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Dynamin is an endocytic protein that functions in vesicle formation by scission of invaginated membranes. Dynamin maintains the structure of foot processes in glomerular podocytes by directly and indirectly interacting with actin filaments. However, molecular mechanisms underlying dynamin-mediated actin regulation are largely unknown. Here, biochemical and cell biological experiments were conducted to uncover how dynamin modulates interactions between membranes and actin in human podocytes. Actin-bundling, membrane tubulating, and GTPase activities of dynamin were examined in vitro using recombinant dynamin 2-wild-type (WT) or dynamin 2-K562E, which is a mutant found in Charcot-Marie-Tooth patients. Dynamin 2-WT and dynamin 2-K562E led to the formation of prominent actin bundles with constant diameters. Whereas liposomes incubated with dynamin 2-WT resulted in tubule formation, dynamin 2-K562E reduced tubulation. Actin filaments and liposomes stimulated dynamin 2-WT GTPase activity by 6- and 20-fold, respectively. Actin-filaments, but not liposomes, stimulated dynamin 2-K562E GTPase activity by 4-fold. Self-assembly-dependent GTPase activity of dynamin 2-K562E was reduced to one-third compared to that of dynamin 2-WT. Incubation of liposomes and actin with dynamin 2-WT led to the formation of thick actin bundles, which often bound to liposomes. The interaction between lipid membranes and actin bundles by dynamin 2-K562E was lower than that by dynamin 2-WT. Dynamin 2-WT partially colocalized with stress fibers and actin bundles based on double immunofluorescence of human podocytes. Dynamin 2-K562E expression resulted in decreased stress fiber density and the formation of aberrant actin clusters. Dynamin 2-K562E colocalized with α-actinin-4 in aberrant actin clusters. Reformation of stress fibers after cytochalasin D-induced actin depolymerization and washout was less effective in dynamin 2-K562E-expressing cells than that in dynamin 2-WT. Bis-T-23, a dynamin self-assembly enhancer, was unable to rescue the decreased focal adhesion numbers and reduced stress fiber density induced by dynamin 2-K562E expression. These results suggest that the low affinity of the K562E mutant for lipid membranes, and atypical self-assembling properties, lead to actin disorganization in HPCs. Moreover, lipid-binding and self-assembly of dynamin 2 along actin filaments are required for podocyte morphology and functions. Finally, dynamin 2-mediated interactions between actin and membranes are critical for actin bundle formation in HPCs.
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INTRODUCTION
Glomerular podocytes are highly differentiated epithelial cells that line the urinary side of the glomerular basement membrane. They participate in filtration of blood plasma to form primary urine. Podocytes have a complex architecture. They consist of major primary processes that branch to form secondary and tertiary foot processes. These secondary and tertiary branches interdigitate with those of neighboring podocytes to form and maintain the glomerular slit diaphragms (Pavenstädt et al., 2003). Foot processes of podocytes are mainly supported by the actin cytoskeleton, including actin bundles and cortical actin mesh structures (Sever and Schiffer, 2018). Proper regulation of the actin cytoskeleton is crucial for maintaining the unique morphology and the filtering function of podocytes.
Dynamins are endocytic proteins that form vesicles by fission of invaginated plasma membranes (Antonny et al., 2016). Dynamins are divided into three isoforms in mammals (Ferguson and De Camilli, 2012). Dynamin 1 is enriched in the brain, dynamin 2 is expressed in all cells, and dynamin 3 localizes to the brain, lung, and testis (Nakata et al., 1993). All dynamin isoforms contain an N-terminal GTPase domain, a middle domain (MD), phosphoinositide-binding pleckstrin homology (PH) domain, GTPase effector domain (GED), and C-terminal proline and arginine-rich domain (PRD) which interacts with variety of proteins containing the Src-homology-3 domain (Figure 1A; Ferguson and De Camilli, 2012). Crystallographically, the three α-helix of MD and the single α-helix in GED form four-helix bundle structure termed the “stalk”, which provides interface required for dimerization and self-assembly (Faelber et al., 2011; Ford et al., 2011). In unassembled dynamin, PH domain is at “closed” position, at which it is folded back onto the stalk preventing oligomerization of dynamin. Upon binding of dynamin to phosphatidylinositol (4,5) bisphosphate (PIP2) -containing membrane, the PH domain is displaced to “open” dynamin conformation capable of self-assembly (Srinivasan et al., 2016; Kong et al., 2018). Mutations in dynamin 2 gene cause autosomal dominantly inherited diseases, Charcot-Marie-Tooth disease (CMT) (Züchner et al., 2005), and centronuclear myopathy (CNM) (Bitoun et al., 2005), which are characterized by degenerative changes of peripheral nerves and muscles respectively. Although both CMT mutations and CNM mutations are mostly found in the PH domain, the two group of mutations are differentially located. While CNM mutations are present in PH domain-stalk interface, CMT mutations, including K562E used in this study, are located at the opposite side of PH domain implicated in membrane binding (Faelber et al., 2011; Tassin et al., 2021).
[image: Figure 1]FIGURE 1 | Expression of the dynamin 2 (Dyn2)-K562E mutant leads to the formation of aberrant actin bundles and a decrease in stress fiber density in human podocyte cells. (A) Domain structure of dynamin 2 and the location of the 555Δ3 and K562E mutations in rat dynamin 2. GTPase domain, MD = Middle Domain; PH = Pleckstrin Homology domain; GED = GTPase Effector Domain; PRD = Proline arginin-Rich Domain. (B) Alexa Fluor 488-phalloidin-labeled actin filaments in HPCs. HPCs were transfected with dynamin 2-WT (WT) (b), 555Δ3 (c), or K562E (d) expression constructs cloned into the pIRES-DsRed2 vector. Non-transfected cells (Controls) are shown in (a). White rectangular areas in the top panels correspond to enlarged images in the middle panels. Stress fibers are clearly observed in control and dynamin 2-WT-expressing cells. Note the reduction in actin bundles and stress fibers, and the presence of F-Actin clusters (red arrowheads) in K562E mutant-expressing cells (d). Dynamin-transfected cells were identified by DsRed2 expression (bottom panels). Actin clusters were shown by arrowheads. Scale bars: 20 μm in top and bottom panels and 3.6 μm in middle panels. (C) Stress fiber density in control HPCs and those expressing the various dynamin 2 constructs. Data are means ± S.E.M. of 33 cells (control), 101 cells (dynamin 2-WT), 39 cells (dynamin 2-555Δ3) or 105 cells (dynamin 2-K562E) from three independent experiments. (**p < 0.01). (D) Super-resolution microscopy images of V5-tagged dynamin 2-WT or K562E, and actin filaments (F-Actin) in HPCs processed by double-immunofluorescence. White squares in the overlay images correspond to the enlarged images on the right. Scale bars: 5 μm, 1 μm in enlarged panels. (E) Quantification of the colocalization of dynamin 2-WT or K562E, and actin filaments in HPCs. Data are mean ± S.E.M. of 51 cells in dynamin 2-WT and 50 cells in K562E from three independent experiments. For each sample, colocalization was determined in three randomly selected areas per cell (21 μm2). (***p < 0.001).
