eT119I, Myo1eD3094-7 showed a higher degree of protein 

degradation after 1.5 hrs of CHX exposure but no such dramatic protein 

degradation was found in Myo1eD185G and Myo1eR523W (Fig. 3C). Interestingly, 

the protein abundance reached the lowest level after 3 hrs of CHX treatment and 

increased thereafter (Fig. 3B). In addition, we inhibited proteasomal protein 

degradation using MG-132 and measured the accumulation levels of Myo1e 

variants (Fig. 4A). Protein accumulation levels of Myo1eD3094-7 were significantly 

higher than Myo1eWT in the WT podocytes, whereas no difference was detected 
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in Myo1eD185G- or Myo1eR523W-expressing cells, which supports the protein 

degradation analysis using CHX treatment (Fig. 4B).  

3.5.3. Myo1eD3094-7 localization to podocyte cell-cell junctions is disrupted while 

Myo1eD185G and Myo1eR523W show partial junctional enrichment  

In the Myo1e-KO podocytes, we recently determined that the index of 

junctional enrichment (ratio of junctional to cytosolic fluorescence intensity) for 

Myo1eT119I is less than 1 while Myo1eWT is 3 [6]. Consistent with these results, 

the enrichment index of Myo1eWT was approximately 3 and Myo1eT119I was less 

than 1 in the WT podocytes (Fig. 5A&B), indicating the absence of Myo1eT119I in 

the cell-cell junctions. Therefore Myo1eT119I and Myo1eA159P, both of which have 

been reported as non-junctional localization mutations [1, 6], were set up as 

controls for Myo1e variants that completely lost their protein function. Using this 

approach, we found a complete absence of Myo1eD3094-7 at the cell-cell junctions 

in both WT and Myo1e-KO podocytes (Fig. 5B, 5C, 6B& 6C). While Myo1eD185G 

and Myo1eR523W were enriched at the cell-cell junctions, the enrichment index 

showed only 50% protein abundance compared with Myo1eWT, which resembles 

the enrichment index of Myo1eD388H in the Myo1e-KO podocytes (Fig. 5A, 5C, 

6A&6C) [6]. To test if the protein dissociation from the junctions of these partially 

localized variants is affected, we performed fluorescence recovery after 

photobleaching (FRAP) analysis at the junctions. Interestingly, Myo1eD185G 

showed a 1.6 times longer recovery half time than the Myo1eWT (mean±SD 

13.19±5.47 vs. 7.90±3.34), indicating that Myo1eD185G exhibits a defect in 

dissociation from the podocyte junctions. However, no difference in junctional 
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exchange (protein dissociation from the junctions and replacement with new 

molecules) was found in Myo1eR523W (Fig. 7). 

3.5.4. The junctional localization of Myo1eD3094-7 is partially rescued by proteasomal 

inhibition but the protein exchange is not recovered 

Myo1eD3094-7 did not localize to the cell-cell junctions of WT (Fig. 5) and 

Myo1e-KO podocytes (Fig. 6) but the abundance of full-length Myo1eD3094-7 was 

increased in the WT podocytes after MG-132 treatment (Fig. 4). To test if 

increasing Myo1eD3094-7 availability would enhance its localization to the cell-cell 

junctions, line scan was used to compare the fluorescence intensity peaks of 

EGFP-Myo1eD3094-7 and ZO-1-mCherry (Fig. 8A). The areas of accumulation of 

EGFP-Myo1eD3094-7 upon proteasomal inhibition lined up with ZO-1-mCherry, 

even though this protein exhibited a lower enrichment index than Myo1eWT 

(mean=1.26±0.27, which is >1 but <3), indicating that proteasomal inhibition can 

partially restore Myo1eD3094-7 localization to cell-cell junctions (Fig. 8B). To test if 

the Myo1eD3094-7 dissociation/protein exchange at the cell-cell junctions is 

restored or affected by proteasomal inhibition, FRAP at the cell-cell junctions was 

performed in the Myo1eD3094-7 expressing podocytes after MG-132 treatment. 

Compared to the cells without MG-132 treatment, both the mobile fraction and 

recovery half times were decreased and were lower than those of Myo1eWT (Fig. 

8C). Overall, these results require further investigation to understand whether 

proteasomal inhibition has an impact on patients carrying Myo1eD3094-7.  



   
 

   
 

138 

3.6. Discussion 

This study characterized a variety of SRNS-associated Myo1e variants [4] 

with less genetic support of pathogenic probability using protein expression, 

junctional localization and dissociation. A summary is listed in Table 2. We have 

determined that Myo1eD185G and Myo1eR523W localize to cell-cell junctions but 

with less degree of enrichment compared to the Myo1eWT in Myo1e-KO 

podocytes. In addition, the protein expression and cell-cell junction localization of 

Myo1eD3094-7 is disrupted in both WT and Myo1e-KO podocytes, which is similar 

to the established deleterious mutation, Myo1eT119I. In contrast to Myo1eT119I, the 

junctional localization of Myo1eD3094-7 can be partially restored by proteasomal 

inhibition, which might shed new light on the development of therapies for this 

particular mutation. 

Myo1eD185G and Myo1eR523W are variants in the motor domain and both 

are conserved in vertebrate Myo1e. Because these two variants are not in the 

key elements for nucleotide binding and the patients are compound 

heterozygous mutations with biopsy information unavailable as shown in Chapter 

2 Supplementary Table 3, the interpretations of these variants are conflicting as 

summarized in Table 2 of this chapter. In addition, the contradicting prediction 

and experimental results may be misleading in the case of compound mutations 

in autosomal recessive genes. To understand what the impact of these variant 

could be on the patients, we first interpret the results of each Myo1e variant by 

patient cases. 
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Case 1: The patient who carries Myo1eD185G is compound with 

Myo1eL822M, which is located in the TH1 domain. Myo1eD185G was initially 

determined as a likely benign variant based on allele frequency and the result of 

junctional localization (enrichment index>1) (Fig. 5&6). The detailed analysis of 

Myo1eL822M in podocytes has not been performed. As only Myo1eD185G was 

identified as a mutant with decreased protein expression (Fig. 2) and extended 

cell-cell junction dissociation (Fig. 7), it is necessary to continue the 

characterization of Myo1eL822M to determine if podocyte function is likely to be 

affected by Myo1eD185G/L822M expression. Although Myo1eL822M is in the PH motif 

region (763-864 a.a.) [29], L822 is not a conserved residue across Myo1a-h. 

Whether Myo1eL822M would change the interaction of Myo1e with the plasma 

membrane has not been tested. 

Case 2: The patient who carries Myo1eR523W mutation is compound with 

Myo1eD3094-7, which affects a part of the TH2 and the entire SH3 domain. 

Myo1eD3094-7 was first identified to be an unstable mutant due to its low protein 

expression level and absence from the cell-cell junctions. This result is supported 

by another group’s case report describing SRNS onset and histopathological 

features in the same patient, a 9-month old male with Myo1eR523W/D3094-7 variants, 

who showed FSGS and GBM thickening, features characteristic of Myo1e-

associated FSGS [30]. However, we could not identify any defects in Myo1eR523W 

in podocytes and no effects of the corresponding mutation on myo1 in fission 

yeast were observed (personal communication with Sarah Barger, unpublished 

data) other than that the junctional enrichment index is lower than for Myo1eWT in 
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both WT and Myo1e-KO podocytes. Whether the difference in the junctional 

enrichment index is a reliable indicator of defective protein functions is not clear 

at present. 

Case 3: Because the expression of Myo1eP1049H is a full-length protein 

and the patient with Myo1eP1049H was later identified with collagen IV mutation, 

which is shown to have direct correlation with glomerular dysfunction, 

characterization of this variant was ceased.  

For Myo1eD185G and Myo1eR523W, no major structural change was found 

and their junctional localization is preserved in the podocytes. Strangely, the 

expression level of Myo1eD185G is lower than Myo1eWT and no evidence of higher 

Myo1eD185G degradation was identified. The contradictory findings for Myo1eD185G 

and Myo1eR523W could be explained by the mutations resulting in minor functional 

defects in Myo1e with the podocytes still being functional in the homozygotes. 

However, if the patient’s genome is compounded with another deleterious allele, 

they could present with SRNS traits (such as proteinuria and foot process 

effacement) because of a higher level of Myo1e functional loss. Although Myo1e 

mutation associated SRNS is early onset, we cannot rule out the probability of 

late or adult onset. For instance, mutation in Podocin was first identified as 

associated with congenital or early onset SRNS accompanied with FSGS. 

