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The podocyte proteins Neph1 and nephrin organize a signaling complex at the podocyte cell membrane that
forms the structural framework for a functional glomerular filtration barrier. Mechanisms regulating the
movement of these proteins to and from the membrane are currently unknown. This study identifies a novel
interaction between Neph1 and the motor protein Myo1c, where Myo1c plays an active role in targeting Neph1
to the podocyte cell membrane. Using in vivo and in vitro experiments, we provide data supporting a direct
interaction between Neph1 and Myo1c which is dynamic and actin dependent. Unlike wild-type Myo1c, the
membrane localization of Neph1 was significantly reduced in podocytes expressing dominant negative Myo1c.
In addition, Neph1 failed to localize at the podocyte cell membrane and cell junctions in Myo1c-depleted
podocytes. We further demonstrate that similarly to Neph1, Myo1c also binds nephrin and reduces its
localization at the podocyte cell membrane. A functional analysis of Myo1c knockdown cells showed defects in
cell migration, as determined by a wound assay. In addition, the ability to form tight junctions was impaired
in Myo1c knockdown cells, as determined by transepithelial electric resistance (TER) and bovine serum
albumin (BSA) permeability assays. These results identify a novel Myo1c-dependent molecular mechanism
that mediates the dynamic organization of Neph1 and nephrin at the slit diaphragm and is critical for podocyte
function.

Glomerular filtration assembly involves three layers, a fenes-
trated endothelium, a glomerular basement membrane, and
specialized epithelial cells termed podocytes. Studies of vari-
ous glomerular diseases, including nephrotic syndromes, dia-
betic nephropathy, and focal segmental glomerulosclerosis
(FSGS), suggest that podocytes are a major target of these
insults and that their dysfunction is associated with proteinuria
and decreased kidney function. The identification of podo-
cyte proteins such as nephrin, Neph1, podocin, synaptopo-
din, CD2AP, and �-actinin-4 that are localized specifically at
the podocyte filtration barrier or slit diaphragm has provided
greater insight into the mechanisms that mediate podocyte
structure and function. Recent analyses of various glomer-
ular disorders, including FSGS, membranous nephropathy,
and minimal-change nephrotic syndrome, have reported al-
terations in the expression and localization of the slit dia-
phragm proteins nephrin, podocin, CD2ap, and Neph1 (20,
45). These data provide further support for the hypothesis that
alterations in the molecular arrangement of the slit diaphragm
contribute to the development of proteinuria in several glo-
merular diseases.

In contrast to nephrin, Neph1 is widely expressed in numer-
ous cell types, including podocytes, where it localizes at the
insertion site of the slit diaphragm (2, 11). Structurally, the
extracellular region of Neph1 contains five immunoglobulin-
like repeats, followed by a transmembrane domain and a cy-
toplasmic domain of �198 to 235 amino acids (40). Knockout
studies with mice suggested that similar to nephrin, the genetic
deletion of Neph1 results in a podocyte effacement phenotype
with proteinuria and early postnatal death (7). These similar-
ities and the ability of these proteins to interact at extracellular
and intracellular regions have prompted investigators to pro-
pose a model where nephrin and Neph1 form a structural
framework for the slit diaphragm (44). A recently reported
biochemical analysis of Neph1 phosphorylation and its inter-
action with nephrin has provided insight into the functional
role of this complex in maintaining podocyte structure and
function (10). Interactions mediated by the cytoplasmic do-
mains of Neph1 and nephrin with various actin-associated pro-
teins, including CD2AP, ZO-1, CASK, IQGAP1, �-arrestin,
Nck, Grb2, �-actinin 4, Synaptopodin, and the polarity pro-
teins Par3 and Par6, suggest their role in transducing signals
that induce actin polymerization in podocytes (35, 37, 44). An
understanding of how these interactions are regulated and
functionally involved in maintaining the integrity of the slit
diaphragm has been the subject of many recent investigations
(10, 44, 45).
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Recent evidence from various in vitro and in vivo studies
suggests that foot processes of podocytes respond dynamically
to glomerular injury by regulating their associated protein
complexes, thus resulting in a reorganization of the actin cy-
toskeleton (4, 37, 41, 44, 48). Therefore, it is likely that glo-
merular injury affects the interactions and distribution of slit
diaphragm proteins, resulting in the loss of the slit diaphragm
structure. These studies suggest that regaining glomerular
function following injury will require the retargeting of these
proteins back to their physiological locations in the cell. In-
deed, our recent results and results from other investigators
demonstrated a loss of the interaction between Neph1, neph-
rin, and ZO-1 in response to glomerular injury and a redistri-
bution of the Neph1 complex from the podocyte cell mem-
brane to the cell cytoplasm (8, 34, 47, 49). Consistent with our
hypothesis, the Neph1-nephrin complex was rapidly restored to
the cell membrane during recovery. These results support the
hypothesis that this complex is regulated in a dynamic fashion
but do not explain the mechanism by which these proteins are
targeted to the cell membrane.

In this study, we identify a novel interaction between Neph1
and the motor protein Myo1c. Myo1c is a member of the class
I myosins that belong to the family of unconventional myosins
(13). There are 9 human myosin I genes identified, with many
cells expressing more than one myosin isoform (12). They all
are single headed with a short, highly basic, carboxy-terminal
tail domain that can bind to acidic phospholipids (6, 43). The
head domain, also known as the motor domain, contains ATP
and actin binding sites (3). In addition, all mammalian myosin
I family members have a middle or neck domain composed
of 2 to 6 IQ motifs that bind calmodulin (1). Members of
this family are widely expressed, are generally associated
with membrane structures, and are found in actin-rich cor-
tical structures such as filopodia, lamellipodia, and ruffles and
in the leading edges of migrating cells (3). Myosin I family
members have been implicated in multiple cellular processes
occurring at the cell membrane, including endocytosis, vesicle
trafficking, and ion channel regulation and regulating mem-
brane dynamics and structure in nearly all eukaryotic cells (9,
16, 28). Immunofluorescence microscopic studies of various
cell types demonstrated the presence of Myo1c at the cell
periphery and plasma membrane, particularly at the leading
edges of motile cells (46). Studies of hair cells support an
F-actin-mediated role for Myo1c in the regulation of a channel
located in the stereocilia of these sensory cells (14, 17). Data
from recent reports also support a role for Myo1c as a protein
translocator that mediates the delivery of GLUT4 (glucose
transporter type 4) vesicles to the plasma membrane in adi-
pocytes (5) and the intracellular trafficking of NEMO (NF-�B
essential modulator) (30). Results presented in this study fur-
ther demonstrate that Myo1c plays a critical role in the trans-
location of Neph1 complexes in podocytes. Myo1c’s ability to
interact with membranes, F-actin, Neph1, and nephrin sup-
ports our hypothesis that this motor protein actively contrib-
utes to the dynamic organization of the filtration slit.

MATERIALS AND METHODS

Antibodies and reagents. Monoclonal purified antibody (Ab) to Myo1c and
polyclonal purified antibody to Neph1, nephrin, Myo1b, Myo1e, and Myo1d were
previously described (2, 46). Other antibodies, including ZO-1 monoclonal and

polyclonal antibodies (Invitrogen), anti-phosphotyrosine mouse monoclonal an-
tibody (P-Tyr-100; Cell Signaling), caveolin 1 polyclonal antibody (Abcam),
transferrin receptor monoclonal antibody (Abcam), podocin antibody (Cell Sig-
naling), and CD16 monoclonal antibody (Immunotech), were purchased com-
mercially. The fluorophore secondary antibodies Alexa Fluor 488 goat anti-
rabbit IgG(H�L) (catalogue number A-11008; Invitrogen), Alexa Fluor 568 goat
anti-mouse IgG(H�L) (catalogue number A-11004; Invitrogen), Alexa Fluor
647 goat anti-rabbit IgG(H�L) (catalogue number A-21244; Invitrogen), Alexa
Fluor 350 goat anti-mouse (catalogue number A-21093; Invitrogen), Alexa Fluor
phalloidin (catalogue number A12379; Invitrogen), and wheat germ agglutinin
(WGA) Alexa Fluor 594 conjugate (catalogue number W11262; Invitrogen) were
commercially obtained. The cell transfection reagents purchased were an Amaxa
Nucleofector kit (catalogue number VCA 1003; Lonza), FuGENE HD (cata-
logue number 04709691001; Roche Applied Science), and Lipofectamine 2000
(catalogue number 11668-019; Invitrogen). All chemical reagents were obtained
commercially from Sigma and Calbiochem.