All dynamins function in endocytosis by participating in membrane fission (Antonny et al., 2016), and recognition of phosphoinositides by dynamin’s PH domain, especially, electrically polarised seven-stranded β-sandwich, is crucial for this function (Vallis et al., 1999). Dynamins are also involved in the regulation of the cytoskeleton. Dynamin directly or indirectly interacts with actin (Sever et al., 2013), and thus regulates actin dynamics in lamellipodia and dorsal membrane ruffles (Cao et al., 1998; McNiven et al., 2000), invadopodia (Baldassarre et al., 2003), podosomes (Ochoa et al., 2000), growth cones (Torre et al., 1994; Kurklinsky et al., 2011; Yamada et al., 2013), phagocytic cups (Gold et al., 1999; Otsuka et al., 2009), and filopodia of cancer cells (Yamada et al., 2016a). It is recently shown that dynamin helix bundles 12-16 actin filaments, and the dynamin-enriched actin bundle was present at the fusogenic synapse (Zhang et al., 2020).
Dynamin maintains the integrity and structure of the glomerular filtration barrier by regulating actin and microtubule cytoskeleton in addition to endocytosis. Podocyte-specific double knockouts of dynamin 1 and dynamin 2 in mice result in severe proteinuria and renal failure, which are caused by the disruption of glomerular slit diaphragms (Soda et al., 2012). In addition, a reduction in cellular dynamin levels by cathepsin L expression causes proteinuria in mice (Sever et al., 2007). Dynamin has been implicated in the turnover of nephrin on the surface of podocyte foot processes via endocytosis (Soda et al., 2012). Dynamin 1 in podocyte is involved in cellular protrusion formation by regulating microtubule organization and stabilization (La et al., 2020). Furthermore, dynamin participates in the maintenance of the structure of foot processes through direct and indirect interactions with actin filaments (Gu et al., 2010). Bis-T-23 was originally reported as a potent dynamin inhibitor of lipid-stimulated GTPase activity (Hill et al., 2005). Subsequently, Gu et al. found that Bis-T-23 promotes dynamin’s oligomerization in vitro (Gu et al., 2017), and increases the formation of stress fibers and focal adhesions in mouse podocyte cells (Gu et al., 2014). Because of these effects of Bis-T-23 on dynamin and dynamin-regulated actin-rich structures, Bis-T-23 is shown to improve proteinuria in several animal models (Schiffer et al., 2015). However, a mode of action for actin regulation by dynamin 2 remains to be elucidated.
Our previous studies show that the dynamin 2 CMT mutant K562E decreases the formation of stress fibers and triggers the assembly of aberrant actin clusters in U2OS cells (Yamada et al., 2016b). In the present study, biochemical and cell biological experiments were used to uncover the mode of action for actin regulation by dynamin 2 by comparing the effects of dynamin 2-WT on actin filaments to those of K562E in conditionally immortalized human podocytes (HPCs). Expression of dynamin 2-K562E resulted in decreased formation of stress fibers and the appearance of aberrant actin clusters. Bis-T-23 was less effective on the self-assembly of dynamin 2-K562E in vitro, it was unable to reverse the aberrant actin structures in dynamin 2-K562E expressing cells. Furthermore, in vitro experiments revealed defects in the interaction of actin bundles formed by dynamin 2-K562E to lipid membranes. These results suggest that the self-assembly and membrane interaction properties of dynamin 2 are crucial for actin regulation, which is a prerequisite for maintaining the unique morphology and filtering function of podocytes.
EXPERIMENTAL METHODS
Antibodies and Reagents
Rabbit polyclonal anti-V5 antibody (AB3792), rabbit polyclonal anti-α-actinin-4 antibody (0042-05), and mouse monoclonal antibody against paxillin (AHO0492) were purchased from Sigma-Aldrich, immunoGlobe, and Thermo Fisher Scientific, respectively. Alexa Fluor 488-conjugated goat anti-mouse IgG (A11001), Rhodamine Red X-conjugated goat anti-rabbit IgG (R6394), and Alexa Fluor 488-phalloidin (A12379) were purchased from Life Technologies. The rabbit polyclonal antibodies against mouse IgG (31450) and goat IgG (31402), and goat polyclonal antibody against rabbit IgG (31460) were purchased from Thermo Fisher Scientific. The mouse monoclonal antibodies against beta-actin (A5441) and cytochalasin D (C8273) were purchased from Sigma-Aldrich. Bis-T-23 (2-cyano-N-{3-[2-cyano-3-(3,4,5-trihydroxyphenyl) acryloylamino] propyl}-3-(3,4,5 trihydroxyphenyl) acrylamide) (ab146050) was purchased from Abcam, and stored frozen as a 50 mM stock solution in dimethyl sulfoxide (DMSO).
Cell Culture
The conditionally immortalized HPC line was cultured as described previously (Saleem et al., 2002). Briefly, the cells were cultured on type I collagen-coated plastic dishes (356450, Corning Inc.) in Roswell Park Memorial Institute (RPMI) 1640 medium (189-02025, Fujifilm Wako Pure Chemicals Co. Ltd.) containing 10% fetal bovine serum (26140079, Thermo Fisher Scientific), 100 U/ml penicillin, 100 μg/ml streptomycin (15140122, Thermo Fisher Scientific), and ITS-G (Insulin-Transferrin-Selenium mixture) (100×, 41400045, Thermo Fisher Scientific), and maintained at 33°C and 5% CO2. To induce differentiation, podocytes were cultured at 37°C in medium lacking ITS-G for 7–14 days. Under these conditions, the cells stopped proliferating and were positive for synaptopodin.
Purification of Recombinant Proteins
His-tagged dynamin 2b was expressed using the Bac-to-Bac baculovirus expression system (Thermo Fisher Scientific) and purified as described previously (Yamada et al., 2016a). The purified dynamin proteins were concentrated using Centriplus YM50 (4310, Merck-Millipore). His-tagged rat dynamin 2-WT or dynamin 2-K562E was expressed using a wheat germ cell-free expression system (CellFree Sciences). Dynamin 2-WT or dynamin 2-K562E was resolved in 100 mM NaCl, 50 mM Tris, 500 mM imidazole, pH8.0, and stored at 4°C until use. We used dynamin 2-WT and K562E produced by a wheat germ cell free expression system except Supplementary Figures S2E, F, and baculovirus protein expression system was used for Supplementary Figures S2E, F.
Liposome Preparation
Liposomes were prepared as previously described (Takeda et al., 2018). 10% (mol/mol) PIP2 (Cat. No 524644, Calbiochem), 80% phosphatidylethanolamine (PE; 840022C, Avanti Polar Lipids), 10% cholesterol (700000, Avanti Polar Lipids) were mixed in chloroform. Then chloroform was evaporated using slow-flow nitrogen gas to produce lipid film on the glass and then completely dried under vacuum for at least 1 day. The dried lipid was rehydrated by water-saturated nitrogen gas followed by addition of 500 μl of filtered 100 mM KCl, 10 mM Tris-HCl, pH 7.5 for 2 h at 37°C. The resultant membrane vesicles were passed through 0.4 μm- or 1 μm-polycarbonate filters respectively 11 times using Avanti Mini extruder. To visualize liposomes under fluorescent microscope, 1% Rhodamine-labeled PE was added to liposomes.
Complementary DNA Constructs and Transfection
Rat dynamin 2-WT, 555Δ3, and K562E cloned into pcDNA4 V5/His are described in Yamada et al. (2016b). Rat dynamin 2-WT was subcloned into pIRES2-DsRed2 as an EcoRI-SmaI fragment (Clontech Laboratories). Mutations were introduced with QuikChange II XL (Agilent Technologies, Santa Clara, CA) following the manufacturer’s instructions, and mutation accuracy was verified by DNA sequencing. Vectors containing dynamin 2-WT and the site-directed mutants were transfected into cells using Lipofectamine LTX reagent (Thermo Fisher Scientific) according to the manufacturer’s protocol. After transfection for 2 days, the cells were processed by double immunofluorescence.
Fluorescence Microscopy