PodocinR229Q was initially considered as a benign variant but sporadic cases of 

microproteinuria in populations with the PodocinR229Q variant have been reported. 

Recently, PodocinR229Q has been reconsidered as a causative mutation leading 

to late onset SRNS [31-33]. The less severe protein defects may be reflected as 
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an incompletely penetrant SRNS, with progression dependent on secondary 

factors, such as age and blood pressure increase. It would be intriguing to 

investigate the risk of SRNS in patients with Myo1eD185G/D185G or 

Myo1eR523W/R523W variants, as the information could be helpful to predict how 

soon or how severe their nephrotic syndrome will progress and take preventive 

measures [34]. In addition, to examine if the low level of Myo1eD185G in the WT 

podocytes is the result of mutant protein degradation due to the endogenous 

Myo1e abundance, testing the expression of Myo1eD185G in Myo1e-KO cells, 

such as Myo1e-KO podocytes and HAP-1 cells, will be helpful for the 

interpretation. 

Overall, our work shows that the analysis of junctional enrichment and 

protein exchange can reflect minor defects in Myo1e variants of uncertain 

significance (VUSs) that could possibly cause podocyte dysfunction, and 

junctional analysis readouts are more consistent than protein expression in 

different cell lines*. In addition, the unexpected finding of restoring the junctional 

localization of Myo1eD3094-7 may shed new light on the treatment of patients with 

Myo1e mutations in the tail domain. 

  

 
 
 
 
* Protein expression analysis of Myo1eT119I in Myo1e-KO podocytes (Figure 2 of Chapter 
2) and WT podocytes (Supplementary Figure 3 of Chapter 2) shows distinct protein 
expression and stability patterns. However, Myo1eT119I is not enriched in either Myo1e-
KO or WT podocyte junctions (Figure 3 of Chapter 2 and Figure 5 of Chapter 3). We 
hypothesize that the same protein expression and junctional enrichment pattern will be 
found in Myo1eA159P and Myo1eD3094-7 if a more complete analysis is performed. 
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Figure 1. Amino acid residues D185G and R523W in the Myo1e motor domain are 

conserved in vertebrate Myo1e. 

(A) Domain map of human Myo1e indicating the locations of the SRNS-

associated Myo1e mutations in the global cohort. Analysis of mutations labeled in 

black is reported in this chapter while mutations labeled in grey have been 
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discussed in the previously published papers. Mutations with protein expression 

and junctional enrichment analysis are labeled in bold (D185G, R523W and 

D3094-7), otherwise are in regular font (L822M and P1049H). (B-D) Alignment of 

myosin protein sequences for the regions containing D185G (B), R523W (C) and 

D3094-7 (D) residues. The long-tailed class 1 myosins are from species of 

Caenorhabditis elegans (worm), Dictyostelium discoideum (slime mold), 

Schizosaccharomyces pombe (fission yeast), and Saccharomyces cerevisiae 

(budding yeast). Myo1e from various species are from vertebrates, such as Mus 

musculus (mouse), Gallus gallus (chicken), Xenopus laevis (frog) and Danio rerio 

(zebrafish). We also include members of other myosin classes, specifically 

human non-muscle myosin 2a-c, 5a, and 6. The short-tailed class 1 myosin 

myo1E of D. discoideum is used for the rotamer analysis. (E) Ribbon diagram 

representation of the ADP-bound D. discoideum myo1E motor domain (PDB: 

1LKX) showing the residues I175 (yellow) and K524 (purple) that are equivalent 

to the human Myo1e residues D185 and R523. Their locations are shown relative 

to the back of key structural elements of the magnesium-binding site. The 

backbone of the myo1E structure is shown as a blue ribbon. P-loop is highlighted 

as a green ribbon. Switch-1 is highlighted as an orange ribbon. Switch-2 is 

highlighted as a cyan ribbon. Magnesium is highlighted in pink. D. discoideum 

myo1E residue numbers are shown. (F) A more detailed view of the I175 residue 

(yellow). Replacing I175 with G175 shows no molecular clashes. (G) A more 

detailed view of the K524 residue (purple). Predicted structure of the most likely 
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rotamers of W524 shows one of the likely rotamers clashes with a neighboring 

residue, T526, after rotamer and minimize structure analysis. 
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Figure 2. Steady state expression of mutant Myo1e in the WT podocytes. 

(A) Western blot analysis of the supernatants of WT podocytes expressing 

Myo1eWT, Myo1eT119I, Myo1eA159P, Myo1eD185G, Myo1eR523W and Myo1eD3094-7 at 

steady state (48 hours after transduction). (B) Quantification of band intensity in 
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A, normalized to Myo1eWT (mean±SD). (C) q-PCR quantification of the efficiency 

of the adenoviral delivery into podocytes in A. (D) Western blot analysis of the 

total cell lysates of WT podocytes expressing Myo1eWT, Myo1eT119I, Myo1eA159P, 

Myo1eD185G, Myo1eR523W and Myo1eD3094-7 at steady state. (E) Quantification of 

band intensity in D, normalized to Myo1eWT (mean±SD). (F) q-PCR quantification 

of the efficiency of the adenoviral delivery into podocytes in D.  (G) Quantification 

of band intensity in A&D, normalized to Myo1eWT (mean±SD). (H) The efficiency 

of the adenoviral delivery of EGFP-Myo1e constructs into podocytes in A&D was 

compared by performing quantitative PCR-amplification of the EGFP coding 

sequence, using viral DNA isolated from infected cells as a template. The values 

obtained for EGFP was normalized to genomic GAPDH and mutant values to 

those for the WT. (A&D) Blots were probed with the anti-GFP antibody. Dotted 

boxes indicate the major bands being quantified. Equal protein loading verified by 

Coomassie Blue staining. Lane M: Protein marker, lane W: Myo1eWT, lane T: 

Myo1eT119I, lane A: Myo1eA159P, lane D/G: Myo1eD185G, lane R: Myo1eR523W, lane 

D: Myo1eD3094-7.  (B,C&E-H) Data collected from 4-5 independent experiments. 

Asterisks indicate a significant difference from Myo1eWT as determined by one-

way ANOVA, **P≤0.01, ***P≤0.001 and ****P≤0.0001. Blots of Myo1eWT and 

Myo1eT119I are the same data set that have been shown in Chapter 2. 
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Figure 3. Effect of ribosomal inhibition on expression of mutant Myo1e in the WT 

podocytes. 

(A) Western blot analysis of total cell lysates of WT podocytes expressing 

Myo1eWT, Myo1eT119I, Myo1eA159P, Myo1eD185G, Myo1eR523W and Myo1eD3094-7 

treated with 20 µg/ml cycloheximide (CHX) or DMSO at indicated time course. 

Blots were probed with the anti-GFP antibody. Dotted boxes indicate the major 

bands being quantified. Equal protein loading verified by Coomassie Blue 

staining. (B) Myo1e protein levels after CHX treatment of the WT podocytes 

expressing EGFP-Myo1e constructs with indicated mutations. (C) Myo1e 

remaining protein levels after 1.5 hours CHX treatment as in (B).  EGFP-Myo1e 
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band intensity was normalized to that for the DMSO-treated cells and time=0 of 

each construct. Data collected from 1 independent experiment. Blots of Myo1eWT 

and Myo1eT119I are the same data set that have been shown in Chapter 2. 
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Figure 4. Effect of proteasomal inhibition on expression of mutant Myo1e in the 

WT podocytes. 

(A) Western blot analysis of total cell lysates of WT podocytes expressing 

Myo1eWT, Myo1eT119I, Myo1eA159P, Myo1eD185G, Myo1eR523W and Myo1eD3094-7 

treated with DMSO or 10 µM MG-132 for 4 (Exp.1) or 3 (Exp.2&3) hours. Blots 

were probed with the anti-GFP antibody. Dotted boxes indicate the major bands 

being quantified. Equal protein loading verified by Coomassie Blue staining. Lane 

M: Protein marker, lane W: Myo1eWT, lane T: Myo1eT119I, lane A: Myo1eA159P, 

lane D/G: Myo1eD185G, lane R: Myo1eR523W, lane D: Myo1eD3094-7. (B) Myo1e 



   
 

   
 

152 

accumulation level after MG-132 treatment of the WT podocytes expressing 

various EGFP-Myo1e constructs (mean±SD). Band intensity was normalized to 

that for the EGFP-Myo1eWT in DMSO-treated cells. Data collected from 3 

independent experiments. Asterisks indicate a significant difference from 

Myo1eWT or indicated controls as determined by one-way ANOVA, *P≤0.05. Blots 

of Myo1eWT and Myo1eT119I are from the same data set that was shown in 

Chapter 2. 
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Figure 5. Junctional localization analysis highlights localization differences 

between low-expression and stable Myo1e mutants in the WT podocytes. 