Plasmids and shRNA. Vector pBABE-puro was obtained from Addgene.
Mammalian expression plasmids encoding green fluorescent protein (GFP)-
tagged full-length Myo1c and mutant Myo1c without the head and IQ domains
were obtained as described previously (47) and through generous collaboration
with Mike Ostap. Myo1c small hairpin RNA (shRNA) plasmids and lentiviruses
expressing Myo1c and Neph1 shRNA were commercially purchased from Sigma
(Myo1c catalogue number NM_033375; Neph1 catalogue number NM_018240).
The transfection of shRNA plasmids was performed by electroporation using
Amaxa reagent. Briefly, podocytes (1 � 106 cells) were suspended in 100 �l of
Nucleofector solution provided with the Amaxa transfection reagent (Lonza)
with 5 �g of shRNA, and transfection was performed by electroporation using
the X-100 program of the Amaxa electroporator (Lonza). Transfected cells were
grown in 2.5 �g/ml puromycin-containing medium for the selection of stable
transfectants. Transfection with Lipofectamine 2000 (Invitrogen) was performed
according to the manufacturer’s protocol. CD16-Neph1, His-Neph1CD, gluta-
thione S-transferase (GST)-Neph1CD, FLAG-Neph1, and GST-nephrin con-
structs were previously described (45).

Cell culture. The human podocyte cell line was cultured in RPMI 1640-based
medium supplemented with 10% fetal bovine serum (FBS) (Invitrogen), 2 g/liter
of sodium bicarbonate (NaHCO3), insulin-transferrin-selenium (ITS) supple-
ment (Sigma-Aldrich), and 200 units/ml penicillin and streptomycin (Roche
Applied Science), as described previously (47). The podocyte cells were grown in
collagen-coated culture dishes at 33°C and 5% CO2. Podocytes were differenti-
ated by thermoswitching to 37°C as described previously (47). COS-7 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (Invitrogen) and 200 units/ml penicillin and streptomy-
cin (Roche Applied Science). Transfection was performed with Amaxa Nucleo-
fector devices and reagents by electroporation. Transfection with Lipofectamine
2000 (Invitrogen) and Fugene-6 (Roche Applied Science) was performed ac-
cording to the manufacturers’ protocols.

Generation of podocytes overexpressing Neph1. Neph1 was cloned into the
pBABE vector (Addgene) by using standard PCR techniques at EcoRI and SalI
sites. Retroviruses overexpressing Neph1 were generated by the transfection of
this cDNA into Phoenix cells according to the manufacturer’s instructions. Ten
milliliters of DMEM was added after 4 h of transfection, and after 18 to 24 h of
transfection, supernatants containing the retrovirus with the Neph1 construct
were collected and filtered with a 0.22-�m filter. Target podocytes were grown up
to subconfluent levels, and the podocyte cells were infected with viral particles
three times over a period of 36 h. Infections were made twice a day after a gap
of 6 h, and a third infection was given after 18 to 24 h. After 6 h of the third
infection, cells were washed three times with 1� phosphate-buffered saline
(PBS), and normal RPMI medium was added to these cells. Stably transfected
cells overexpressing Neph1 were selected by using puromycin as a selection
marker. Podocyte cells overexpressing Neph1 from a total of 20 100-cm2 culture
dishes were used for proteomic experiments, and lysates were obtained by using
radioimmunoprecipitation assay (RIPA) buffer.

Isolation of Neph1 complexes. GST-Neph1-antibody and preimmunized se-
rum affinity columns were prepared by using N-hydroxysuccinimide (NHS)-
activated Sepharose 4 Flow Fast (GE Healthcare) according to the manufactur-
er’s instructions. The Neph1-overexpressing podocyte lysate was loaded onto
each column. Both Neph1-antibody and control columns were washed and eluted
with glycine HCl buffer (pH 2.5). The eluate was neutralized with Tris (pH 8.0),
and all eluates were later concentrated using a 10-kDa-cutoff centrifugal filter
(Millipore). The concentrated protein from the Neph1-antibody and control
columns was separated by sodium dodecyl sulfate (SDS)-PAGE. Differentially
visible bands were excised from the gel and submitted for tandem mass spec-
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trometry (MS-MS) analysis at the proteomics core facility of the University of
Pennsylvania.

Glomerular isolation. Rat and mouse glomeruli were isolated by graded siev-
ing as described elsewhere previously (18). The average purity of the rat glo-
merular preparations was 80 to 90%, and that of the mouse preparations was 60
to 70%. Glomeruli were resuspended at a concentration of 10,000 glomeruli/ml
in extraction buffer (RIPA buffer).

Reverse transcription-PCR. Reverse transcription (RT)-PCR of the human
podocyte cells was performed by using specific primers designed as well as those
reported elsewhere previously. The following primers were used: forward primer
5�-GGGTGAAGAGATCAGCCATC-3� and reverse primer 5�-CTTATTGTCC
GCACGCTGTA3-� for Myo1c, forward primer 5�-AGAGCCAATGCTGGAA
AGAA-3� and reverse primer 5�-TTGTGCGATAGAGCTTGGTG-3� for Myo1b,
forward primer 5�-CAAAAGAACCAAGGCAGCTC-3� and reverse primer 5�-TT
CACCAGCACTCCAACAAG-3� for Myo1d, and forward primer 5�-AGCAAAG
CGTTACGAGGAGA-3� and reverse primer 5�-TACAAAGCCTTGCACTGTG
G-3� for Myo1e, giving products of 695, 658, 699, and 609 bp, respectively. Primer
details for Myo1V and MyoVI were reported previously (23, 42).

Immunoprecipitation and immunoblotting. Detailed procedures for immuno-
precipitation and immunoblotting experiments were described elsewhere previ-
ously (10, 32, 47). Endogenous Neph1 and Myo1c were extracted from podocytes
and glomeruli in RIPA buffer (phosphate-buffered 0.9% NaCl [PBS] containing
0.1% SDS, 1% Nonidet P-40, and 0.5% sodium deoxycholate). The Phoenix cells
for the preparation of retroviruses containing Neph1 cDNA were cultured in
DMEM supplemented with 10% fetal bovine serum (Invitrogen) and 200
units/ml penicillin and streptomycin (Roche Applied Science).

Pulldown. Recombinant proteins, His-Neph1, GST-Neph1, and GST-nephrin,
were expressed and purified from Escherichia coli BL21 cells (Stratagene). Five
micrograms of each fusion protein was separately mixed with purified recombi-
nant full-length Myo1c (2 �g) produced in a baculovirus expression system (a
kind gift from Michael Ostap). The Neph1/nephrin complexes were pulled down
using Neph1 antibody and/or GST-agarose. After washing with PBS containing
0.1% Tween 20, protein complexes were eluted with SDS sample buffer and
resolved by SDS-PAGE prior to immunoblotting with the indicated antibodies.

Lipid raft preparation. Lipid rafts were prepared from podocyte and mouse
glomerulus lysates according to a method described previously (2). Podocytes
and mouse glomeruli were lysed in cold Triton X-100 buffer containing 0.25%
Triton X-100 (1% in the case of glomeruli), 150 mM NaCl, 1 mM EGTA, and 25
mM Tris-HCl (pH 7.4) with protease and phosphatase inhibitors. A solution of
a different density was prepared by using Optiprep density gradient medium
(catalogue number D1556; Sigma). In an ultracentrifuge tube, 0.67 ml of cell
lysate and 1.33 ml of 60% Optiprep were mixed by pipetting to obtain a final
density of 40%. A total of 2.0 ml of 30% gradient Optiprep solution at the top
of above-described solution and then 1.0 ml of 5% gradient Optiprep solution
were carefully added, making a total of three layers. Tubes were ultracentrifuged
at 45,000 rpm using a Beckman SW 55Ti rotor (Sorvall Discovery 90SE; Hitachi)
at 4°C for a period of 3.5 to 4.0 h. The Triton X-100-insoluble lipid raft layer was
identifiable at the interface between the 5 and 30% Optiprep solutions. Top-to-
bottom 1-ml fractions were sequentially collected into separate tubes.