HPCs were fixed in 4% paraformaldehyde and processed for immunofluorescence as described previously (Yamada et al., 2016a). For cytochalasin D washout experiments, HPCs were incubated in 5 μM cytochalasin D at 37°C for 30 min. Cytochalasin D-containing medium was then replaced with fresh cytochalasin D-free medium. Cells were further incubated for 60 min after cytochalasin D washout, and then fixed with 4% paraformaldehyde in phosphate buffered saline (PBS; 145 mM NaCl, 10 mM phosphate buffer, pH7.4).
For Bis-T-23 treatment, HPCs were incubated in 50 μM Bis-T-23 at 37°C for 30 min, and then fixed with 4% paraformaldehyde in PBS. After fixation, cells were subjected to double-immunofluorescence. Samples were examined with a spinning-disc confocal microscope system (X-Light Confocal Imager; CREST OPTICS S.P.A., Rome, Italy), which consisted of an inverted microscope (IX-71; Olympus Optical Co., Ltd., Tokyo, Japan) and an iXon + camera (Oxford Instruments, Oxfordshire, United Kingdom). The confocal system was controlled by the MetaMorph software (Molecular Devices, Sunnyvale, CA, United States). When necessary, images were processed with Adobe Photoshop CS3 or Illustrator CS3 software. The N-SIM system (NIKON Corp., Tokyo, Japan) was used for super-resolution microscopy.
Determination of Phosphate Concentration
Dynamin 2-WT or K562E (1.5 μM) was incubated with actin filaments (1 μM) in buffer (100 mM KCl, 2 mM MgCl2, 0.2 mM CaCl2, 10 mM Tris-HCl, pH 7.5, 0.62 mM ATP, 0.5 mM DTT) at 4°C for 16 h. The dynamin 2-actin filament mixture (160 μl) was then incubated in the presence of 1 mM GTP at 37°C for 15 min. GTP hydrolysis was measured using a colorimetric assay to detect inorganic phosphate (Pi) release as previously described (Leonard et al., 2005).
Quantification of Actin Bundles by a Low-Speed Sedimentation Assay
Non-muscle actin (APHL99, Cytoskeleton Inc.) was polymerized in F-buffer (50 mM KCl, 2 mM MgCl2, 0.2 mM CaCl2, 10 mM Tris-HCl, pH7.5, 0.5 mM DTT, 1 mM ATP) for 1 h. Dynamin 2-WT or K562E (1 μM) was then incubated with actin filaments (3 μM) in F-buffer for 1 h. Actin bundles were sedimented by low-speed centrifugation at 14,000 × g for 1 h. The pellet and supernatant were separated by SDS-PAGE, stained with SYPRO Orange (S6650, Thermo Fisher Scientific), and quantified by densitometry using Image J. All steps were carried out at room temperature.
Transmission Electron Microscopy
Negative staining was performed according to Yamada et al. (Yamada et al., 2013). The dynamin 2-WT- or K562E-induced actin-bundling assays were conducted by incubating 1.5 μM of the dynamins with 1 μM actin filaments in F-buffer containing 50 mM or 100 mM KCl at 4°C for 16 h. The samples were absorbed onto a Formvar- and carbon-coated copper grid. To observe the effect of GTP hydrolysis on actin bundle morphology, GTP or GMP-PNP at the indicated concentrations were added onto the grid and incubated for 1 min or 5 min, respectively. The grids were then stained with 3% uranyl acetate in double deionized H2O for 2 min. Grids were imaged with a transmission electron microscope (TEM) (H-7650, Hitachi High-Tech Corp., Tokyo, Japan) at a voltage of 120 kV.
Atomic Force Microscopy (AFM)
The laboratory-built AFM observation was performed as follows (Takeda et al., 2018). First, after incubation with a mixture of dynamin 2-WT/K562E and actin filament in F-buffer containing 50 mM KCl, a glass stage with a diameter of 2 mm was immersed in the solution, and the complex is fixed to the glass substrate by centrifugation (6,000 × g for 20 min). After that, the samples were washed by the F-buffer and fixed with the F-buffer with 0.01% glutaraldehyde solution. Then AFM images were obtained in the F-buffer at room temperature.
Morphometry
Cells were stained with Alexa Fluor 488-phalloidin, and analyzed by fluorescent confocal microscopy to determine stress fiber density. The number of stress fibers in three randomly selected areas (10 μm × 10 μm) per cell was counted. Data were analyzed from three independent experiments. The extent of colocalization of dynamin 2-WT or K562E with F-actin or α-actinin-4 was assessed by imaging immunostained cells, and measuring the immunoreactivities in three randomly selected areas (5 × 5 μm) per cell. To quantify focal adhesions, cells immunostained with dynamin 2-WT or K562E, and paxillin, were imaged. The number of clear dots per cell was counted. we performed morphological analysis again. For quantification of liposomes bound to actin filaments, images of the mixture, including dynamin 2-WT or K562E, and F-actin with rhodamine-labelled liposomes, were taken with a confocal microscope at a 1000× magnification. The corresponding pixels to liposomes colocalizing at F-actin were extracted using Metamorph software from double-fluorescent overlay image (1024 × 1024 pixel) of liposome (red) and actin filament (green) and then calculated the total amount of colocalizing liposomes with F-actin. We normalized the total amount of colocalizing liposomes with F-actin by the same amount of F-actin in each condition. We quantified the pitch in dynamin-induced actin bundles by visually scanning negatively-stained samples at the electron microscope according to Takei et al. (Takei et al., 1999).
Statistical Analysis
Data were analyzed for statistical significance using KaleidaGraph software for Macintosh, version 4.1 (Synergy Software Inc., Essex Junction, VT, United States). Student’s t-tests were used to analyze statistical significance between two groups. An analysis of variance and Tukey’s honest significant difference post-hoc test were used to compare several groups. All data are displayed as means ± standard error of the means (S.E.M.) with p < 0.05 considered statistically significant.
RESULTS
Expression of Dynamin 2-K562E Results in Aberrant Actin Stress Fibers and Actin Clusters in Human Podocyte Cells
Our previous studies show that dynamin 2-K562E, a point mutation in dynamin 2 PH domain, induces aberrant actin filament structures in U2OS cells (Yamada et al., 2016b). To investigate the mode of action for dynamin 2 mutation-triggered changes in actin morphology in HPCs, we first examined actin filament distribution in dynamin 2-WT- or K562E-expressing cells by double-immunofluorescence microscopy. Dynamin 2-WT and K562E were compared to dynamin 2-555Δ3, which is a deletion mutant that affects microtubule organization (Figures 1A, Bc; Tanabe and Takei 2009). DsRed2 was co-expressed with the dynamin 2-WT and mutant constructs to identify cells expressing the exogenous proteins. Control HPCs, untransfected, formed the typical parallel arrangement of stress fibers and actin bundles (Figure 1Ba). The organization of the actin cytoskeleton in cells expressing dynamin 2-WT was similar to that of control cells (Figure 1Bb). Furthermore, actin filament distribution in 555Δ3-expressing cells was similar to that of control or dynamin 2-WT-expressing cells (Figures 1Bc, C). By contrast, stress fiber density was approximately 50% lower in K562E-expressing cells than that of control or dynamin 2-WT-expressing cells (Figures 1Bd, C). Dynamin 2-WT was observed as fine dots distributed throughout the cell when imaged by super-resolution microscopy. The dot-like dynamin 2-WT structures partially colocalized with stress fibers and actin bundles (Figures 1D upper panels, E). By contrast, K562E-expressing cells showed numerous actin filament clusters, and aberrant stress fibers accumulating with K562E-dynamin 2 (Figures 1D bottom panels, E). The results indicate that K562E-dynamin 2 causes distinct effects on the organization of the actin cytoskeleton in HPCs.
Dynamin 2 is Involved in Stress Fiber Formation in Human Podocytes