(A) Single confocal sections of WT podocytes co-expressing ZO-1-mCherry and 

EGFP-Myo1eWT, -Myo1eD185G or -Myo1eR523W. (B) Single confocal sections of WT 

podocytes co-expressing ZO-1-mCherry and EGFP-Myo1eT119I, -Myo1eA159P, or -

Myo1eD3094-7. (C) Bar graph of Myo1e enrichment at the cell-cell junctions 

(mean±SD). 8 Myo1eWT-, 15 Myo1eT119I-, 9 Myo1eA159P, 6 Myo1eD185G, 10 

Myo1eR523W, and 17 Myo1eD3094-7-expressing cells from 1 independent 

experiment were used for quantification. Asterisks indicate significant difference 
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in enrichment from the Myo1eWT as determined by one-way ANOVA, **P≤0.01 

and ****P<0.0001. (A&B) Yellow arrowheads indicate cell-cell junctions. Scale 

bar, 20 µm. 
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Figure 6. Junctional localization analysis highlights localization differences 

between low-expression and stable Myo1e mutants in the Myo1e-KO podocytes. 

 (A) Single confocal sections of Myo1e-KO podocytes co-expressing ZO-1-

mCherry and EGFP-Myo1eWT, -Myo1eD185G or -Myo1eR523W. (B) Single confocal 

sections of Myo1e-KO podocytes co-expressing ZO-1-mCherry and EGFP-

Myo1eD3094-7. (C) Bar graph of Myo1e enrichment at the cell-cell junctions 

(mean±SD). 8 Myo1eWT-, 10 Myo1eD185G-, 7 Myo1eR523W and 10 Myo1eD3094-7- 

expressing cells from 1 independent were used for quantification. Asterisks 

indicate significant difference from the Myo1eWT as determined by one-way 



   
 

   
 

156 

ANOVA, * P≤0.05 and ****P<0.0001. (A&B) Yellow arrowheads indicate cell-cell 

junctions. Scale bar, 20 µm. 
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Figure 7. Protein exchange of mutant Myo1e at the podocyte junctions. 

(A) FRAP curves (mean±SD) of Myo1eWT-, Myo1eT119I-, Myo1eD185G and 

Myo1eR523W-expressing Myo1e-KO podocytes. The intensity data were corrected 

for photobleaching and normalized to the pre-bleach intensities. (B) Graphs of 

mobile fraction and (C) recovery half-time of EGFP-Myo1eWT, Myo1eT119I, 

Myo1eD185G, and Myo1eR523W at cell-cell junctions at steady state. 13 Myo1eWT-, 

14 Myo1eT119I-, 13 Myo1eD185G and 23 Myo1eR523W-expressing cells from 1 to 2 

independent experiments were quantified.  (B&C) Box and Whisker plots indicate 

the median value, interquartile range, and full range of data points. Asterisks 

indicate significant difference from the Myo1eWT control as determined by one-
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way ANOVA, *P≤0.05 and **P≤0.01. For Myo1eWT and Myo1eT119I, the same 

data set as shown in Chapter 2 was used for this graph. 
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Figure 8. Rescuing D3094-7 localization to the podocyte junctions. 

(A) Merged single confocal sections of Myo1e-KO podocytes co-expressing 

EGFP-Myo1eD3094-7 and ZO-1-mCherry after 10 µM MG-132 treatment for 3 

hours. Dotted white boxes indicate the zoomed-in view shown in the lower 

panels. Yellow arrowheads point to podocyte junctions. Scale bar, 20 µm. (B) 

Quantification of junctional protein fluorescence intensity in A by line scan. Line 

scans of junctions without (B, left) and with (B, right) MG-132 treatment. Hollow 

circles indicate mean fluorescence intensity of ZO-1-mCherry and solid circles 

indicate mean fluorescence intensity of EFGP- Myo1eD3094-7 (mean±SD). 23 MG-

132 (-) cells and 43 MG-132 (+) cells from 1 independent experiment were 

quantified. (C) Graphs of mobile fraction (C, left) and recovery half-time (C, 
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right) of EGFP-Myo1eD3094-7 at cell-cell junctions without (no treatment) or with 

10 µM MG-132 treatment for 3 hours. Junctional FRAP was quantified from 14 

cells with no treatment and 15 cells with MG-132 treatment. Data from 1 

independent experiment. Box and Whisker plots indicate the median value, 

interquartile range, and full range of data points. Asterisks indicate significant 

difference from the Myo1eD3094-7 no treatment control as determined by one-way 

ANOVA, ****P<0.0001. 
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Supplementary Figure 1. Amino acid residues L822M and P1049H in the Myo1e tail 

domain are conserved in vertebrate Myo1e and P1049H is expressed as a full-

length protein in HEK293T cells. 

(A-B) Alignment of myosin protein sequences for the regions containing L822M 

(A) and P1049H (B) residues. The long-tailed class 1 myosins are from species 

of Caenorhabditis elegans (worm), Dictyostelium discoideum (slime mold), 
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Schizosaccharomyces pombe (fission yeast), and Saccharomyces cerevisiae 

(budding yeast). Myo1e from various species are from vertebrates, such as Mus 

musculus (mouse), Gallus gallus (chicken), Xenopus laevis (frog) and Danio rerio 

(zebrafish). We also include other myosin classes, including human non-muscle 

myosin 2a-c, 5a, and 6. The short-tailed class 1 myosin myo1E of D. discoideum 

is used for the rotamer analysis. (C) Western blot analysis of the total cell lysates 

of HEK293T cells expressing Myo1eWT and Myo1eP1049H at steady state. Blots 

were probed with the anti-GFP antibody. Dotted boxes indicate the major bands 

being quantified. Equal protein loading verified by Coomassie Blue staining. Lane 

M: Molecular weight markers, lane N: non-transfected, lane W: Myo1eWT, lane P: 

Myo1eP1049H. 2 independent experiments were performed. 
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Table 1. The allele frequency of Myo1e variants in multiple databases 
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Table 2. Summary of predictions and assays in this chapter 
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The main goal of the research project described in this thesis was to 

characterize the SRNS-associated Myo1e mutant protein functions and further 

investigate the mechanisms by which replacement of WT Myo1e with pathogenic 

Myo1e mutants leads to podocyte injury. This thesis covers the quantitative 

studies of mutant Myo1e localization and dynamics at the cell-cell junctions and 

clathrin-coated vesicles of podocytes as Myo1e functions in these two subcellular 

structures. In addition, we were able to, for the first time, demonstrate the in vitro 

motility of human Myo1e and ATPase activity of a mutant Myo1e. However, 

many follow-up questions pertaining to the expression, regulation, and activity of 

mutant Myo1e as well as the potential treatments for Myo1e mutation-associated 

SRNS require further investigation. Below is the discussion of our findings and 

the topics that could be followed up on in the future. 

4.1. The building of a pipeline for Myo1e mutation characterization  

Employing variants with high pre-test pathogenic probability without an 

established causal role (T119I, D388H, and D3094-7) and missense variants with 

less genetic and bioinformatics support (D185G and R523W), we have 

established an experimental procedure to characterize Myo1e variants reported 

by clinicians, which can be the foundation of developing a standard pipeline for 

examining whether a variant of uncertain sequence (VUS) in Myo1e is a neutral 

or pathogenic mutation. However, various types of controls other than Myo1eWT 

are required in order for the pipeline to meet the gold standard, such as inclusion 

of an established pathogenic variant (A159P or Y695X) and a few true benign 

missense variants [1]. Continuous collection and characterization of Myo1e 
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mutations from clinical observation will not only fill the gap in family history but 

also help to curate the population [2, 3] and computational predictions as well as 

improve the precision of treatment in Myo1e mutation linked-SRNS [4]. In the 

long-term, simplifying the procedures for characterizing Myo1e variants to 

prevent a prolonged time gap in collecting in vitro evidence will be useful for 

assisting genetic diagnosis of Myo1e-associated mutations in SRNS patients. For 

example, since deleterious Myo1eT119I and Myo1eD388H mutations exhibit either 

lack of junctional localization or dissociation, one should consider if testing 

junctional enrichment and dissociation would be sufficient to differentiate 

pathogenic and neutral Myo1e variants. However, whether this simplified pipeline 

is sensitive enough to detect possible hypomorphic variants, which cause less 

severe SRNS, should be evaluated as we did not find any junctional abnormality 

in Myo1eR523W but the patient with Myo1eR523W/D3094-7 has shown FSGS. 