Cell treatment. Podocytes were grown to confluence, and cells were then
serum starved for a period of 4 h. After serum starvation, cells were treated with
either normal RPMI medium, 5 mM latrunculin B (catalogue number BML-
T110-0001; Enzo Life Science), or 30 �M nocodazole (catalogue number M1404;
Sigma) for 1 h. Cells were washed twice with PBS (1�) and then fixed with 4%
paraformaldehyde (PFA) (in 1� PBS). For puromycin aminonucleoside (PAN)
treatment, cultured podocytes were grown to 80 to 90% confluence and treated
with 100 �g/ml PAN (Sigma) for 1 h. Recovery was induced by washing cells with
growth medium and incubating the cells in it for 1 h.

Animals and acute renal ischemia. Male Sprague-Dawley rats were obtained
from Harlan Labs (Indianapolis, IN). All experiments were conducted in accor-
dance with NIH guidelines and approved by the Institutional Animal Care and
Use Committee. Ischemia was performed as described previously (47).

Immunogold electron microscopy. The preparation of samples was performed
by using standard methods described previously (2). Adult rats were perfused
with 4% formaldehyde, and kidneys were isolated and submitted to the Biomed-
ical Imaging Core/Electron Microscopy Resource Laboratory, University of
Pennsylvania, for immunogold analysis.

Indirect immunofluorescence microscopy. Podocytes were grown on coverslips
and fixed with 4% paraformaldehyde (in 1� PBS), followed by permeabilization
with 0.1% SDS. Myo1c and Neph1 antibodies were diluted to 1:100 in 3% bovine
serum albumin (BSA) in 1� PBS. Podocytes were incubated overnight with
primary antibodies at 4°C, followed by PBS washes and incubation with second-
ary antibodies at a dilution of 1:1,000 for 1 h at 37°C. After the PBS washes, the

coverslips were mounted by using GelMount. Fluorescence microscopy was per-
formed with a Zeiss wide-field microscope equipped with an Axioplan upright
microscope with a Zeiss FluoArc mercury lamp and a Zeiss AxioCam HRm
high-resolution monochrome charge-coupled-device (CCD) camera, and 100�
and 40� oil immersion objectives were used. AxioVision 4.5 software was used
for acquisition and analysis with the microscope. An Olympus 1X70 microscope
and the Metamorph imaging system (Universal Imaging Corporation, West
Chester, PA) were also used for fluorescence microscopy. Cells were labeled for
Myo1c (Alexa 568), F-actin (Alexa 488 phalloidin), and Neph-1 (Alexa 647)
using the 488-nm, 568-nm, and 633-nm laser lines of the argon and helium-neon
lasers. All parameters were kept constant, including exposure time while taking
images. Images were taken in a format of 16 bits. Images were analyzed by using
Image J software. The mean pixel intensity and integrated intensity were ob-
tained, keeping the threshold constant in the case of analyses of the whole cell or
any particular region of interest (ROI). Regions of interest were selected man-
ually, specially taking the cell boundary, using Image J software. For Pearson’s
correlation coefficient (Rr) determinations, single-image planes were selected.
After background subtraction, the Myo1c image was thresholded and used to
create a binary mask for analyses of the Rr. Regions of interest were selected
mainly at the cell boundary. Representative images from a minimum of three
experiments are given, and a quantitative analysis was performed on at least eight
image fields for each time point. Confocal microscopy imaging was performed
with a Nikon TE300 inverted microscope fitted with a Bio-Rad Radiance 2000
MP3 system (Bio-Rad Laboratories, Inc.) on a 60� 1.45-numerical-aperture oil
objective.

Immunohistochemistry. Adult rats were perfused with 4% paraformaldehyde
in phosphate-buffered saline. Kidneys were removed and washed with cold PBS
and fixed in Parafilm wax, from which 40-�m sections were later obtained with
a sliding microtome. Procedures for immunohistochemistry were performed
according to instructions in the Abcam technical guide, with some modifications.
Briefly, tissue sections were deparaffinized and incubated with Tris-EDTA (pH
9.0) buffer for antigen retrieval at 65°C overnight. The sections were rinsed with
running water and then blocked with 5% BSA (in 1� Tris-buffered saline [TBS]
containing 0.025% Triton X-100) for 1 h at room temperature. Primary antibod-
ies for Myo1c (1:75 dilution), Neph1 (1:50 dilution), and ZO-1 (1:400 dilution)
were diluted in 3% bovine serum albumin (in 1� PBS) and incubated overnight
at 4°C. The sections were washed with 1� TBS five times and then incubated
with Alexa Fluor-labeled secondary antibodies at a dilution of 1:500 for 1 h at
37°C. After 5 washings with TBS (1�), sections were mounted with antifade
reagent containing 4�,6-diamidino-2-phenylindole (DAPI) and left overnight in
the dark for drying. Sections stained with secondary antibodies alone were used
as negative controls.

Podocyte labeling with extracellular Neph1 antibody. Neph1 antibody directed
toward the extracellular domain of Neph1 was generated in rabbits by
FabGennix, Inc., using a synthesized peptide (TISQLLIEPTDLDIGRVF
TC). Podocyte cells on coverslips were fixed with 4% paraformaldehyde and
incubated with Neph1 extracellular antibody in 3% BSA (in 1� PBS) over-
night at 4°C without permeabilization. Cells were washed with 1� PBS,
treated with Alexa Fluor 488 rabbit antibody for 1 h at 37°C, and mounted
onto slides for immunofluorescence analysis using epifluorescence and/or
confocal microscopy.

CD16 experiment. CD16-Neph1 was transfected into Myo1c knockdown and
control human podocyte cells. The CD16 construct was transfected by using
Lipofectamine 2000 according to the manufacturer’s instructions. Following 36 h
of transfection, cells were serum starved for 6 h by incubation in RPMI medium
without FBS. After starvation, cells were processed for CD16 staining. The cells
were moved to 4°C on ice for 30 min for equilibrium. The CD16 monoclonal
antibody (Immunotech) was prepared in ice-cold serum-free RPMI medium at a
dilution of 1:100 (of 0.2 mg/ml of stock Ab) and incubated for 30 min at 4°C.
After washing, the cells were incubated with Alexa 594 anti-mouse secondary Ab
with 1:1,000 dilutions in RPMI medium at 37°C for 30 min. Cells were washed
quickly with 1� PBS and then fixed in 4% PFA. Immunofluorescence analysis
was performed by using epifluorescence and confocal microscopes.

Wound assay. Control and Myo1c knockdown podocytes were grown under
differentiated conditions in 35-mm glass-bottom culture dishes (Mat Tek Cor-
poration) until they reached confluence. At 3 days postconfluence, wounds were
created by using a 20-�l sterile pipette tip with two strokes at a 90° angle and
washed twice with PBS to remove all the suspended cells in the medium. Hanks
balanced salt solution (HBSS) with Ca2�/Mg2� was added immediately to cap-
ture the live image. After imaging, HBSS was replaced with fresh complete
RMPI medium, and the mixture was incubated further at 37°C for the indicated
times. Images were taken at different time points, at 6 h, 9 h, and 24 h. The
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experiment was performed more than three times, and the rate of migration was
calculated.

Measurement of transepithelial electric resistance. Myo1c knockdown and
control human podocytes were grown in 12-well cell culture Transwell filters
(0.4-�m pore; Corning, New York, NY) until they became completely confluent.
Transepithelial electric resistance (TER) was measured by using an epithelial
volt-ohmmeter (model EVOM; World Precision Instruments) at 3 days postcon-
fluence (considered day 0). The measurements were taken every 24 h for the next
4 days. The TER of a control well without cells was also measured in parallel as
a control. To determine the presence of tight junctions in these podocytes, a
control experiment was performed where TER was measured in normal podo-
cyte cells, these wells were then treated with Ca2�/Mg2�-depleted medium for a
period of 10 min, and the TER was measured again. Absolute TER values were
determined by subtracting the TER of blank filters with medium from values for
all samples and are presented as the measured resistance in ohms divided by the
surface area (1.12 cm2) of the Transwell filter.