Given the appearance of aberrant stress fibers and actin clusters in dynamin 2-K562E-expressing HPCs, we next asked whether the dynamin mutant affects stress fiber formation. Actin filaments, including stress fibers, are disrupted by the actin polymerization inhibitor cytochalasin D (Brenner and Korn, 1979). Reformation of stress fibers after removing cytochalasin D from the medium was examined. As shown in Figure 2A, cytochalasin D treatment for 30 min resulted in the disruption of stress fibers and actin bundles in dynamin 2-WT- and dynamin 2-K562E-expressing HPCs. Dynamin 2-WT-expressing cells reformed clear stress fibers 1 hour after removal of cytochalasin D. On the other hand, stress fiber reformation was lower in dynamin 2-K562E-expressing cells than that in dynamin 2-WT-expressing cells (Figure 2B). Thus, dynamin 2 is required in the early stages of stress fiber reformation.
[image: Figure 2]FIGURE 2 | Stress fiber formation decreases in dynamin 2 (Dyn2)-K562E-expressing HPCs. (A) Double-immunofluorescence images of HPCs transfected with dynamin 2-WT or K562E cloned into the pIRES-DsRed2 vector as in Figure 1B. HPCs were treated with or without 5 μM cytochalasin D (Cyt D) for 30 min. Washout experiments involved changing the Cyt D-containing medium with Cyt D-free medium. After 60 min, actin filaments were stained with Alexa Fluor 488-phalloidin (Washout). Cells were treated with the solvent control (DMSO) solution represent the negative controls. Scale bars: 20 and 1.8 μm in enlarged panels. (B) Stress fiber density in dynamin 2-WT- or K562E-expressing HPCs after washing out of Cyt D. Data are means ± S.E.M. of 24 cells (dynamin 2-WT) or 27 cells (dynamin 2-K562E) from three independent experiments. (**p < 0.01).
The dynamin polymerization enhancer, Bis-T-23, promotes the formation of stress fibers and focal adhesions in mouse podocyte cells (Schiffer et al., 2015; Gu et al., 2017). Here, Bis-T-23 enhanced stress fiber formation in dynamin 2-K562E-expressing and dynamin 2-WT-expressing HPCs (Figures 3A,B). However, Bis-T-23-induced stress fiber formation in dynamin 2-K562E-expressing HPCs was lower than that in dynamin 2-WT-expressing HPCs. Bis-T-23 had the same effect on focal adhesion formation in dynamin 2-K562E-expressing and dynamin 2-WT-expressing HPCs (Figures 3C,D).
[image: Figure 3]FIGURE 3 | Stress fibers and focal adhesions increase in Bis-T-23-treated HPCs. (A) Double-immunofluorescence of V5-tagged dynamin 2 (Dyn2)-WT or K562E (bottom panels) and actin filaments (top panels) in Bis-T-23-treated (50 μM) HPCs and corresponding solvent controls (DMSO). Scale bar: 20 μm. (B) Stress fiber density in Bis-T-23-treated dynamin 2-WT- or K562E-expressing HPCs. Data are means ± S.E.M. of 35 cells (dynamin 2-WT/DMSO), 33 cells (dynamin 2-WT/Bis-T-23), 38 cells (dynamin 2-K562E/DMSO) or 35 cells (dynamin 2-K562E/Bis-T-23) from three independent experiments. (**p < 0.01). (C) Double-immunofluorescence of V5-tagged dynamin 2-WT or K562E (bottom panels) and paxillin (top panels) in Bis-T-23-treated (50 μM) HPCs and corresponding solvent controls (DMSO). Scale bar; 20 μm. (D) Number of focal adhesions in Bis-T-23-treated dynamin 2-WT- or K562E-expressing HPCs. Data are means ± S.E.M. of 35 cells (dynamin 2-WT/DMSO), 32 cells (dynamin 2-WT/Bis-T-23), 35 cells (dynamin 2-K562E/DMSO) or 34 cells (dynamin 2-K562E/Bis-T-23) from three independent experiments. (**p < 0.01). more than 32 cells from three independent experiments. (**p < 0.01).
The Dynamin 2 Ring-Like Structure Directly Bundles Actin Filaments
To determine if dynamin 2 directly affects actin filaments, we examined in vitro the GTPase activities and membrane deformation activities of recombinant dynamin 2-WT and dynamin 2-K562E. Purified dynamin 2-WT showed high GTPase activity under low ionic strength buffer (Supplementary Figure S2A) or in the presence of lipid membranes (Supplementary Figure S2B). These findings were consistent with previous reports (Warnock et al., 1997; Leonard et al., 2005). By contrast, GTPase activity of dynamin 2-K562E was approximately one-third that of dynamin 2-WT under low ionic strength buffer (Supplementary Figure S2A). Furthermore, liposome-stimulated increase of GTPase activity was not observed in dynamin 2-K562E (Supplementary Figure S2B).
For membrane deformation activity assays, liposomes containing PIP2 were incubated with dynamin 2-WT or dynamin 2-K562E, and examined by TEM. Dynamin 2-WT formed typical membrane tubules decorated with dynamin spiral polymers as reported previously (Chin et al., 2015; Supplementary Figure S2C). On the other hand, dynamin 2-K562E hardly tubulated the liposomes, although it slightly deformed spherical liposomes (Supplementary Figure S2C). In absence of liposomes, both dynamin 2-WT, dynamin 2-K562E formed ring-shaped polymers under GDP-Pi conditions (Supplementary Figure S2D; Carr and Hinshaw, 1997), which suggested that the ability of dynamin 2 to self-assemble into rings is retained in dynamin 2-K562E. We next examined the direct effects of Bis-T-23 on dynamin polymerization. In the presence of Bis-T-23, polymerization of recombinant dynamin 2-WT increased by thirty times in comparison to that without Bis-T-23. On the other hand, polymerization of dynamin 2-K562E slightly increased by three and half times (Supplementary Figures S2E, F). These results suggested that self-assembly and membrane tubulating activity of dynamin 2-K562E was defective, and the differential effects of Bis-T-23 in cellulo on dynamin 2-WT and dynamin 2-K562E (Figure 3) could be attributed to changes in the molecular characteristics of dynamin 2-K562E.
Given that dynamin directly bundles actin filaments (Zhang et al., 2020), we assessed whether dynamin 2-WT or K562E bundles actin filaments. Preformed actin filaments were incubated in vitro with or without recombinant dynamin 2-WT or K562E, and actin bundle formation was examined by low-speed sedimentation assays. In the absence of dynamin 2 proteins, actin in the pellet after centrifugation at 14,000 x g was around 20% of total actin (Figure 4A). In the presence of dynamin 2-WT or dynamin 2-K562E, actin in the pellets increased by 30–40% (Figure 4A). These results suggested that dynamin 2-WT and K562E bundle actin filaments to similar extents.
[image: Figure 4]FIGURE 4 | In vitro actin bundle formation by dynamin 2 (Dyn2)-WT or K562E. (A) Low-speed sedimentation assay for dynamin 2-WT- or K562E-induced actin bundle formation in low ionic strength buffer. The top panel shows actin in the pellet (P) or supernatant (S) fraction in the presence or absence of dynamin. Quantification of actin in the low-speed pellet in actin only, dynamin 2-WT, and K562E samples by densitometry (bottom panel). Data are means ± S.E.M. of three independent experiments. (*; p < 0.05). (B) Transmission electron micrographs of negatively-stained actin bundles formed by dynamin 2-WT (middle) or K562E (bottom). Scale bar: 200 nm, 50 nm in enlarged images. (C) Low magnification electron micrographs of negatively-stained actin bundles show a decrease in actin bundle formation by dynamin 2-K562E in the high ionic strength buffer. Scale bar: 8.5 μm. (D) Actin filaments (F-Actin) increases Pi release by dynamin 2-WT or K562E. Data are means ± S.E.M. of three independent experiments. (***; p < 0.001: **; p < 0.01: *; p < 0.05). (E) Electron micrographs showing morphological changes of dynamin 2-WT- or K562E-induced actin bundles in high ionic strength buffer. A reaction consisting of recombinant dynamin (1.5 μM) and F-Actin (1 μM) was initiated as in D, and the resulting actin bundles were treated with buffer alone, 0.1 mM GTP, or 0.5 mM GMP-PNP at room temperature for 5 min. Dynamin polymers were shown by arrowheads. Scale bar: 100 nm. (F) The clearance among adjacent dynamin 2-WT spiral polymer in the actin bundles. Twenty four (dynamin 2-WT/-GTP) or 27 (dynamin 2-WT/GMP-PNP), 21 (dynamin 2-K562E/-GTP) or 35 (dynamin 2-K562E/GMP-PNP) negatively-stained TEM images taken at ×30000 magnification from three independent experiments were used for the quantification. Data are means ± S.E.M. of three independent experiments. (****; p < 0.0001: **; p < 0.01).