Additionally, the junctional dissociation was slowed down in Myo1eD185G while 

Myo1eD185G is predicted as a likely benign variant. 

4.2. Mutant Myo1e protein stability and regulation 

In the current analysis of mutant Myo1e expression, Myo1eA159P, Myo1eT119I, 

Myo1eD185G, and Myo1eD3094-7 are variants that are prone to degradation in the presence 

of endogenous Myo1e (such as wild-type podocytes and HEK293T cells). However, only 

Myo1eT119I was further tested and found to have full-length and stable expression in 

Myo1e-KO podocytes. It is unknown whether the individuals carrying Myo1eT119I/+ are 

expressing only the protein encoded by the more common MYO1E allele (or so-called 

wild-type allele, indicated as “+”) while their T119I is degraded, or whether both wild-type 

and variant proteins are co-expressed. The abundance of full-length T119I in patients 
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with Myo1eT119I/T119I is also unknown. Finally, whether the protein expression and stability 

of Myo1eA159P, Myo1eD185G, and Myo1eD3094-7 are similar to the endogenous/functional 

Myo1e variants also needs clarification. Answering these questions can help develop 

strategies to restore Myo1e function in podocytes, such as using chemical chaperones 

to stabilize the mutant Myo1e or proteasomal inhibitors to increase protein availability in 

the cells [5, 6].  

The fact that Myo1eT119I is accumulated with MG-132 treatment in WT podocytes 

and HEK293T cells (Chapter 2 Supplementary Fig. 3) led us to ask whether Myo1eT119I 

is undergoing proteasomal degradation regulated by ubiquitination. The ubiquitin-

proteasome pathway (UPP) is a major mechanism for cells to turn over their intracellular 

proteins [7, 8]. Labeling the misfolded/damaged proteins with ubiquitin chains allows 

proteasome to selectively eliminate these proteins and maintain homeostasis in the cells 

(the quality control mechanism) [9]. Immunoprecipitation and Western blotting were 

performed to detect the ubiquitin on Myo1eT119I in WT and Myo1e-KO podocytes. 

However, the results were inconclusive in each cell type and experiment (Data not 

shown), which prevented us from further characterization of Myo1e ubiquitination using 

proteomics, such as dissecting the residues of ubiquitination or which ubiquitin ligase 

subtype is involved. To understand the regulation of mutant Myo1e degradation, careful 

literature research and extensive communications with the experts on the subject 

(protein degradation and proteomics) should be done before continuing these 

experiments. In addition, using proteomics to analyze the protein compositions of pellets 

in the mutant Myo1e expression cells after MG-132 treatment may answer whether the 

proteins are undergoing chaperone-mediated pathways or proteasome degradation 

(Chapter 2 Supplementary Fig. 4). Another debate on Myo1e mutant degradation is 

whether it is the result of cell line variation since Myo1e-KO podocytes are independently 

derived from Myo1e-KO mice and may be distinct from the WT podocyte cell line in 



   
 

   
 

169 

terms of chaperone or proteasome activity. To resolve this concern and solve the 

question of how endogenous Myo1e affects stability of mutant Myo1e, expressing the 

unstable mutant constructs (such as T119I, D185G, and D3094-7) using haploid HAP-1 

(WT and Myo1e-KO) cells may be useful and may help explain the disparities we 

observed in the WT and Myo1e-KO podocytes. 

4.3. Cell-cell junctions 

When Myo1e mutations were first identified in SRNS patients, the 

cytosolic mislocalization of CD2AP with the expression of Myo1eA159P was 

observed, whereas these two proteins are partially co-localized in proximity with 

the plasma membrane when wild-type Myo1e is expressed in the podocytes [1, 

10]. CD2AP is a scaffold protein connecting Nephrin and Podocin with actin 

filaments in slit diaphragms [11, 12]. Whether Myo1e interconnects with CD2AP 

near the cell surface is unknown, and, therefore, whether the complex plays a 

role in regulating slit diaphragm integrity, including modulating Nephrin turnover 

and conducting the signaling cascade for podocytes to adapt to fluid force in the 

process of renal filtration, is also unknown. Although the (protein) expression of 

Nephrin and Podocin is not affected by Myo1eA159P in the podocytes, it is unclear 

whether their localization to slit diaphragms is affected. It is shown that mutations 

in Nephrin and Podocin normally lead to failure of their protein trafficking from the 

ER to the cell surface [5, 13]. If the slit diaphragm proteins are mislocalized due 

to mutant Myo1e expression, targeting the slit diaphragm protein restoration on 

the cell surface could slow down the disease progression. This emphasizes the 

need to understand the interplay of Myo1e and the slit diaphragm 

transmembrane proteins. Following this rationale, we had previously attempted to 
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measure the transcellular permeability to albumin and trans-epithelial electrical 

resistance (TEER) in podocytes. To test whether loss of Myo1e function at the 

junctions could directly result in leaky cell-cell junctions. Unfortunately, the high 

variability observed in these assays precluded us from directly measuring these 

metrics of junctional integrity (Data not shown). Eric Plante has successfully 

applied Electrical Cell-Substrate Impedance Sensing (ECIS) to demonstrate a 

differential current flow through the cell-cell junctions of WT and Myo1e-KO 

mouse breast cancer-derived Py230 cells [14], which suggests that this method 

can be utilized in podocytes. In addition, developing stable podocyte cell lines 

expressing mutant Myo1e constructs should be considered once this 

transepithelial assay is set up. 

In osteoclasts and MKN1 (a gastric cancer cell line), Myo1e is 

sequestered by SH3P2 in the cytosol, which prevents Myo1e from being 

transported to the membrane-cytoskeleton interface, and thus cell-cell contact is 

inhibited [15, 16]. Conversely, by releasing Myo1e from SH3P2 binding, 

lamellipodia formation is triggered, and the cell spreads. If this protein 

sequestering mechanism is applied to podocytes, it will be intriguing to 

investigate if Myo1eT119I in the Myo1e-KO podocyte maintains its connection with 

SH3P2 (i.e. whether the complex with SH3P2 is the reservoir of Myo1e in 

podocytes), as this binding only requires the Myo1e tail region, which can explain 

why full-length Myo1eT119I is preserved instead of being degraded by 

proteasomes as well as why Myo1eT119I does not localize to junctions and 

clathrin-coated vesicles. It would also be important to determine whether the 
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motor domain mutations may influence the tail domain binding to SH3P2, which 

will require evidence to make further hypotheses on this subject, such as the 

autoinhibition of Myo1e. 

In a preliminary characterization of the function of the Myo1e tail domain 

at the cell-cell contacts, Myo1eTAIL has been shown to localize to cell junctions 

with a decreased dissociation rate while the full-length Myo1e is dynamically 

exchanged in and out of the junctions. This suggests the Myo1e motor domain 

may regulate the protein interactions of the tail domain at the cell-cell junctions or 

affect tail domain trafficking (Appendix 1). Following this result, the interaction of 

truncated Myo1e motor and tail domains was tested via pulling down Myo1eTAIL 

from HEK293T cell lysates where it was co-expressed with Myo1eMOTOR 

(Appendix 1). However, more conclusive experiments are needed, including 

directly testing the interaction of these two proteins using baculovirus 

synthesized Myo1eMOTOR with the quantitative measurements of protein binding 

[17]. Following this rationale, testing if the Myo1eD388H motor has failed to bind to 

Myo1eTAIL will fill in the gap of why Myo1eD388H still localizes to and exhibits 

activities at cell-cell junctions and CCVs. 

4.4. Clathrin-dependent endocytosis 

Domain-truncated Myo1e constructs (TH1, TH2, SH3, and their 

combinations) have been investigated with regard to their localization and 

dynamics at the cell-cell junctions [18-20]. However, whether Myo1e domain 

truncated constructs can localize to or change the activities of clathrin-coated 

vesicles has not been fully investigated. In this thesis, Myo1eTAIL (the dominant-

negative and full-length tail) was tested for its influence on endocytic vesicle 
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localization and activities in podocytes (Appendix 1). Similar to the observation 

of this construct’s junctional localization, Myo1eTAIL retains its association with 

CCVs but no dramatic lifetime alteration was observed. Testing whether the 

constructs that remain enriched at the cell-cell junctions (e.g. Myo1e-DSH3 and 

Myo1e-TH1TH2) [18] still support CCV activities will be important to dissect the 

essential elements of Myo1e contributing to endocytosis. 