Measurement of albumin flux. The transepithelial permeability of control and
Myo1c knockdown cells for BSA was assessed by measuring the passage of Texas
Red-labeled BSA across the podocyte monolayer. At 3 days postconfluence, cells
were washed with 1� PBS, and the medium in wells (lower chamber) and inserts
(upper chamber) was replaced with serum-free medium. Texas Red-labeled BSA at
a final concentration of 50 �g/ml was added to the wells of the Transwell plate.
Aliquots were removed from the insert at regular intervals to measure the fluores-
cence with excitation at 590 nm and emission at 625 nm. A standard curve derived
from the measurement of serial dilutions of Texas Red-labeled BSA was used to
calculate the amount of BSA moved from the well to the insert. A Transwell without
cells and cells treated with Ca2�/Mg2�-depleted medium were used as controls.

RESULTS

We previously demonstrated that glomerular injury induces
dynamic changes in the Neph1 complex, thereby inducing the
intracellular movement of Neph1, which may involve intracel-
lular transport-based mechanisms (47). This prompted us to
utilize a proteomic-based approach to determine if motor pro-
teins are components of the Neph1 complex.

Identification of Myo1c as a Neph1-interacting protein. To
enrich the recovery of Neph1 complexes, cell lysates from a
human podocyte cell line overexpressing wild-type (wt) Neph1
were used, and the Neph1 complexes were captured on a
Neph1 antibody affinity matrix. The identification of unique
bands from SDS-PAGE gels by mass spectrometry showed the
presence of Myo1c (100 kDa) in the Neph1 complex (Fig. 1A).
Additionally, ZO-1 (a known interactor for Neph1) and Neph1
were also identified in the screen, confirming the validity of
our approach. Note that these proteins were selectively iso-
lated from the Neph1 affinity column and were absent from
the control antibody column (Fig. 1B). Western blotting
of the eluate from the Neph1 affinity column further confirmed
the presence of Myo1c in the Neph1 complex (Fig. 1C).

Various myosin I family members are expressed in cultured
podocytes. To analyze the expressions of various myosin I
family members in podocytes, mRNA isolated from cultured
human podocytes was subjected to RT-PCR analysis. Myo1b,
Myo1c, Myo1d, and Myo1e mRNAs were expressed in both
differentiated and undifferentiated (Fig. 1D) cultured podo-
cytes. To further analyze the expression of myosin I proteins in
glomeruli and podocytes, rat glomerular lysates and cell lysates
from cultured podocytes were probed with antibodies specific
to Myo1c, Myo1b, Myo1d, and Myo1e and analyzed by West-
ern blotting. The Myo1c, Myo1b, Myo1d, and Myo1e proteins
were present in the glomerular lysate, but only the Myo1c,
Myo1b, and Myo1e proteins were detected in the podocyte cell
lysate (Fig. 1E). Although the RT-PCR results suggest that the
Myo1d transcript is present in podocytes, the absence of the

Myo1d protein in the cell lysate indicates either a posttransla-
tional modification or rapid degradation of Myo1d to levels
beyond detection by Western blotting. During the preparation
of the manuscript, a report analyzing the slit diaphragm pro-
teome was published, which described the presence of multiple
myosins, including Myo1b, Myo1c, Myo1d, and Myo1e (38). In
addition to myosin I proteins, MyoV and MyoVI are also
present in human podocytes (Fig. 1D).

Neph1 interacts with Myo1c under in vivo and in vitro con-
ditions. To further determine the specificity of Neph1 and Myo1c
interactions, Neph1 was immunoprecipitated from podocyte cell
lysates, and the immunoprecipitated complex was analyzed for
the presence of various myosin I proteins. Interestingly, only
Myo1c interacted with Neph1 (Fig. 2A). To extend these ob-
servations, a similar immunoprecipitation experiment was per-
formed with rat glomerular lysate, which further confirmed the
interaction between Neph1 and Myo1c (Fig. 2B). In a recip-
rocal experiment, the immunoprecipitation of Myo1c from
podocyte cell lysates further supported Neph1 binding to the
motor protein Myo1c (Fig. 2C). Further data supporting an
interaction between Myo1c and Neph1 were obtained by over-
expressing GFP-Myo1c and Flag-Neph1 in COS-7 cells, where
Myo1c immunoprecipitated with Neph1 (Fig. 2D). To further
establish a direct interaction between Neph1 and Myo1c, a
pulldown experiment was performed, where the recombinant
His-tagged or GST-tagged cytoplasmic domain of Neph1 was
mixed with recombinantly purified full-length Myo1c (Fig. 2E).
Data from the analysis of the Neph1 pulldown complex are
consistent with Neph1 directly interacting with Myo1c (Fig.
2E). Overall, these results support that Neph1 interacts with
Myo1c under in vivo and in vitro conditions.

Myo1c colocalizes with Neph1 in glomeruli and cultured
podocytes. Since the location of Myo1c in the glomerulus was
not characterized previously, we examined the distribution of
Myo1c within glomeruli, using both microscopic and biochem-
ical methods. Using immunofluorescence, we first analyzed the
presence of Myo1c in rat glomeruli, where Myo1c immunore-
activity was indeed detected (Fig. 3A). To determine whether
the immunoreactivity was present in podocytes, paraffin-em-
bedded adult rat kidney sections were double labeled with a
rabbit anti-Neph1 antibody (Fig. 3A). Merged images demon-
strated Myo1c expression in podocytes, where it partially co-
localizes with Neph1. Further preincubation of the Myo1c an-
tibody with the purified Myo1c protein completely blocked the
Myo1c staining of the glomerulus, confirming the specificity of
this antibody (Fig. 3B). Figure 3C and D show immunoelectron
microscopy of rat kidney sections using postembedding colloi-
dal gold immunolabeling of rat kidney sections. The presence
of gold particles in the foot processes at or close to the slit
diaphragm (Fig. 3B and D) supports a localization pattern
similar to that of Neph1 (2). In addition, gold particles were
also located inside the podocyte cell body (Fig. 3D), consistent
with a widespread distribution of Myo1c in podocytes. Neph1
associates in part with a Triton X-100-insoluble membrane
fraction obtained from isolated glomeruli (2). To evaluate if
Myo1c is a component of the Neph1 signaling complex and,
hence, is present in the same membrane fraction, rat glomeruli
were isolated, lysed, and fractionated as described previously
by using Optiprep (2). Each fraction was analyzed by immu-
noblotting for caveolin (lipid raft marker), transferrin receptor
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(non-lipid raft marker), Neph1, Myo1c, nephrin, podocin, and
ZO-1 (Fig. 3E). Similarly to other slit diaphragm proteins,
including nephrin, Neph1, and podocin, Myo1c also localized in
the detergent-resistant lipid raft fractions (fractions 3 and 4) (Fig.
3E). In a similar fashion, a fractionation analysis of podocyte cell
lysates further confirmed the colocalization of Myo1c with Neph1
in the lipid raft fractions (Fig. 3F). Overall, these results are
consistent with an interaction between Myo1c and Neph1.

The principal model system that has been widely used to
study the basic function of slit diaphragm proteins is the in vitro
cell culture model. We reported previously that Neph1 is lo-
cated at the podocyte cell membrane and enriched at the cell
periphery, where it colocalizes with ZO-1 (47). To determine
the location of Myo1c in this system, cultured human podocyte

cells were analyzed by immunofluorescence microscopy. As
reported previously, in addition to staining in the perinuclear
region, Neph1 was enriched at the podocyte cell membrane
(Fig. 4A). The enlarged-image panel on the right of Fig. 4A
indicates the colocalization of Neph1 and Myo1c at the cell
membrane. Note that unlike Neph1, Myo1c is widely distrib-
uted but enriched at the plasma membrane and cell junctions
(Fig. 4A), where maximum colocalization with Neph1 was ob-
served, with a Pearson’s correlation coefficient of 0.4 (Fig. 4A
and C). In addition, Myo1c and Neph1 stainings were also
observed in the cellular processes extending from one cell to
the other (Fig. 4B). Together, these results support the exis-
tence of a complex of Neph1 and Myo1c that is enriched at the
podocyte cell membrane and cell junction.