TEM revealed that actin filaments were often tightly bundled by dynamin 2-WT or K562E (Figure 4B). The diameter of actin filament bundles in the presence of dynamin 2-WT and dynamin 2-K562E was 41.0 ± 0.6 nm (n = 24) and 41.4 ± 0.5 nm (n = 21), respectively. Periodically arranged dynamins were often observed both in dynamin 2-WT- and dynamin 2-K562E-induced actin bundles (Figure 4B inset). Atomic force microscopy (AFM) was used to investigate dynamin and actin filament configurations. AFM revealed that dynamin 2-WT ring-like structures formed spirals, and actin filaments directly bound to the outer rim of the dynamin spirals (Supplementary Figure S3). Dynamin 2-K562E bundled actin filaments in the same manner as that of dynamin 2-WT (Supplementary Figure S3).
Next, the effect of actin bundles on dynamin GTPase activity was determined. High ion strength buffer conditions containing 100 mM KCl were used to detect actin bundling-dependent GTPase activity because low ionic strength buffer containing 50 mM KCl causes a dynamin 2 self-assembly-dependent increase in GTPase activity (Warnock et al., 1997). Low magnification TEM images showed that dynamin 2-WT bundled actin filaments in the high ion strength buffer. By contrast, actin bundle formation by dynamin 2-K562E was lower than that of dynamin 2-WT (Figure 4C). Under the same conditions, concentration of released free phosphate by dynamin 2-WT or dynamin 2-K562E increased 6-fold or 4-fold, respectively, relative to that without actin proteins (Figure 4D).
We next examined morphological changes of actin bundles upon GTP hydrolysis of dynamins. The addition of GTP caused the rapid depolymerization of dynamin spiral polymers, and the resulting dispersion of actin bundles (Figure 4E middle panels) consistent with recent report (Zhang et al., 2020). This morphological change is likely to be largely dependent on GTP hydrolysis, although the reaction mixture also contains ATP for the purpose of stabilizing actin filaments. It is known that dynamin has much higher affinity to GTP compared to that to ATP (Maeda et al., 1992). Consistently, in the presence of nonhydrolyzable GTP analogue, GMP-PNP, did not result in disassembly of dynamin spiral polymers on the actin bundles (Figure 4E bottom panels). The clearance among adjacent dynamin 2-WT polymers in the actin bundles changed from 14.2 ± 0.2 nm (-GTP, n = 24) to 12.9 ± 0.3 nm (+GMP-PNP, n = 27). On the other hand, clearance among adjacent dynamin 2-K562E polymer in the actin bundles changed from 13.9 ± 0.3 nm (-GTP, n = 21) to 16.9 ± 0.5 nm (+GMP-PNP, n = 35) (Figures 4E bottom panels, F).
Dynamin 2 Crosslinks Actin Bundles and Membranes, and Dynamin 2-K562E Reduces the Association Between Membranes and Actin Bundles
Dynamin binds to membrane phospho-lipids, such as PIP2 via its PH domain, and this association is essential for membrane deformation (Antonny et al., 2016). We therefore asked whether dynamin 2-induced actin bundles could bind to lipid membranes. Actin filaments did not form bundles or associate with lipid vesicles in the absence of dynamins (Figure 5A). In the presence of dynamin 2-WT, almost all actin filaments incorporated into thick actin bundles that colocalized with liposomes (Figure 5A). On the other hand, fewer actin bundles formed in the presence of dynamin 2-K562E than that in dynamin 2-WT (Figure 5A). Liposomes colocalizing with actin filaments or bundles in the presence of dynamin 2-K562E was approximately 30% of that in the presence of dynamin 2-WT (Figure 5B). These results indicate that dynamin 2 has actin-bundling and lipid-binding properties, and that dynamin 2-K562E has lower lipid-binding activity during actin bundling than that of dynamin 2-WT.
[image: Figure 5]FIGURE 5 | Decreased interaction of actin bundles formed by dynamin 2-K562E with PIP2-containing lipid vesicles. (A) Actin filaments (F-Actin) and lipid vesicles were visualized with Alexa Fluor 488-phalloidin (green) and Rhodamine-phosphatidylethanolamine (PE) (red), respectively. Preformed actin bundles by dynamin 2-WT (middle panels) or dynamin 2-K562E (bottom panels) were mixed with rhodamine-labeled lipid vesicles. Note that thick actin bundles formed by dynamin 2-WT associated with several lipid membranes. In the presence of dynamin 2-K562E, actin bundles were thinner and bound to few lipid vesicles. Scale bar: 20 μm. (B) Quantification of liposomes colocalizing with actin filaments. Data are means ± S.E.M. of 10 images (F-Actin), 25 images (F-Actin + Dyn2 WT) or 25 images (F-Actin + Dyn2 K562E) from three independent experiments. (***p < 0.001).
DISCUSSION
Two dynamin isoforms, dynamin 1 and dynamin 2, are expressed in podocytes (Soda et al., 2012). Dynamin 2 in podocytes play a role in maintaining the glomerular slit diaphragms by directly regulating actin (Gu et al., 2010; Schiffer et al., 2015) or by modulating endocytosis (Soda et al., 2012). However, the mode of action of actin regulation by dynamin 2 in podocytes remains unsolved. We have investigated the actin regulation by using variety of dynamin 2 CMT mutants to clarify CMT pathogenesis. Among the mutants, we found that expression of K562E, a member of CMT mutant in dynamin 2, resulted in the decrease of stress fibers and formation of actin clusters (Yamada et al., 2016b). We also examined two kinds of CMT mutants, G358R and 555Δ3. These CMT mutations did not affect the actin cytoskeleton (Yamada et al., 2016b). In the present study, we used the K562E mutants to clarify the function of dynamin 2 on actin cytoskeleton by the comparison of dynamin 2-WT and K562E in conditionally immortalized HPCs. Because the CMT mutations in dynamin 2 cause autosomal dominantly inherited diseases (Züchner et al., 2005), the expression of exogenous CMT mutant in cells would represent the pathological phenotype even though the presence of endogenous WT dynamin. In the study, we exogenously expressed dynamin CMT mutant in the presence of endogenous dynamin 2 to access the effect of actin filaments. Dynamin 2-K562E-expressing HPCs had lower stress fibers and actin filaments than those of dynamin 2-WT-expressing HPCs (Figures 1, 2). In addition, dynamin 2-K562E colocalized with aberrant actin clusters and bundles in areas, in which α-actinin-4 was located (Figure 1 and Supplementary Figure S1). Stress fiber reformation was lower in dynamin 2-K562E-expressing HPCs than that in dynamin 2-WT-expressing cells (Figure 2). These results suggest that dynamin 2 is involved in stress fiber formation in HPCs.
Bis-T-23, a dynamin polymerization enhancer (Schiffer et al., 2015), stimulated the formation of stress fibers and focal adhesions in dynamin 2-WT-expressing cells (Figure 3). On the other hand, Bis-T-23 had less effects on stress fiber formation and focal adhesion in dynamin 2-K562E-expressing cells than that in dynamin 2-WT-expressing cells (Figure 3). Moreover, Bis-T-23 was unable to stimulate dynamin 2-K562E polymerization in vitro (Supplementary Figure S2E). In vitro studies revealed lower dynamin 2-K562E self-assembly and membrane tubulation with decreased GTPase activity than that in dynamin 2-WT (Supplementary Figure S2). WT and mutant dynamins formed ring-like structures and/or spirals in the presence of actin filaments (Figure 4), and bound to actin filaments outside of the dynamin rings (Figure 4 and Supplementary Figure S3). Crosslinking between membranes and actin bundles triggered by dynamin 2-K562E were lower than those of dynamin 2-WT (Figure 5). These results indicate that proper self-assembly and association of dynamin 2 to membranes are crucial for actin regulation in HPCs.