Based on yeast models, long-tailed myosin 1 is considered a membrane-

actin linker where the motor domain moves along the actin filament driving 

membrane deformation but may also help recruit actin nucleators or promote 

actin polymerization [21]. To test whether Myo1e affects actin recruitment to the 

CCVs, we used Lifeact or siR-actin (the fluorophore-conjugated jasplakinolide) to 

image F-actin at the CCVs in live cells. However, we found that CCV-associated 

actin was not efficiently labeled by the reagents tested, likely due to low 

efficiency of Lifeact and siR-actin binding to the rapidly assembling, transient 

actin structures [22, 23]. Staying up to date about the development of new actin 

labeling tools will be key for achieving our goals of observing actin dynamics in 

the endocytic structures of mammalian cells [24].   

To perform a functional test of clathrin-dependent endocytosis, we 

measured the uptake of transferrin, a prototypical clathrin-dependent endocytic 

cargo, in podocytes. However, mouse podocytes did not take up either human or 

mouse transferrin. Using CCV isolation and subsequent proteomic analysis, a list 

of CCV cargo proteins in mouse primary podocytes has been identified, including 

b1 integrin and fibronectin [25]. Since Myo1e is identified as participating in focal 
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adhesion disassembly in cancer cells (Michael Garone’s thesis) and Myo1e 

deficiency leads to GBM thickening in patients with SRNS [1, 26], testing whether 

Myo1e-KO podocytes are deficient in b1 integrin and fibronectin internalization 

will be impactful in dissecting the mechanism of Myo1e mutations leading to 

SRNS and/or FSGS [27, 28]. Eventually, a proteomic investigation of Myo1e-

associated CME cargos and regulators/adaptors in podocytes will help to 

understand the protein network of Myo1e in CME and facilitate the development 

of a functional uptake assays in the glomerular filtration system. For example, 

using BioID to biotinylate Myo1e interactors in podocytes and identifying the 

biotinylated proteins by mass spectrometry may be informative [29]. Building the 

Myo1e interactome may reveal early endocytic protein coordination with Myo1e 

for membrane invagination or endocytic coat assembly [30, 31]. Most importantly, 

we should revisit the WT and Myo1e-KO mouse kidney sections (or even 

Myo1eT119I/T119I patient samples) with EM to quantify if the CCV density is 

reduced when Myo1e is deficient, these results will bring clinical significance to 

this podocyte project. 

4.5. Focal adhesions and GBM 

Although there is some evidence that Myo1e participates in focal adhesion 

and ECM remodeling [32], and patients with MYO1E mutation-associated SRNS 

exhibit thickened GBM [1, 26, 33], a detailed quantification of GBM composition 

in the age-matched WT vs. Myo1e-KO mice or healthy individuals vs. SRNS 

patients with MYO1E mutations has never been performed. Proteomics analysis 

of GBM components may be an ideal approach for the answers as Dr. Rachel 
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Lennon’s lab has developed protocols to isolate human GBM and perform mass 

spectrometry [34]. Following these results, whether the differential deposition of 

GBM components in the healthy and diseased samples results from defects in 

podocytes or glomerular endothelial cells needs to be dissected. 

4.6. Conclusions 

We have pushed the boundaries of understanding the mechanisms of 

Myo1e defects which lead to SRNS/FSGS by characterizing a variety of genetic 

variants identified in patients using protein expression, quantitative image 

analysis, and biochemistry methods [35-37]. Thus, this thesis is laying the 

stepping stones for future investigations on the interplay of Myo1e, slit 

diaphragms, and CCVs that will lead to building a pipeline to identify pathogenic 

Myo1e mutations as well as to develop therapeutic strategies regarding MYO1E 

and associated gene mutations. 
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AP1.1. Abstract 

Background Non-muscle myosin 1e is one of the long-tailed mammalian class-I 

motor proteins, which is involved in multiple activities in the cells. Myo1e loss of 

function leads to SRNS while expression of Myo1e promotes tumor progression, 

which highlights the importance of understanding the regulation of Myo1e 

activities. In our previous study, Myo1eD388H retained endocytic activities while 

Myo1eTAIL acted as a dominant-negative molecule, suggesting the influence of 

the motor domain on the activities of tail domains. In this study, we set out to 

examine the regulation of Myo1e motor domain to tail as well as to test the 

possibility of intramolecular inhibition of Myo1e. 

Methods Using a transferrin uptake assay and TIRFM, we analyzed the 

endocytic activities of Myo1eD388H and Myo1eTAIL as well as an engineered rigor 

mutation (Myo1eN164A) in HeLa cells and Myo1e-KO podocytes. FRAP was 

performed to test the effect of protein exchange when Myo1e motor is truncated 

and to test Myo1e intramolecular interaction by co-immunoprecipitation of 

Myo1eTAIL and Myo1eMOTOR.  

Results While the assembly of clathrin coats is accumulated, Myo1eN164A 

exhibits prolonged CCV lifetimes and Myo1eTAIL promotes short-lived CCVs, 

showing that a functional motor domain is essential for a successful endocytosis. 

While Myo1eTAIL showed normal localization and duration of association to CCVs, 

its protein exchange at the cell-cell junction is inhibited, suggesting Myo1e 

dynamics in cell-cell contacts is motor domain regulated. A weak interaction of 

Myo1eTAIL and Myo1eMOTOR was demonstrated in the pull-down assay. 
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Conclusions We demonstrated the differential effects of Myo1e motor domain 

on endocytosis.  Although the results indicate the interaction of Myo1e motor and 

tail domains, a more careful experimental design is required to complete this 

project. 
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AP1.2. Introduction 

Myo1e is a single-headed motor protein that is widely expressed in a 

variety of human and mouse cells [1] and has been shown to play multiple roles, 

including clathrin-mediated endocytosis [2-4], junctional regulation [5], 

invadosome dynamics [6], adhesion stabilization [7, 8] and phagocytosis [9]. 

Myo1e contains a motor domain which is responsible for actin binding and 

catalyzing ATP to generate force and move along actin filaments, a regulatory 

neck region that binds calmodulin for the power stroke and a protein binding tail 

domain, which is further divided into tail homology 1 (TH1), TH2 and Src 

homology 3 (SH3). The TH1 domain harbors a PH motif that binds to the plasma 

membrane, TH2 is a proline rich domain and binds to F-actin in an ATP-

independent manner [10-12] while the SH3 domain interacts with various protein 

partners, such as ZO-1, dynamin and synaptojanin [2, 5]. While Myo1e TH1-TH2 

domains have been shown to determine the cell-cell junction localization of 

Myo1e molecules in the cells [5], the effects of the Myo1e motor domain on the 

tail and the subcellular compartmental localization or activity of Myo1e has never 

been analyzed.  

Mutations of Myo1e are associated with SRNS, which leads to pediatric 

proteinuria (excessive protein in the urine, mainly albumin) due to the collapsing 

of foot processes of the glomerular epithelial cell (podocyte) and the thickened 

glomerular basement membrane (GBM). In contrast, a high expression level of 

Myo1e is associated with a decreased survival rate in patients with basal breast 

cancer [13]. In mouse breast cancer, Myo1e is shown to be a factor of tumor 

promotion and progression, while Myo1e knockout delays breast tumor 
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progression and suppresses lung metastasis but does not inhibit tumor formation 

[14]. Because the mechanism of Myo1e regulation of ATPase and motor activity 

is unclear, finding solutions to inhibit Myo1e activity for treating Myo1e 

overexpression related cancer is challenging. In non-muscle myosins, ATPase 

activity of Myo5, Myo7 and Myo10 have shown to be inhibited by their own tail 

domains [15-18]. The autoinhibition of Myo1e was first shown in rat Myr3 

(equivalent to human Myo1e), where the truncation or antibody inhibition of 

Myo1e tail leads to an ATPase activity increase in the motor [19]. Whether this 

observation indicates the direct inhibition of Myo1e motor by its tail domain 

remains unknown. In this chapter, we will discuss our preliminary findings on the 

regulation of Myo1e motor activity by tail domain in terms of CCV activities and 

intramolecular interaction. 