FIG. 1. Identification of Myo1c as a Neph1 binding protein. (A) Eluates from Neph1 affinity and control columns were separated on
SDS-PAGE gels and subjected to mass spectrometry. Protein bands containing ZO-1, Neph1, and Myo1c are highlighted. (B) Normalized
spectrum values derived by using Scaffold software (Proteome Software, Inc., Portland, OR). (C) The same eluate was probed with Neph1 and
Myo1c antibodies to confirm the results from the mass spectrometry analysis. Various myosin I proteins are expressed in human podocytes.
(D) RT-PCR of differentiated and undifferentiated cultured human podocytes with the indicated primers detects various myosin family members.
Mr, marker. (E) Cultured human podocytes and rat glomerular lysates were Western blotted (WB) with various class I myosin antibodies.
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Neph1 localization at the membrane is actin dependent. If
Myo1c is serving as a motor that targets Neph1 to the plasma
membrane, actin will serve as the track. Consequently, actin
but not microtubule disruption would be expected to alter
Neph1’s distribution. To test this hypothesis, podocytes were
treated with actin and the microtubule-depolymerizing agents
latrunculin B and nocodazole and analyzed by immunofluores-
cence. The results presented in Fig. 5A document that the
treatment of cultured podocytes with latrunculin B significantly
altered the location of Neph1 and Myo1c from the plasma
membrane to the perinuclear region, where they still appeared
to be colocalized. In contrast, treatment with nocodazole had a
minimal effect on the distribution of Neph1 and Myo1c, sup-
porting the hypothesis that an intact actin cytoskeleton is re-
quired for the proper location of Neph1 in podocytes (Fig. 5A
and B). The staining of the plasma membrane with the mem-
brane marker WGA further demonstrated that unlike nocoda-
zole, the loss of the actin cytoskeleton in latrunculin B-treated
cells also altered the plasma membrane (Fig. 5B). Glomerular
injury models that disrupt the actin cytoskeleton network also
induce the loss of podocyte function, with proteinuria and
renal failure (22, 25, 27). We previously demonstrated that
glomerular injury induced by ischemia results in the loss of
Neph1 interactions that are critical for maintaining the integ-
rity of the slit diaphragm structure and function (10, 19, 24, 47).
To determine if renal injury induces similar dynamic changes
in Neph1 and Myo1c complexes, Neph1 and Myo1c binding
was analyzed in a rat ischemia model and a PAN injury model
with cultured podocytes (47). As shown in Fig. 5C, the inter-
action of Neph1 and Myo1c was dramatically reduced after 45
min of ischemia. Importantly, this interaction was restored
after 4 h of reperfusion (Fig. 5C). Similarly, in the PAN-

induced podocyte injury model, the treatment of podocyte cells
with PAN resulted in a significant decrease in the interaction
between Neph1 and Myo1c, which was restored upon recovery
from PAN (Fig. 5D). Together, these results provide evidence
of a dynamic interaction between Neph1 and Myo1c that is
significantly altered by glomerular injury but, importantly,
retains its capacity to recover following reperfusion. These
results further suggest that glomerular injuries that alter the
podocyte actin cytoskeleton also regulate the interaction
between Neph1 and Myo1c.

Localization of Neph1 to the podocyte cell membrane is
altered in the presence of mutant Myo1c. Based on the above-
described results we hypothesized that Myo1c is an integral
component of the Neph1 complex and uses its motor function
to regulate the organization of the Neph1 complex. To address
this hypothesis, we used a recognized and proven approach to
study the trafficking function of Myo1c (5, 30, 50). In this assay,
cultured human podocytes transfected with either wild-type
GFP-Myo1c or mutant GFP-Myo1c (Myo1c 690-1028), lack-
ing both ATP and actin binding domains (dominant nega-
tive), were analyzed by immunofluorescence. Untransfected
cells and cells transfected with wt Myo1c showed Neph1 at the
cell membrane, cell periphery, and fine processes that extend
from the cells (Fig. 6A). In striking contrast, Neph1 was not
present at the cell periphery or at the cell membrane (Fig. 6A,
right) in cells transfected with mutant Myo1c. A quantitative
assessment of these images suggests a significant reduction
(	60%) in Neph1 localization at the cell periphery in cells
expressing mutant Myo1c (Fig. 6B). Unlike Neph1, the trans-
fection of mutant GFP-Myo1c did not alter the membrane
localization of ZO-1 (Fig. 6C), indicating that Myo1c specifi-

FIG. 2. Neph1 interacts with Myo1c under in vivo and in vitro conditions. (A) Immunoprecipitation was performed with podocyte cell lysates
using Neph1 antibody, and Western blotting was performed with antibodies specific to Myo1c, Myo1b, Myo1e, and Myo1d to determine their
interactions with Neph1. (B) Neph1 was immunoprecipitated (IP) from rat glomerular lysates and immunoblotted with Myo1c antibody to confirm
the interaction between Neph1 and Myo1c. (C) Reciprocal immunoprecipitation in cultured human podocytes using Myo1c antibody and Western
blotting with Neph1 confirms the Neph1 and Myo1c interaction. (D) Plasmids encoding full-length GFP-Myo1c and Flag-Neph1 were transfected
into COS-7 cells. Neph1 was immunoprecipitated from the cell lysate, and the immune complex was analyzed for Myo1c binding using Myo1c
antibody. (E) The recombinant purified cytoplasmic domain of Neph1 as a GST or His fusion protein was mixed with purified full-length
His-Myo1c expressed in baculovirus. Pulldown with either GST beads or Neph1 antibody and Western blotting with Myo1c antibody show binding
between Neph1 and Myo1c.
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cally alters the localization of Neph1 at the podocyte cell mem-
brane.

Knockdown of Myo1c inhibits Neph1 membrane localiza-
tion. Since the introduction of a dominant negative Myo1c
mutant into podocytes affected Neph1’s membrane localiza-

tion, we next hypothesized that a deletion of Myo1c would
cause similar or additional changes. To accomplish this, five
different plasmid constructs encoding Myo1c-specific small
hairpin RNAs (shRNAs) were transfected into cultured hu-
man podocytes. In an effort to induce long-term gene silencing,

FIG. 3. Myo1c is a podocyte protein and colocalizes with Neph1. (A) Kidney sections from PFA-perfused rats were immunostained with Myo1c
and Neph1 antibodies to determine the colocalization of Myo1c (red) with Neph1 (green) in glomeruli. (B) To determine the specificity of the
Myo1c antibody, it was preincubated with the Myo1c protein prior to staining. Nuclear staining was performed with DAPI (blue). (C and D)
Immunogold electron micrographs of kidney sections stained with Myo1c antibody show Myo1c localization adjacent to the slit diaphragm
(arrows). P, podocytes; GBM, glomerular basement membrane; SD, slit diaphragm. (E and F) Lysate obtained from mouse glomeruli (E) or
cultured human podocytes (F) was subjected to flotation gradient centrifugation using Optiprep. Fractions were analyzed by immunoblotting with
the indicated antibodies. Western blotting with caveolin antibody identified the lipid raft fraction (fraction 3 at the interface between the 5 and
30% Optiprep densities).
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transfected cells were selected for the stable expression of
Myo1c shRNA. Next, the level of Myo1c protein knockdown
was quantified by using Western blotting. A maximum knock-
down of over 80% was achieved for Myo1c with one of the five
shRNAs (Fig. 7A and C), which was used for all subsequent
experiments. The specificity of the Myo1c shRNA was further
determined by estimating the protein levels of Neph1 and
Myo1e that remained unaltered in Myo1c knockdown cells
(Fig. 7I). The knockdown of Myo1c was further analyzed by
immunofluorescence using a Myo1c antibody, confirming the
reduction in Myo1c staining (Fig. 7B). Next, we evaluated the
impact of the Myo1c deletion on the cell distribution of Neph1
by immunofluorescence. A significant reduction in the level of
Neph1 at the cell membrane and cell junctions was observed
(Fig. 7B). Representative images from five different experi-
ments are shown to demonstrate the distribution of Neph1 in
the podocyte cells (Fig. 7B). In addition, fractionation analysis