Dynamin K562E has its mutation site in the PH domain at the interface of polymerized dynamin and membranes, and the mutant is defective in lipid-binding (Kenniston and Lemmon, 2010). In this study, dynamin 2-K562E hardly generated membrane tubules from liposomes, and therefore the mutant rarely polymerized into regularly arranged spirals on lipid membrane (Supplementary Figure S2C). The dynamin 2-K562E mutation in PH domain largely reduced membrane-binding ability, but not affected its actin binding capability (Figure 4A). Thus, the defective lipid-induced oligomerization of dynamin 2-K562E mutant might impact the proper formation of actin stress fibers in HPCs. Dynamin might have several putative actin binding sites. Gu and others determined several crucial amino acid residues for actin binding in the dynamin middle domain and upstream of the PH domain (Gu et al., 2010). Furthermore, the proline-rich domain is essential for actin bundling (Zhang et al., 2020). From the study, the K562E mutation seems to rarely affect its actin binding and bundling ability.
AFM revealed that several actin filaments bound to the outer rim of dynamin rings or spirals. Furthermore, actin filaments were not observed inside the dynamin spirals (Supplementary Figure S3). There are reports that the dynamin ring bundles actin filaments indirectly and directly (Yamada et al., 2013; Zhang et al., 2020). Dynamin 1 binds to cortactin, which is an actin filament binding protein (Wu and Parsons 1993), and forms a ring-shaped or spiral complex (Yamada et al., 2013). The dynamin-cortactin ring bundles actin filaments inside of the ring. The three-dimensional structure of the dynamin-actin filament complex needs to be determined at higher resolution such as by cryo-electron tomography reconstruction to better understand the nature of actin binding to dynamin.
Differentiated podocytes have a complex architecture with a multitude of foot processes that interdigitate with those of neighbouring podocytes to form and maintain the glomerular slit diaphragms (Pavenstädt et al., 2003). Actin serves as the main cytoskeletal structure in foot processes (Perico et al., 2016). Podocyte-specific conditional double knockouts of dynamins 1 and 2 in mice result in severe proteinuria and renal failure because of disruptions to the glomerular slit diaphragms (Soda et al., 2012). Dynamin 2 is thought to not only strengthen the actin cytoskeleton through its actin-bundling ability, but also promotes the formation of stress fibers and focal adhesions to maintain podocyte morphology and filtration functions. The present study shows that the self-assembly, and the membrane binding are essential characteristics of dynamin for the formation of stress fibers and actin bundles in HPCs.
Dynamin 2 binds to several actin-related proteins, and indirectly or directly regulates actin. Our previous studies report that another dynamin isoform, dynamin 1, is crucial for proper distribution and stability of microtubules in podocytes (La et al., 2020). Dynamin 2-dependent regulatory functions of stress fibers and focal adhesions in coordination with dynamin 1-dependent distribution and stabilization of microtubules, could be essential for normal podocyte function.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
Yamada H, KT, and EH designed the research and wrote the paper. Yamada H, EH, NW, Yasuoka H, HN, MM, ET, TU, TA, TT, NO, AA, J-WL, TI and AN performed the experiments. NO, AA, and MS contributed new reagents or analytic tools. All authors read and approved the final manuscript.
FUNDING
This work was supported, in part, by grants from the Ministry of Education, Science, Sports, and Culture of Japan (grant numbers 19H03225, 21K19484 to Takei K, 20K08591 to Yamada H and 19K07084 to Abe T), the Okayama University Central Research Laboratory, Ehime University Proteo-Science Center (PROS), and by Joint Research by Exploratory Research Center on Life and Living Systems (ExCELLS) program No 18-305 to Yamada H).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors thank Kento Sumida, Sayaka Seiriki, and The Mon La (Okayama University, Okayama, Japan) for technical assistance. The work was supported by Okayama University Central Research Laboratory.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.884509/full#supplementary-material
REFERENCES
 Antonny, B., Burd, C., De Camilli, P., Chen, E., Daumke, O., Faelber, K., et al. (2016). Membrane Fission by Dynamin: What We Know and what We Need to Know. EMBO J. 35, 2270–2284. doi:10.15252/embj.201694613
 Baldassarre, M., Pompeo, A., Beznoussenko, G., Castaldi, C., Cortellino, S., McNiven, M. A., et al. (2003). Dynamin Participates in Focal Extracellular Matrix Degradation by Invasive Cells. Mol. Biol. Cel. 14, 1074–1084. doi:10.1091/mbc.e02-05-0308
 Bitoun, M., Maugenre, S., Jeannet, P. Y., Lacène, E., Ferrer, X., Laforêt, P., et al. (2005). Mutations in Dynamin 2 Cause Dominant Centronuclear Myopathy. Nat. Genet. 37, 1207–1209. doi:10.1038/ng1657
 Brenner, S. L., and Korn, E. D. (1979). Substoichiometric Concentrations of Cytochalasin D Inhibit Actin Polymerization. Additional Evidence for an F-Actin Treadmill. J. Biol. Chem. 254, 9982–9985. doi:10.1016/S0021-9258(19)86660-7
 Cao, H., Garcia, F., and McNiven, M. A. (1998). Differential Distribution of Dynamin Isoforms in Mammalian Cells. Mol. Biol. Cel. 9, 2595–2609. doi:10.1091/mbc.9.9.2595
 Carr, J. F., and Hinshaw, J. E. (1997). Dynamin Assembles into Spirals under Physiological Salt Conditions upon the Addition of GDP and γ-Phosphate Analogues. J. Biol. Chem. 272, 28030–28035. doi:10.1074/jbc.272.44.28030
 Chin, Y. H., Lee, A., Kan, H. W., Laiman, J., Chuang, M. C., Hsieh, S. de T., et al. (2015). Dynamin-2 Mutations Associated with Centronuclear Myopathy Are Hypermorphic and lead to T-Tubule Fragmentation. Hum. Mol. Genet. 24, 5542–5554. doi:10.1093/hmg/ddv285
 Faelber, K., Posor, Y., Gao, S., Held, M., Roske, Y., Schulze, D., et al. (2011). Crystal Structure of Nucleotide-Free Dynamin. Nature 477, 556–560. doi:10.1038/nature10369
 Ferguson, S. M., and De Camilli, P. (2012). Dynamin, a Membrane-Remodelling GTPase. Nat. Rev. Mol. Cel Biol. 13, 75–88. doi:10.1038/nrm3266
 Ford, M. G. J., Jenni, S., and Nunnari, J. (2011). The crystal Structure of Dynamin. Nature 477, 561–566. doi:10.1038/nature10441
 Gold, E. S., Underhill, D. M., Morrissette, N. S., Guo, J., McNiven, M. A., and Aderem, A. (1999). Dynamin 2 Is Required for Phagocytosis in Macrophages. J. Exp. Med. 190, 1849–1856. doi:10.1084/jem.190.12.1849
 Gu, C., Chang, J., Shchedrina, V. A., Pham, V. A., Hartwig, J. H., Suphamungmee, W., et al. (2014). Regulation of Dynamin Oligomerization in Cells: The Role of Dynamin-Actin Interactions and its GTPase Activity. Traffic 15, 819–838. doi:10.1111/tra.12178
 Gu, C., Lee, H. W., Garborcauskas, G., Reiser, J., Gupta, V., and Sever, S. (2017). Dynamin Autonomously Regulates Podocyte Focal Adhesion Maturation. J. Am. Soc. Nephrol. 28, 446–451. doi:10.1681/ASN.2016010008
 Gu, C., Yaddanapudi, S., Weins, A., Osborn, T., Reiser, J., Pollak, M., et al. (2010). Direct Dynamin-Actin Interactions Regulate the Actin Cytoskeleton. EMBO J. 29, 3593–3606. doi:10.1038/emboj.2010.249