Based on the junctional protein exchange of Myo1eD388H (Figure 3 in 

Chapter 2), we initially hypothesized that Myo1eD388H was a rigor mutant (such as 

the engineered Myo1eN164A), which binds to actin filaments without releasing. 

Although showing lower ATPase activity than Myo1eWT, Myo1eD388H has been 

found to dissociate from actin in an ATP-dependent manner. In addition, 

Myo1eD388H has been shown to inhibit actin sliding, which explains the increased 

CCV density. The intensity of Myo1eD388H-expressing podocytes could be the 

result of Myo1eD388H failing to move actin filaments for CCV scission from the 

membrane. Therefore, Myo1eD388H is characterized as a loss of function (motor 

dead) mutant and we hypothesize that the tail domain of Myo1eD388H retains the 

activities of protein recruitment and branched actin initiation to the clathrin-coated 
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pits, which could be the result of loss of interaction of motor and tail domain. To 

test this hypothesis, we characterized the localization and activity of Myo1eTAIL in 

CCVs and junctions. Meanwhile, Myo1eN164A is included in the CCV experiments 

to understand the effect of rigor mutation on CCVs. Further, co-

immunoprecipitation of Myo1e tail and motor domains was performed to test the 

intramolecular interaction of Myo1e. 

AP1.3. Materials and Methods 

HeLa cell culture and transferrin uptake. HeLa cells grown in low glucose 

DMEM with 10%FBS, 1% antibiotic-antimycotic were plated on 18 mm coverslips 

in 12-well plates for transferrin uptake assays. When cells reached 60-70% 

confluence, 1µg N-terminally-tagged EGFP-Myo1e constructs were transfected 

into the cells following the protocols of Lipofectamine 3000 (Invitrogen). After 24 

hours of transfection, HeLa cells were starved for 30 minutes in serum free low 

glucose DMEM and 50 µg/ml Alexa-568-transferrin were added into the cells in 

complete culture medium for 15 minutes. The HeLa cells were washed with warm 

DMEM to remove unbounded transferrin and fixed. Confocal microscopy was 

used for imaging. 

Podocyte culture. Conditionally immortalized Myo1e-KO podocytes were 

derived from the Myo1e-KO mice as described [5, 20]. Podocytes were grown on 

collagen I (Corning #354236) coated culture dishes in RPMI-1640 with 10%FBS, 

1% antibiotic-antimycotic, and 50 µg/ml interferon-g (EMD Millipore # 407303) at 

33ºC with 5% CO2. For differentiation, podocytes were cultured at 37ºC without 

interferon-g [21, 22]. Podocytes were differentiated for 10 days prior to adenoviral 
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transduction for protein analyses and live-cell imaging following previously 

described transduction procedures [23].  

Constructs. Point mutation, N164A, was introduced into the wild-type human 

Myo1e in the pEGFP-C1 vector using QuikChange Lightning Site-Directed 

Mutagenesis Kit (Agilent Technologies #210519) [2, 24], and it was used for 

subcloning into the pAdEasy adenoviral vector and packaged into recombinant 

adenoviral particles as described [5, 23]. To differentiate Myo1e Motor and Tail 

domains in the Co-IP experiment, a Spot-tag peptide (PDRVRAVSHWSS) 

derived from b-catenin was introduced into Myo1e Tail construct for magnet 

pulling down (Spot-Trap Magnetic Agarose, Chromotek). The truncated Myo1e 

Tail construct was PCR amplified from pFastBac/FLAG-Spot-GFP-Myo1eTAIL (a 

construct designed for baculoviral expression system for other experiments) 

using primers Age1_FLAG_F 

(CGCTAGCGCTACCGGTATGGACTACAAGGACGACGATG) and 

BamH1_Avi_R (TAGATCCGGTGGATCCCTATTCGTGCCATTCGATTTTCTG). 

The amplified Myo1e Tail fragment was inserted into Age1 and BamH1 digested 

pEGFP-C1-Myo1eTAIL vector to replace the EGFP-Myo1eTAIL fusion protein using 

In-Fusion kit (TaKaRa #638910). 

HEK293T cell culture, transfection and co-immunoprecipitation (Co-IP). 

HEK293 were grown in high glucose DMEM with 10%FBS and 1% antibiotic-

antimycotic at 37ºC with 5% CO2. 106-107 HEK293T cells were plated onto P100 

for attachment overnight. Myo1e Motor (pEGFP-C1/M1Emotor-IQ) and Tail 

(pEGFP-C1/FLAG-Spot-GFP-M1Etail-GGG-Avi) domain-containing constructs 
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were transfected into HEK293T cells using Lipofectamine 3000 following the 

manufacturer’s instructions. Cells were harvested by scraping in culture medium 

and washed with 1´ PBS twice. Centrifugation was applied during each medium 

removal and PBS wash to collect cells (3000 rpm/ 1400 rcf for 3 minutes). The 

pelleted cells were lysed in NP-40 lysis buffer (10 mM Tris/Cl pH 7.5, 150 mM 

NaCl and 0.5 mM EDTA, 0.5 % NP-40, adjust the pH at +4°C) with protease 

inhibitors (Thermo Scientific #A32965). Spot-tagged Myo1e tail domain and 

EGFP-Myo1e motor domain were co-immunoprecipitated using Spot-Trap 

Magnetic Agarose (ChromoTek) following the manufacturer’s instructions. 

Immunoblotting (IB) and Coomassie staining. The co-immunoprecipitated cell 

fractions were then boiled with Laemmli sample buffer and separated on 10-20% 

gradient SDS-PAGE gel, followed by transfer to PVDF. Membranes were blocked 

in 5% milk in TBST for 1 hour at room temperature. The primary antibody, rabbit 

anti-GFP (ThermoFisher Scientific #A6455), was diluted (1:2000) in 5% milk in 

TBST and incubated with the membranes overnight at 4ºC. The next day, the 

membrane was washed 3 times for 5 minutes in TBST. The secondary antibody, 

goat anti-rabbit conjugated with HRP (Jackson ImmunoResearch), was diluted 

(1:5000) in 5% milk in TBST and incubated with the membranes for 1 hour at 

room temperature. Chemiluminescence was detected using WesternBright 

Quantum (Advansta) and imaged on a BioRad ChemiDoc imaging system. To 

verify that total protein amounts (determined for each gel lane using Fiji) were 

equal between the samples loaded onto each gel, each set of lysate samples 

was separated by SDS-PAGE and stained with Coomassie Blue. 
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Podocyte culture for live-cell imaging. 5X103 podocytes were plated onto 

collagen IV (Corning #356233) coated 35mm glass-bottom MatTek (MatTek 

#P35G-15-14-C) for differentiation for 10 days. At day 10, podocytes were 

infected with recombinant adenoviruses. After 24 hours of adenoviral 

transduction, podocytes were washed with warm RPMI media 3 times and 

observed using confocal or total internal reflection fluorescence (TIRF) 

microscopy. 

TIRF microscopy. For clathrin-coated vesicle analysis, the cells were imaged 

using a TIRF illumination setup (Nikon) mounted on a Nikon Eclipse TE-2000E 

inverted microscope equipped with a perfect focus system (Nikon), a Nikon Apo 

TIRF 100X (1.49 N.A.) oil objective and Prime 95B camera (Photometrics) and 

controlled by NIS-Elements software. An environmental enclosure was used to 

maintain cells at 37ºC. During imaging, cells were maintained in RPMI 

supplemented with 10% FBS and 1% antibiotic-antimycotic solution or in imaging 

buffer (136mM NaCl, 2.5mM KCl, 2mM CaCl2, 1.3mM MgCl2, and 10mM HEPES 

[pH 7.4]). Both 488nm and 561nm laser power were set at 60%. Images were 

acquired every 5 seconds for 6 minutes, with exposures of 200ms or 800ms for 

the 561nm and 800ms for the 488nm wavelength. 

Endocytic vesicle detection and tracking. Quantification of the clathrin-coated 

vesicle (CCVs) and Myo1e co-localization (Fig. 1A&B), density (Fig. 2C), peak 

intensity (Fig. 2D) and lifetimes (Fig. 3B-E) was performed using Imaris software 

(v. 9.7.1, Bitplane Inc.). The procedures of automatic CCVs and Myo1e detection 

and analysis using Imaris were described in Chapter 2. Only tracks that 
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appeared from the first to the last frame (stable CCVs) as well as appeared and 

disappeared (dynamic CCVs) during the image acquisition (72 or 73 frames, 6 

minutes) were subjected to lifetime analysis [25, 26].  