of Myo1c knockdown cells further showed a reduction in the
level of Neph1 in the membrane fraction (Fig. 7J). The quan-
titation of cell peripheral fluorescences for both Myo1c and
Neph1 from 3 independent experiments (n of 15 cells under
each condition) confirmed a significant reduction in levels of
both proteins at the cell membrane (Fig. 7D and E). To further
confirm the loss of Neph1 from the membrane of podocytes,
Myo1c knockdown and control podocyte cells were stained
with Neph1 antibody directed toward the extracellular domain
of Neph1. As shown in Fig. 7F, the staining of surface Neph1
in Myo1c knockdown cells was significantly reduced. A quan-
titative analysis of these cells suggests a 	80% reduction in
antibody intensity at the membrane of Myo1c knockdown cells
(Fig. 7G). As expected, the knockdown of Myo1c did not affect
ZO-1 localization at the membrane (Fig. 7H). To extend these
observations, we hypothesized that the introduction of Myo1c
into the knockdown cells would restore Neph1 to the podocyte

FIG. 4. Myo1c and Neph1 colocalize in cultured human podocytes. (A and B) Cultured podocytes grown on coverslips were fixed with 4% PFA
and immunolabeled with Myo1c (red) and Neph1 (green) antibodies. As noted previously, Neph1 is concentrated at the cell membrane, while
Myo1c is widely distributed in the cytoplasm and enriched at the cell membrane. The red-green overlay (yellow) shows Myo1c and Neph1
colocalization close to the cell membrane, in cell processes or lamellipodia, and also at cell-cell contacts in adjacent enlarged images. Represen-
tative images from five different experiments are shown, the junction region from one set of images is enlarged, and Neph1 and Myo1c
colocalization is highlighted. (C) The Pearson’s correlation coefficient (Rr) at the cell boundary of podocytes was calculated by using Image J
software and shows a partial colocalization of Myo1c with Neph1, with an Rr of �0.4. Eight different cell groups (n 
 8 cells) were included from
five different experiments for quantitation.
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cell periphery. To test this hypothesis, Myo1c knockdown cells
were transfected with mouse GFP-Myo1c cDNA (which is
resistant to human Myo1c shRNA) or control cDNA (empty
vector), and the cells were immunostained for Neph1. As
shown in Fig. 8A, Neph1 returned to the cell periphery in cells
expressing wild-type GFP-Myo1c and not the control vector. A
quantitative analysis of these images further confirmed the
rescue of Neph1 at the cell periphery in mouse GFP-Myo1c-
expressing cells (Fig. 8B). Note that adjacent cells (untrans-
fected) displayed very little Neph1 at the periphery (Fig. 8A,
right).

Clustered Neph1 is not recruited to the podocyte membrane
in Myo1c knockdown cells. To further confirm the role of
Myo1c in the trafficking of Neph1 to the podocyte cell mem-
brane and its activation, we studied the effect of the Myo1c
knockdown on the localization of chimeric Neph1, where the
extracellular and transmembrane domains of Neph1 were re-
placed with a CD16 antibody binding domain and a CD7 trans-
membrane domain (10, 45). In this model system (10), the
addition of CD16 antibody followed by secondary anti-mouse

IgG antibody in live cells clusters chimeric Neph1 at the cell
surface. As noted previously, the “clustering” of CD16-Neph1
on the plasma membrane was readily visualized by epifluores-
cence microscopy (Fig. 9A and B) and confocal microscopy
(Fig. 9C) of control cells. In contrast, CD16-Neph1 clustering
at the cell membrane was significantly reduced in Myo1c
knockdown cells (Fig. 9). Quantitation of the CD16 pixel in-
tensity suggested a 	90% reduction in the level of Neph1 at
the membrane of Myo1c knockdown cells (Fig. 9B). Collec-
tively, these results provide strong evidence that the Myo1c
motor-based mechanism is required for the translocation of
Neph1 to its functional site at the podocyte cell membrane.

Myo1c binds nephrin and mediates the membrane localiza-
tion of nephrin. Neph1 and nephrin share similar structural
and functional properties and are engaged at extracellular
and intracellular levels to maintain the integrity of the slit
diaphragm and, therefore, podocyte function (24, 44). Since
Myo1c had a profound effect on Neph1 localization, we hy-
pothesized that Myo1c also plays a role in mediating the in-
tracellular movement of nephrin. To test this, we first analyzed

FIG. 5. The interaction of Neph1 and Myo1c is actin dependent. (A and B) Cultured podocytes grown on coverslips were treated with either
latrunculin B (5 mM), nocodazole (30 �M), or growth medium for 1 h. Cells were then washed and processed for immunostaining with phalloidin
(Alexa 488), Myo1c (Alexa 568/350), and Neph1 (Alexa 647/488) antibodies and with the membrane marker WGA (Alexa 594) (B). While
latrunculin B induced the mislocalization of Myo1c and Neph1, treatment with nocodazole or normal medium had little effect. Renal injury induces
the dissociation of the complex of Neph1 and Myo1c. (C) Male Sprague-Dawley rats were subjected to bilateral ischemia for 45 min with a
reperfusion/recovery (Rec) time of 4 h. Isolated glomeruli were lysed in RIPA buffer. Neph1 was immunoprecipitated from glomerular lysates of
control, ischemic, and recovered mice and Western blotted with Myo1c and Neph1 antibodies. (D) Podocyte cell lysates obtained from cells treated
with PAN and from PAN treatment followed by recovery were subjected to Neph1 immunoprecipitation and Western blotted with Myo1c and
Neph1 antibodies. Equivalent amounts of Neph1 and Myo1c were also examined, and actin was used as a loading control. These experiments were
repeated three times, with identical results.
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the interaction between nephrin and Myo1c by immunopre-
cipitating nephrin from mouse glomerular lysates and West-
ern blotting for Myo1c. As shown in Fig. 10A, Myo1c im-
munoprecipitated with nephrin. To further establish a direct
interaction, a GST pulldown experiment was performed,
where the purified recombinant GST-tagged cytoplasmic do-
main of nephrin was incubated with purified recombinant full-
length Myo1c. Analysis of the GST pulldown indicated a direct
interaction between nephrin and Myo1c (Fig. 10B). Overall,
these results support the hypothesis that nephrin interacts with
Myo1c under in vivo and in vitro conditions. We next examined
if, similarly to Neph1, the localization of nephrin is also af-
fected in Myo1c-deficient podocytes. Since cultured human
podocytes express very small amounts of the nephrin protein,
we analyzed the localization of nephrin in podocytes using the
CD16 model system (45). As demonstrated previously, the
“clustering” of CD16-nephrin at the plasma membrane in con-
trol cells was readily visualized by confocal microscopy (Fig.
10C). In contrast, CD16-nephrin clustering was significantly
reduced in Myo1c knockdown cells (Fig. 10C and D). Quan-
titation of CD16 pixel intensity in Myo1c knockdown cells
suggested a 	70% reduction in the level of nephrin at the
membrane (Fig. 10D). In conclusion, these results indicate that
in a fashion similar to that of Neph1, Myo1c also binds nephrin
and affects its localization at the cell membrane.