 Hill, T., Odell, L. R., Edwards, J. K., Graham, M. E., McGeachie, A. B., Rusak, J., et al. (2005). Small Molecule Inhibitors of Dynamin I GTPase Activity: Development of Dimeric Tyrphostins. J. Med. Chem. 48, 7781–7788. doi:10.1021/jm040208l
 Kenniston, J. A., and Lemmon, M. A. (2010). Dynamin GTPase Regulation Is Altered by PH Domain Mutations Found in Centronuclear Myopathy Patients. EMBO J. 29, 3054–3067. doi:10.1038/emboj.2010.187
 Kong, L., Sochacki, K. A., Wang, H., Fang, S., Canagarajah, B., Kehr, A. D., et al. (2018). Cryo-EM of the Dynamin Polymer Assembled on Lipid Membrane. Nature 560, 258–262. doi:10.1038/s41586-018-0378-6
 Kurklinsky, S., Chen, J., and McNiven, M. A. (2011). Growth Cone Morphology and Spreading Are Regulated by a Dynamin-Cortactin Complex at point Contacts in Hippocampal Neurons. J. Neurochem. 117, 48–60. doi:10.1111/j.1471-4159.2011.07169.x
 La, T. M., Tachibana, H., Li, S. A., Abe, T., Seiriki, S., Nagaoka, H., et al. (2020). Dynamin 1 Is Important for Microtubule Organization and Stabilization in Glomerular Podocytes. FASEB J. 34, 16449–16463. doi:10.1096/fj.202001240RR
 Leonard, M., Doo Song, B., Ramachandran, R., and Schmid, S. L. (2005). Robust Colorimetric Assays for Dynamin's Basal and Stimulated GTPase Activities. Methods Enzymol. 404, 490–503. doi:10.1016/S0076-6879(05)04043-7
 Maeda, K., Nakata, T., Noda, Y., Sato-Yoshitake, R., and Hirokawa, N. (1992). Interaction of Dynamin with Microtubules: Its Structure and GTPase Activity Investigated by Using Highly Purified Dynamin. Mol. Biol. Cel. 3, 1181–1194. doi:10.1091/mbc.3.10.1181
 McNiven, M. A., Kim, L., Krueger, E. W., Orth, J. D., Cao, H., and Wong, T. W. (2000). Regulated Interactions between Dynamin and the Actin-Binding Protein Cortactin Modulate Cell Shape. J. Cel Biol. 151, 187–198. doi:10.1083/jcb.151.1.187
 Nakata, T., Takemura, R., and Hirokawa, N. (1993). A Novel Member of the Dynamin Family of GTP-Binding Proteins Is Expressed Specifically in the Testis. J. Cel Sci. 105, 1–5. doi:10.1242/jcs.105.1.1
 Ochoa, G. C., Slepnev, V. I., Neff, L., Ringstad, N., Takei, K., Daniell, L., et al. (2000). A Functional Link between Dynamin and the Actin Cytoskeleton at Podosomes. J. Cel Biol. 150, 377–390. doi:10.1083/jcb.150.2.377
 Otsuka, A., Abe, T., Watanabe, M., Yagisawa, H., Takei, K., and Yamada, H. (2009). Dynamin 2 Is Required for Actin Assembly in Phagocytosis in Sertoli Cells. Biochem. Biophys. Res. Commun. 378, 478–482. doi:10.1016/j.bbrc.2008.11.066
 Pavenstädt, H., Kriz, W., and Kretzler, M. (2003). Cell Biology of the Glomerular Podocyte. Physiol. Rev. 83, 253–307. doi:10.1152/physrev.00020.2002
 Perico, L., Conti, S., Benigni, A., and Remuzzi, G. (2016). Podocyte-Actin Dynamics in Health and Disease. Nat. Rev. Nephrol. 12, 692–710. doi:10.1038/nrneph.2016.127
 Saleem, M. A., O’Hare, M. J., Reiser, J., Coward, R. J., Inward, C. D., Farren, T., et al. (2002). A Conditionally Immortalized Human Podocyte Cell Line Demonstrating Nephrin and Podocin Expression. J. Am. Soc. Nephrol. 13, 630–638. doi:10.1681/ASN.V133630
 Schiffer, M., Teng, B., Gu, C., Shchedrina, V. A., Kasaikina, M., Pham, V. A., et al. (2015). Pharmacological Targeting of Actin-Dependent Dynamin Oligomerization Ameliorates Chronic Kidney Disease in Diverse Animal Models. Nat. Med. 21, 601–609. doi:10.1038/nm.3843
 Sever, S., Altintas, M. M., Nankoe, S. R., Möller, C. C., Ko, D., Wei, C., et al. (2007). Proteolytic Processing of Dynamin by Cytoplasmic Cathepsin L Is a Mechanism for Proteinuric Kidney Disease. J. Clin. Invest. 117, 2095–2104. doi:10.1172/JCI32022
 Sever, S., Chang, J., and Gu, C. (2013). Dynamin Rings: Not Just for Fission. Traffic 14, 1194–1199. doi:10.1111/tra.12116
 Sever, S., and Schiffer, M. (2018). Actin Dynamics at Focal Adhesions: A Common Endpoint and Putative Therapeutic Target for Proteinuric Kidney Diseases. Kidney Int. 93, 1298–1307. doi:10.1016/j.kint.2017.12.028
 Soda, K., Balkin, D. M., Ferguson, S. M., Paradise, S., Milosevic, I., Giovedi, S., et al. (2012). Role of Dynamin, Synaptojanin, and Endophilin in Podocyte Foot Processes. J. Clin. Invest. 122, 4401–4411. doi:10.1172/JCI65289
 Srinivasan, S., Dharmarajan, V., Reed, D. K., Griffin, P. R., and Schmid, S. L. (2016). Identification and Function of Conformational Dynamics in the Multidomain GTP Ase Dynamin. EMBO J. 35, 443–457. doi:10.15252/embj.201593477
 Takeda, T., Kozai, T., Yang, H., Ishikuro, D., Seyama, K., Kumagai, Y., et al. (2018). Dynamic Clustering of Dynamin-Amphiphysin Helices Regulates Membrane Constriction and Fission Coupled with GTP Hydrolysis. Elife 7, e30246. doi:10.7554/eLife.30246
 Takei, K., Slepnev, V. I., Haucke, V., and De Camilli, P. (1999). Functional Partnership between Amphiphysin and Dynamin in Clathrin-Mediated Endocytosis. Nat. Cel Biol. 1, 33–39. doi:10.1038/9004
 Tanabe, K., and Takei, K. (2009). Dynamic Instability of Microtubules Requires Dynamin 2 and Is Impaired in a Charcot-Marie-Tooth Mutant. J. Cel Biol. 185, 939–948. doi:10.1083/jcb.200803153
 Tassin, T. C., Barylko, B., Hedde, P. N., Chen, Y., Binns, D. D., James, N. G., et al. (2021). Gain-of-Function Properties of a Dynamin 2 Mutant Implicated in Charcot-Marie-Tooth Disease. Front. Cel. Neurosci. 15, 745940. doi:10.3389/fncel.2021.745940
 Torre, E., McNiven, M. A., and Urrutia, R. (1994). Dynamin 1 Antisense Oligonucleotide Treatment Prevents Neurite Formation in Cultured Hippocampal Neurons. J. Biol. Chem. 269, 32411–32417. doi:10.1016/S0021-9258(18)31650-8
 Vallis, Y., Wigge, P., Marks, B., Evans, P. R., and McMahon, H. T. (1999). Importance of the Pleckstrin Homology Domain of Dynamin in Clathrin-Mediated Endocytosis. Curr. Biol. 9, 257–263. doi:10.1016/s0960-9822(99)80114-6
 Warnock, D. E., Baba, T., and Schmid, S. L. (1997). Ubiquitously Expressed Dynamin-II Has a Higher Intrinsic GTPase Activity and a Greater Propensity for Self-Assembly Than Neuronal Dynamin-I. Mol. Biol. Cel. 8, 2553–2562. doi:10.1091/mbc.8.12.2553
 Wu, H., and Parsons, J. T. (1993). Cortactin, an 80/85-kilodalton Pp60src Substrate, Is a Filamentous Actin-Binding Protein Enriched in the Cell Cortex. J. Cel Biol. 120, 1417–1426. doi:10.1083/jcb.120.6.1417
 Yamada, H., Abe, T., Satoh, A., Okazaki, N., Tago, S., Kobayashi, K., et al. (2013). Stabilization of Actin Bundles by a Dynamin 1/Cortactin Ring Complex Is Necessary for Growth Cone Filopodia. J. Neurosci. 33, 4514–4526. doi:10.1523/JNEUROSCI.2762-12.2013
 Yamada, H., Kobayashi, K., Zhang, Y., Takeda, T., and Takei, K. (2016b). Expression of a Dynamin 2 Mutant Associated with Charcot-Marie-Tooth Disease Leads to Aberrant Actin Dynamics and Lamellipodia Formation. Neurosci. Lett. 628, 179–185. doi:10.1016/j.neulet.2016.06.030
 Yamada, H., Takeda, T., Michiue, H., Abe, T., and Takei, K. (2016a). Actin Bundling by Dynamin 2 and Cortactin Is Implicated in Cell Migration by Stabilizing Filopodia in Human Non-Small Cell Lung Carcinoma Cells. Int. J. Oncol. 49, 877–886. doi:10.3892/ijo.2016.3592
 Zhang, R., Lee, D. M., Jimah, J. R., Gerassimov, N., Yang, C., Kim, S., et al. (2020). Dynamin Regulates the Dynamics and Mechanical Strength of the Actin Cytoskeleton as a Multifilament Actin-Bundling Protein. Nat. Cel Biol. 22, 674–688. doi:10.1038/s41556-020-0519-7
 Züchner, S., Noureddine, M., Kennerson, M., Verhoeven, K., Claeys, K., Jonghe, P. D., et al. (2005). Mutations in the Pleckstrin Homology Domain of Dynamin 2 Cause Dominant Intermediate Charcot-Marie-Tooth Disease. Nat. Genet. 37, 289–294. doi:10.1038/ng1514
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Hamasaki, Wakita, Yasuoka, Nagaoka, Morita, Takashima, Uchihashi, Takeda, Abe, Lee, Iimura, Saleem, Ogo, Asai, Narita, Takei and Yamada. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-884509-g005.gif