Endocytic vesicle data analysis. CCV intensity (Fig. 2D), lifetimes (Fig. 3B&C), 

and association duration (Fig. 2D&E) data collected from Imaris were then 

rearranged using Python code (https://github.com/fomightez/pjl), relying mainly on 

the Pandas module; the scripts were generously implemented by Wayne A. 

Decatur and provided within active Jupyter-based sessions served via 

MyBinder.org. For the association duration (Fig. 3D&E), the total frames of a 

track and the frames with the CCV-Myo1e distance of £0.25 µm were counted. In 

the resulting list, if the total number of frames was £5 (abortive CCVs), the track 

was removed from further analysis. Lastly, to calculate the duration of the 

Myo1e-CCV contact, the number of frames where Myo1e was associated with 

the CCV was divided by the total number of frames. The values of each 

experimental group were moved to a list for statistical analysis. Last, 

identification of the CCVs that were only associated with Myo1e for a single 

frame was performed using C# code (https://github.com/opidopi/DataFilter) that 

was kindly created by Mr. Sean M. Lantry.  

Confocal microscopy. For cell-cell junction and fluorescence recovery after 

photobleaching (FRAP) analysis, images were taken using a Perkin-Elmer 

UltraView VoX Spinning Disk Confocal system mounted on a Nikon Eclipse Ti-E 

microscope and equipped with a Hamamatsu C9100-50 EMCCD camera, a 

Nikon Apo TIRF 60X (1.49 N.A.) oil objective, and controlled by Volocity 
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software. An environmental chamber was embedded to maintain cells at 37ºC. 

During imaging, cells were maintained in RPMI supplemented with 10%FBS and 

1% antibiotics-antimycotics.  

Fluorescence intensity and kymographs. Fluorescence intensity 

measurements for endocytic vesicle kymographs (Fig. 3A) and junctional FRAP 

(Fig. 4) were collected using Fiji [3, 5, 6, 27]. 

FRAP imaging and analysis. For photobleaching, a 488 nm argon laser with full 

power was used to bleach a 30´75 pixel ROI at the podocyte junctions. 5 frames 

of pre-bleaching images were collected at 1 frame/sec. Post-bleaching images 

were acquired using the 488 nm laser at 25% of laser power; the acquisition rate 

was set to 3 frames/sec for 1 min duration. Fluorescence intensity of the 

bleached area was measured over time and normalized relative to the 

background and a control region of interest (to correct for acquisition bleaching) 

as well as the pre-bleaching images. Lastly, the fluorescence intensity of the ROI 

at the first time point after bleaching was set to 0. The best-fit curve for 

fluorescence recovery was obtained using the exponential one-phase association 

model in Prism 8. The following equation was used: y=a(1−e−bx), where x is time 

in seconds. The half time of recovery was determined using b from the previous 

equation, where t1/2 = ln 0.5/−b. Analysis was performed on 16-bit images [6]. 

Statistical analysis. For multiple comparisons of the WT and mutants, data 

were analyzed using a one-way ANOVA with Tukey’s post-hoc test, with 

statistical significance set at p-value£0.05. All the statistical analyses and 

graphing were performed using GraphPad Prism software. 
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AP1.4. Results 

AP1.4.1. Myo1eD388H and Myo1eN164A are not dominant-negative mutants 

To test whether Myo1eD388H or Myo1eN14A resembles Myo1eTAIL exhibiting 

dominant-negative feature, HeLa cells expressing EGFP-tagged Myo1e 

constructs were used to determine the uptake of transferrin [2]. While Myo1eTAIL-

positive cells showed reduced internalization of transferrin, both Myo1eD388H and 

Myo1eN14A contained transferrin in the perinuclear area, indicating these two 

constructs did not act in dominant-negative fashion to disrupt the activity of 

endogenous Myo1e (Fig. S1). 

AP1.4.2. Expression of Myo1eN164A or Myo1eTAIL affects CCV intensity and lifetimes 

To test whether Myo1e localization to CCVs in podocytes is affected by 

Myo1eN164A and Myo1eTAIL, mCherry-tagged clathrin light chain (CLC-mCherry) 

and EGFP-tagged Myo1e constructs were co-expressed in KO podocytes and 

TIRFM was applied to image Myo1e and the CCVs at the plasma membrane 

(Fig. 1A). The extent of co-localization of Myo1e with CLC was determined by 

the % of all CLC-positive vesicles that were also Myo1e positive at the selected 

time point in cells expressing Myo1e constructs. Compared with Myo1eWT, 

neither the extent of CCV co-localization nor CCV density was changed in 

Myo1eN164A- and Myo1eTAIL-expressing cells (Fig. 1B&C), although the results 

could be complicated by the low number of mutant cells analyzed. To determine 

whether Myo1eN164A or Myo1eTAIL affects the recruitment of clathrin to the 

endocytic pits, CLC intensity in the CCVs that contained Myo1e was measured 

over time. Although at lower enrichment level than Myo1eD388H (12.4 A.U.) [28], 

the peak clathrin intensity was significantly increased in Myo1eN164A and 
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Myo1eTAIL-expressing KO podocytes compared with Myo1eWT (Fig. 1D), implying 

that Myo1eN164A and Myo1eTAIL may stabilize the CCV by increasing clathin coat 

assembly or inhibiting CCV scission. 

In the kymographs, Myo1eN164A formed longer-lived puncta associated 

with CCVs while the lifetimes of the puncta of Myo1eTAIL appeared shorter in 

contrast to Myo1eWT (Fig. 2A). To determine whether the expression of mutant 

Myo1e affects CCV assembly, maturation, and/or departure from the membrane, 

we tracked CLC and Myo1e in time-lapse series [3]. Tracking CLC-mCherry, we 

classified CCV lifetimes into abortive (£20 sec), productive (>20 sec but £90 sec), 

long-lived (>90 sec but £300 sec) and stable (>300 sec) [29]. Myo1eN164A-

expressing cells contained a dramatically higher fraction of stable CCVs while 

Myo1eTAIL contained a higher fraction of abortive CCVs than Myo1eWT (Fig. 2B). 

Subsequently, the lifetimes of CCVs that contained Myo1e were examined 

separately, and were characterized by a lower proportion of abortive CCVs and a 

higher proportion of long-lived and stable CCVs than the general CCV population 

(Fig. 2C). There was a further decrease in the productive CCV and an increase 

in the stable CCV populations among Myo1eN164A-positive CCVs compared to the 

Myo1eWT (Fig. 2C). In the Myo1eTAIL-expressing cells, the proportion of 

productive CCVs was increased but stable CCVs was decreased (Fig. 2C). We 

next measured the duration of Myo1e association with the CCVs as a fraction of 

each CCV’s lifetime and categorized the resulting values into quartiles. In the 

Myo1eN164A-expressing cells, the middle quartiles (between >25 and £75% of the 

CCV lifetimes associated with Myo1e) were elevated, while the lower quartiles 
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(containing £50% of the CCV lifetimes associated with Myo1e) were higher in the 

cells expressing Myo1eTAIL than Myo1eWT (Fig. 2D). To determine the effect on 

the duration of Myo1e association with CCVs, we excluded CCVs containing 

multiple Myo1e puncta visits from our analysis and re-analyzed Myo1e 

association for those CCVs that exhibited only a single event of Myo1e 

recruitment. With this analysis, Myo1eN164A was characterized as having a 

prolonged association with CCVs, while the association of the Myo1eTAIL was not 

significantly different from the Myo1eWT (Fig. 2E). Combing through Myo1e 

association fractions and CCV lifetime measurements shows that the retention of 

Myo1eN164A on CCVs did not improve CCV internalization, which is different from 

the Myo1eD388H, however, even the short association of Myo1eTAIL to CCVs is 

sufficient to support CCV scission from the membrane. Overall, our analysis 

indicates that the expression of Myo1eN164A or Myo1eTAIL increases CCV 

intensity. However, Myo1eN164A and Myo1eTAIL showed differential effects on 

CCV internalization with prolonged retention of Myo1eN164A on CCVs having 

limited effect on CCV internalization and Myo1eTAIL likely relying on multiple visits 

to the CCVs for a successful internalization. 