Myo1c knockdown podocytes exhibit decreased cell migra-
tion, reduced TER, and increased permeability for BSA. Since
Myo1c inhibits the membrane localization of Neph1 and neph-
rin and it has been implicated as having a role in actin dynam-
ics, organelle movements, and membrane ruffling in various
cell types (3, 13), we hypothesized that the loss of Myo1c would
adversely affect podocyte migration and function. To investi-
gate this, we tested the integrity and functionality of Myo1c
knockdown podocytes by determining their rate of migration
and ability to form tight junctions. Therefore, a wound assay
was performed to determine the rates of cell migration in
Myo1c knockdown and control podocytes. As shown in Fig.
11A, complete wound closure was observed for control cells
after 24 h, but Myo1c knockdown cells covered only 70% of the
control area. This migration defect was consistently observed
in three independent experiments (Fig. 11B). Importantly, this
phenotype was rescued with the overexpression of full-length
GFP-Myo1c in Myo1c knockdown podocytes (Fig. 11A and B).
Quantitative analysis further suggested a significant reduction
in the mean rate of migration of knockdown cells compared to
that of the control cells (Fig. 11B). We next examined whether
the Myo1c knockdown affects the function of the podocyte
monolayer as a tight-junction barrier. To first analyze the tight-
junction dynamics, control and Myo1c knockdown podocyte
cells were grown to confluence and then subjected to TER

FIG. 6. Neph1 localization at the podocyte cell membrane is altered in the presence of dominant negative Myo1c. (A and C) Human podocytes
transfected with wt GFP-Myo1c or dominant mutant GFP-Myo1c (without ATP and actin binding domains) were analyzed by immunofluorescence
with Neph1 (A) or ZO-1 (C) antibodies. Note the presence of Neph1 and ZO-1 at the cell membrane (arrows) in untransfected cells and cells
transfected with wt Myo1c. In contrast, cells transfected with mutant GFP-Myo1c showed a significant reduction in the amount of Neph1 but not
of ZO-1 at the cell membrane. (B) Quantitative analysis of transfected and untransfected cells was performed (n 
 10 cells), and the bar diagram
shows the mean pixel intensities of Neph1 at the cell periphery.
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FIG. 7. shRNA-mediated Myo1c knockdown inhibits Neph1 membrane localization. (A) Myo1c knockdown was induced by the transfection of
a plasmid encoding Myo1c shRNA in cultured human podocytes. Stable transfectants were selected, and the extent of the Myo1c protein
knockdown was assessed by Western blotting. (B) Control and knockdown cells were analyzed by immunofluorescence using Myo1c (Alexa 568)
and Neph1 (Alexa 488) antibodies and phalloidin (Alexa 488). (C) Quantitation of Myo1c knockdown from five different experiments is
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measurements, as shown in Fig. 11C. The electrical resistance
was measured over a period of 5 days postconfluency, and the
reduced TER in Myo1c knockdown cells suggests a decrease in
their ability to form tight junctions (Fig. 11C). Next, albumin
filtration across the monolayer of cultured control and Myo1c
knockdown cells was assessed by a paracellular albumin flux

assay using Texas Red-labeled albumin. Increased albumin flux
was observed for Myo1c knockdown podocytes compared to
control cells (Fig. 11D). To further determine if the loss of
Neph1 also induced similar defects in podocytes, we performed
a parallel Neph1 knockdown experiment using Neph1-specific
shRNA (Fig. 11E and F). Similarly to Myo1c knockdown cells,
the depletion of Neph1 in podocytes also resulted in reduced
TER and increased permeability for BSA (Fig. 11G and H).
Collectively, these results indicate that the loss of Myo1c is
consistent with the loss of Neph1 in podocytes and reduces the
ability of podocytes to form tight junctions, with a loss of
permeability for proteins.

DISCUSSION

Podocyte proteins localized at the slit diaphragm have crit-
ical functions of maintaining the podocyte structure and pro-
vide a platform for the assembly of signaling complexes. Stud-
ies of many glomerular diseases in humans and mice have
documented changes in podocyte protein dynamics, including
a loss of interactions between slit diaphragm proteins and their
translocation to different subcellular locations (8, 34, 49). Us-
ing animal and cell culture models, we previously demon-
strated similar changes in Neph1 protein dynamics in response
to glomerular injury (47). However, the molecular and cellular
mechanisms associated with these changes that contribute to
the maintenance of the slit diaphragm remain largely un-
known. Our identification of the motor protein Myo1c as a
novel component of the slit diaphragm and its ability to asso-
ciate with Neph1 and nephrin suggests that a molecular motor-
based mechanism organizes the slit diaphragm complex at the
podocyte cell membrane.

Motor proteins from the myosin I family, including Myo1c,
are enriched in membrane structures and localized to filopo-
dia, lamellipodia, ruffles, and the leading edges of migrating
cells, in addition to a cytoplasmic punctate pattern (3, 46). We
observed a similar pattern for Myo1c in cultured podocytes,
with partial Neph1 colocalization at the cell periphery. In ad-
dition, unlike Neph1, Myo1c also had a cytoplasmic distribu-
tion, as described previously for multiple cell types (46). Ad-
ditional evidence for the Myo1c and Neph1 association comes
from the colocalization observed for rat glomerular sections
and from analyses of lipid raft fractions from mouse glomeruli
and podocyte cells that showed a significant overlap of
Neph1 and Myo1c in the same subcellular compartments. Al-
though podocytes in cell culture do not form in vivo like foot
processes, they do form dynamic structures such as lamellipo-
dia, membrane ruffles, and long filopodium-like structures that
can extend from one cell to the other. All these structures are

represented as the mean pixel intensity of Myo1c. (D and E) Mean pixel intensity analysis of Myo1c and Neph1 at the podocyte cell membrane
from five different experiments (15 cells each) was performed and shows a significant reduction in the amount of Neph1 at the cell membrane
compared to control shRNA (P � 0.001). (F) Surface Neph1 was labeled in Myo1c knockdown and control cells with Neph1 extracellular antibody
under unpermeabilized conditions. Immunofluorescence analysis was performed by using confocal imaging. (G) Quantitative analysis of single-
plane images (n 
 10 cells) shows a significant decrease in the mean pixel intensity of surface Neph1 labeling in Myo1c knockdown cells compared
to control cells. (H) Immunofluorescence analysis of Myo1c knockdown cells with ZO-1 antibody shows that ZO-1 localization remains unchanged
compared to control shRNA. (I) Lysates from control and Myo1c knockdown cells were Western blotted with Myo1c, Neph1, and Myo1e
antibodies and show that Myo1c knockdown does not alter Neph1 and Myo1e protein levels. (J) Myo1c and control knockdown cells were
fractionated to isolate the membrane fractions, which were analyzed by Western blotting using Neph1 antibody.

FIG. 8. Transfection of mouse GFP-Myo1c rescues Neph1 mem-
brane localization in Myo1c knockdown cells. (A) Myo1c knockdown
cells were transfected with either mouse GFP–full-length Myo1c or a
control vector and stained with Neph1 antibody (red). Neph1 localizes
at the cell periphery only in GFP-Myo1c-transfected cells (arrows).
(B) Quantitative analysis was performed on data from three indepen-
dent experiments (n 
 10 cells) to calculate the mean pixel intensity of
Neph1 at the cell periphery in transfected cells.
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sites of active actin dynamics involving multiple cytoskeletal
elements that together help regulate cell migration and/or dif-
ferentiation (20, 36, 39, 44). Although the exact cellular func-
tion of Neph1 is unclear, studies of cell systems suggest that the
phosphorylation of Neph1 induces the assembly and regulation
of actin polymerization at the cell membrane. Moreover, the
genetic deletion of Neph1 induces podocyte effacement, sug-
gesting that Neph1 is involved in regulating actin cytoskeletal
dynamics required for foot process formation in podocytes.
The identification of Myo1c as a Neph1 binding protein and its
colocalization with Neph1 in podocyte actin-rich structures
support that Myo1c participates in the Neph1-dependent actin
cytoskeletal dynamics of podocytes. Indeed, the requirement
of an intact actin cytoskeleton for Neph1 localization (Fig. 5A
and B) supports a role for Myo1c in the translocation of Neph1
to the cell membrane. We further demonstrate that alterations
to the actin cytoskeleton induced by glomerular injury also
induce dynamic changes to the Neph1-Myo1c complex (Fig. 5C
and D). The Neph1 complex with nephrin and ZO-1 was
shown previously to undergo similar dynamic changes in re-
sponse to glomerular injury (8, 34, 47, 49). Therefore, it is
likely that Myo1c is a functional component of a multimolecu-
lar Neph1 complex that participates in the regulation of podo-
cyte structure and function.