OPS/images/fcell-10-884509-g003.gif





OPS/images/fcell-10-884509-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		The Lipid-Binding Defective Dynamin 2 Mutant in Charcot-Marie-Tooth Disease Impairs Proper Actin Bundling and Actin Organization in Glomerular Podocytes		Introduction

		Experimental Methods		Antibodies and Reagents

		Cell Culture

		Purification of Recombinant Proteins

		Liposome Preparation

		Complementary DNA Constructs and Transfection

		Fluorescence Microscopy

		Determination of Phosphate Concentration

		Quantification of Actin Bundles by a Low-Speed Sedimentation Assay

		Transmission Electron Microscopy

		Atomic Force Microscopy (AFM)

		Morphometry

		Statistical Analysis





		Results		Expression of Dynamin 2-K562E Results in Aberrant Actin Stress Fibers and Actin Clusters in Human Podocyte Cells

		Dynamin 2 is Involved in Stress Fiber Formation in Human Podocytes

		The Dynamin 2 Ring-Like Structure Directly Bundles Actin Filaments

		Dynamin 2 Crosslinks Actin Bundles and Membranes, and Dynamin 2-K562E Reduces the Association Between Membranes and Actin Bundles





		Discussion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
? frontiers | Frontiers in Cell and Developmental Biology

The Lipid-Binding Defective
Dynamin 2 Mutant in Charcot-
Marie-Tooth Disease Impairs
Proper Actin Bundling and Actin
Organization in Glomerular
Podocytes






OPS/images/fcell-10-884509-g001.gif
GrPase mo_ | Pw [ Geo | PO






OPS/images/fcell-10-884509-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