AP1.4.3. Myo1eTAIL exhibits decreased protein dissociation from the cell-cell 

junctions 

Given Myo1eD388H exchange in the cell-cell junctions is inhibited [28] and 

the fact that Myo1eTAIL still localizes to cell-cell junctions [5], we examined 

whether Myo1eTAIL is sufficient for Myo1e molecules retained at the cell junctions 

using fluorescence recovery after photobleaching (FRAP) analysis. In Myo1e-KO 

podocytes, Myo1eTAIL showed a reduced mobile fraction (Fig. 3A) and a 
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prolonged recovery half time (Fig. 3B), indicating that Myo1eTAIL may result in 

prolonged recruitment of Myo1e binding partners to the cell-cell junctions. 

AP1.4.4. Myo1eTAIL may regulate Myo1eMOTOR via intramolecular interaction 

To examine the direct interaction of Myo1eMOTOR to Myo1eTAIL, constructs 

of Myo1eMOTOR and Myo1eTAIL fused with their specific protein tags (Fig. 4A) 

were co-transfected into HEK293T cells for co-immunoprecipitation (Co-IP) 

assays. Magnetic agarose beads conjugated with antibody against Spot-tag were 

used to immunoprecipitate Myo1eTAIL (Fig. 4B). A weak interaction of Myo1eTAIL 

and Myo1eMOTOR was observed when the bound fractions were detected by anti-

GFP in Western blot analysis for Myo1eTAIL (77kDa) and Myo1eMOTOR (114kDa) 

(Fig. 4C). However, proper controls are needed to verify the results, such as 

Myo1eMOTOR precipitation to exclude the possibility of an interaction of magnetic 

beads with Myo1eMOTOR. Unfortunately, we were not able to reproduce the result 

with this Co-IP method in the following two duplicates because the wash steps of 

Spot-Trap protocol could disturb the equilibrium between reactants and products 

[30]. To detect the possible interaction product of Myo1eTAIL and Myo1eMOTOR in 

equilibrium state, the purified and concentrated Myo1eMOTOR from baculovirus 

expression system should be applied to Myo1eTAIL (immunoprecipitated from 

HEK293T lysates) pulldown experiment. If the result is as expected, motor dead 

mutants and non-specific binding motor proteins, such as Myo1eD388H and Myo3, 

should be included to verify the hypothesis. 

AP1.5. Discussion 

As evidenced in Chapter 2, the localization of Myo1eD388H to cell-cell 

junctions and CCVs is not interrupted by its motor dysfunction, which is similar to 
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the enrichment of Myo1eN164A and Myo1eTAIL (Motor domain is truncated) in cell-

cell junctions [5, 28, 31]. However, neither Myo1eD388H nor Myo1eN164A inhibits 

transferrin internalization in the cells containing endogenous Myo1e, suggesting 

that the motor domains of these two mutants have some extent of effect on their 

tails. Because Myo1e TH1-TH2 domains determine the junctional localization of 

Myo1e molecules, we cannot rule out the possibility that the localization of 

Myo1eD388H, Myo1eN164A and Myo1eTAIL is only contributed to by their TH1-TH2 

domains. However, upon analysis of CCV activities of the three Myo1e 

constructs, the distinctive nature of these Myo1e variants is shown, supporting 

the motor domain play a part when it comes to subcellular localization and 

activities. This result may provide information in designing Myo1e tail-targeted 

inhibitors, although more precise regions of motor and tail interaction and 

regulation need to be elucidated.  
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Figure 1. Myo1eN164A and Myo1eTAIL expression in place of Myo1eWT leads to 

changes in clathrin-coated vesicles (CCVs) peak intensity in podocytes. 

(A) TIRF images of Myo1e-KO podocytes co-expressing clathrin-light-chain-

mCherry (CLC-mCherry) and EGFP-Myo1eWT, -Myo1eN164A or -Myo1eTAIL. Yellow 

arrowheads point to Myo1e-containing CCVs. Scale bar, 20 µm. (B) Percent 

(mean±SD) of clathrin-coated vesicles that contain Myo1e puncta in KO 

podocytes in a single time point image. (C) Density (mean±SD) of clathrin-coated 



   
 

   
 

196 

vesicles (CCV puncta/µm2) in KO podocytes expressing Myo1e mutant 

constructs. (B-C) 35 Myo1eWT-, 8 Myo1eN164A- and 8 Myo1eTAIL-expressing cells 

from 1 to 3 independent experiments were quantified. (D) Peak fluorescence 

intensity (mean±SD) of the CCV tracks that contain Myo1e as measured by 

Imaris after local background subtraction. Mean value of each experimental 

group is shown. 28 Myo1eWT-, 8 Myo1eN164A- and 8 Myo1eTAIL-expressing cells 

from 1 to 3 independent experiments were quantified. The data of Myo1eWT in 

this figure is the same data set as in Chapter 2 Figure 4. 
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Figure 2. Myo1eN164A and Myo1eTAIL expression in place of Myo1eWT leads to 

changes in clathrin-coated vesicles (CCVs) lifetimes in podocytes. 

(A) Kymographs showing CCV density, dynamics and Myo1e recruitment in 

Myo1eWT-, Myo1eN164A-, and Myo1eTAIL-expressing KO podocytes. Scale bar, 

20µm. (B) Distribution of CCV lifetimes. (C) Distribution of the lifetimes of CCVs 

that contain Myo1e. (B-C) Lifetimes of CCVs were measured and categorized 
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into abortive (£20 sec, shown as ■), productive (>20 sec but £90 sec, shown as 

■), long-lived (>90 sec but £300 sec, shown as ■) and stable (>300 sec, shown 

as ■). (D) Duration of Myo1e association with CCVs expressed as a fraction of 

the CCV lifetime. Only subpopulations with the lifetimes >20s were analyzed. (E) 

Duration of Myo1e association with CCVs for the CCVs that exhibited only a 

single Myo1e association event and CCV lifetimes >20s. (D-E) Duration of 

Myo1e association was measured and categorized into quartiles (£25% of CCV 

track duration, shown as ■; >25 but £50% of CCV track duration, shown as ■; 

>50 but £75% of CCV track duration, shown as ■; >75% of CCV track duration, 

shown as ■). (B-E) Percent values of events are indicated on the bar plots. 28 

Myo1eWT-, 8 Myo1eN164A- and 8 Myo1eTAIL-expressing cells from 1 to 3 

independent experiments were quantified. Asterisks indicate a significant 

difference from Myo1eWT as determined by one-way ANOVA, *P≤0.05, **P≤0.01 

and ****P≤0.0001. The data of Myo1eWT in this figure is the same data set as in 

Chapter 2 Figure 4. 
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Figure 3. Junctional exchange of Myo1e requires the synergistic effects of the 

motor and tail domains. 

Graphs of mobile fraction (A) and recovery half-time (B) of EGFP-Myo1eWT and 

Myo1eTAIL at cell-cell junctions of Myo1e-KO podocytes at steady state. 25 

Myo1eWT and 45 Myo1eTAIL-expressing cells from 2 independent experiments 

were quantified. Box and Whisker plots indicate the median value, interquartile 

range, and full range of data points. Asterisks indicate significant difference from 

the Myo1eWT control as determined by Unpaired-t test, **P≤0.01 and 

****P<0.0001. 
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Figure 4. Myo1e tail interacts with its motor-IQ domain.  

(A) A diagram showing Myo1e truncated constructs used in the pulldown 

experiments. (B) A testing of Spot-Trap pulldown reaction. Western blot analysis 

of FLAG-Spot-GFP-tail (arrowhead, 77 kDa) being pulled down by Spot-Trap 

magnet agarose beads from the lysate of HEK293T cells. (C) Western blot 

analysis of Spot-Trap pulldown reactions using. FLAG-Spot-GFP-tail (arrowhead, 



   
 

   
 

201 

77 kDa) of Myo1e precipitated motor-IQ-GFP-Avi-FLAG (arrow, 114 kDa). (B-C) 

Blots were probed with the anti-GFP antibody. Asterisks indicate non-specific 

bands, which only exist in Myo1e-KO podocytes when blotting with anti-GFP. 

Equal protein loading verified by Coomassie blue stainings are shown on the 

right. Data from 1 experiment. 
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Supplementary Figure 1. Myo1eD388H and Myo1eN164A do not act as dominant-

negative mutants. 

(A) Confocal images of HeLa cells taking up fluorescent transferrin (Tnf) in the 

cells expressing EGFP-Myo1eWT, -Myo1eTAIL, -Myo1eD388H or -Myo1eN164A. 

Arrowheads indicate the EGFP-Myo1e transfected cells with transferrin vesicles. 

Scale bar, 20µm. 