A number of proteins, including actin, calmodulin, Nemo,

Rictor, and the transporter protein Glut4, have been shown to
associate with Myo1c (5, 30). Among these, the binding of
Myo1c to Glut4 and Nemo was shown to regulate the translo-
cation of these proteins to the cell membrane. In agreement
with those findings, our results also support a role for Myo1c in
the translocation of Neph1 to the podocyte cell membrane.
While the translocation of Nemo and Glut4 to the plasma
membrane of cultured adipocytes by Myo1c requires insulin,
the localization of Neph1 at the podocyte cell membrane was
stimulus independent. In our experiments the knockdown of
Myo1c resulted in a significant shift of Neph1 away from the
podocyte cell membrane that did not require stimulus or injury
to podocytes. While this may represent an inhibition of Neph1
recycling resulting in accumulation in a cytoplasmic location,
further research is needed to understand Neph1 trafficking.
Myo1c is known to also mediate the localization of lipid rafts
to the cell membrane (3). Since Myo1c and Neph1 both local-
ized in lipid rafts, it is likely that the translocation of the Neph1
complex is mediated through lipid rafts associated with Myo1c.
We further demonstrate that nephrin, which exists in a high-
affinity complex with Neph1 and whose loss also results in
podocyte effacement and renal dysfunction, also interacts with
Myo1c independent of Neph1. Unlike Neph1 and nephrin, the
transfection of mutant Myo1c or the depletion of Myo1c by
shRNA had no effect on the localization of ZO-1 that binds

FIG. 9. Clustering of Neph1 at the podocyte membrane is inhibited in Myo1c-deleted cells. (A) A plasmid encoding the CD16-Neph1
cytoplasmic domain was transfected into Myo1c knockdown and control cells. (Right) Live cells were processed for clustering with CD16 antibody
and analyzed by immunofluorescence. (Left) A parallel set of untransfected cells (control) was immunostained with Neph1 and Myo1c antibodies
to determine the extent of the Myo1c knockdown. Representative images from three independent experiments are shown. (C) The same cells were
also analyzed by confocal microscopy. (B) Quantitative analysis of transfected cells (n 
 10 cells) shows a significant decrease in the mean pixel
intensity of CD16-Neph1 in Myo1c knockdown cells compared to control cells.
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Neph1 and localizes at the slit diaphragm, suggesting the spec-
ificity of Myo1c for Neph1 and nephrin in this system (Fig. 6C
and 7H). The requirement of Myo1c for the localization of
nephrin to the podocyte cell membrane similarly to Neph1
suggests a common molecular motor-based mechanism uti-
lized by these slit diaphragm proteins to translocate to their
functional sites in podocytes.

Previously reported studies of Myo1c in diverse systems sug-
gested that it may function as an anchor protein, providing a
link between the actin cytoskeleton and cell membrane (21, 26,
33, 43). Previously reported studies also showed that Myo1c is
actively involved in the membrane translocation of ion chan-
nels and their transduction complexes in stereocilia in vestib-
ular hair cells of the ear (13). Actin-rich stereocilia are con-
nected through extracellular filaments composed of cadherin
repeats containing the proteins CDH23 and PCDH15, com-
monly referred as “tip links,” that are critical for the adap-
tation response. Evidences show that Myo1c connects the
transduction complex to the actin bundle and mediates the

movement of this complex during adaptation and recovery
events in these stereocilia. Unlike stereocilia, the foot pro-
cesses of podocytes are connected through the slit diaphragm,
whose molecular composition resembles that of the tip link.
Similarly to tip links, the slit diaphragm contains another cad-
herin repeat-containing protein, FAT1, that provides struc-
tural integrity to the slit diaphragm in conjunction with the
extracellular domains of Neph1 and nephrin (20, 44). Nephrin
and Neph1 are connected to the actin cytoskeleton of podo-
cytes through interactions mediated by their cytoplasmic do-
main (2, 10). A number of proteins have now been reported to
be part of this complex, including Nck, Grb2, ZO-1, Fyn, and
Par3 (15, 36). With the identification of Myo1c as a component
of this complex, it is likely that, similar to stereocilia, Myo1c
functions in the transduction of this complex during various
physiological events in podocytes. Indeed, our knockdown and
CD16 experiments, where the localization of Neph1 and neph-
rin at the podocyte cell membrane was significantly altered,
provide support for this hypothesis. Further evidence for the

FIG. 10. Myo1c interacts with nephrin. (A) Nephrin was immunoprecipitated from glomerulus (Glom) lysates using nephrin antibody and
Western blotted with Myo1c and nephrin antibodies to determine the interaction between nephrin and Myo1c. (B) A GST pulldown was performed
with the cytoplasmic domain of nephrin expressed as a GST fusion protein mixed with baculovirus-expressed and purified full-length His-Myo1c,
and Western blotting was performed with Myo1c antibody. (C) Myo1c knockdown and control cells were infected with retroviruses encoding
CD16-nephrin. Live cells were processed for clustering with the CD16 antibody and analyzed by immunofluorescence. (D) Quantitative analysis
of transfected cells (n 
 10 cells) suggests a significant decrease in the mean pixel intensity of CD16-nephrin in Myo1c knockdown cells compared
to control cells.
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involvement of Myo1c in the activation of Neph1 and neph-
rin is provided by the CD16 model system, where the knock-
down of Myo1c inhibited the clustering of Neph1 and neph-
rin at the podocyte cell membrane. The clustering of Neph1
and nephrin also induces the activation of these proteins

and the recruitment of the adapter proteins Grb2 and Nck,
respectively (10, 45). Therefore, it is likely that the intracel-
lular signaling of Neph1 and nephrin is also impaired in this
model system.

Several studies now indicate that Neph1 and nephrin in

FIG. 11. Depletion of Myo1c in podocytes results in decreased cell migration, reduced TER, and increased permeability for BSA. (A) A wound
assay was performed with control cells, Myo1c knockdown podocytes, and Myo1c knockdown podocytes rescued with mouse GFP-Myo1c cDNA.
Wound closure was observed at different time points (only data for 0 h, 9 h, and 24 h are presented). Unlike Myo1c knockdown cells, control and
rescued cells showed complete wound closure in 24 h. (B) Quantitative analysis shows a significant reduction in the mean rate of migration of
knockdown cells compared to control cells (P � 0.001) and rescued cells (P � 0.01). (C) Myo1c knockdown and control podocyte cells were grown
on Transwell filters, and electrical resistance was measured. Myo1c knockdown cells showed reduced TER compared to that of controls (P � 0.05).
(D) Control and Myo1c knockdown cells grown on Transwell filters were subjected to a paracellular albumin flux assay using Texas Red-labeled
albumin. Increased albumin flux over time was observed for Myo1c knockdown podocytes compared to control cells (P � 0.05). (E and F)
A plasmid encoding Neph1 shRNA was used to generate stable Neph1 knockdown cells, and the knockdown was assessed by immunopre-
cipitation and Western blotting (E) and immunostaining (F). (G and H) Similarly to Myo1c knockdown cells, albumin flux and TER analyses
of Neph1 knockdown cells showed increases in albumin influx (G) and reductions in the TER (H) in Neph1 knockdown cells compared to
controls (P � 0.05).
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podocytes serve multiple functions involving podocyte devel-
opment and junction formation that are critical for podocyte
function as a filtration unit (29, 31). The engagement of the
extracellular domains of Neph1 and nephrin at the podocyte
cell membrane forms the structural framework of the slit dia-
phragm that bridges the foot processes of podocytes and is
critical for podocyte function (36, 44). Therefore, to maintain
the structural and functional integrity of podocytes, Neph1 and
nephrin need to be localized at the podocyte membrane. Since
Myo1c alters the membrane localization of Neph1 and neph-
rin, it is likely that the loss of Myo1c has a profound effect on
podocyte function. Indeed, podocytes deficient in Myo1c had
lower rates of migration in the wound assay. Moreover, their
ability to form tight junctions was also impaired, as demon-
strated by the TER measurements and albumin flux assay.
Interestingly, similar results were obtained when Neph1 was
depleted in these podocytes using Neph1-specific shRNA (Fig.
11E to H), suggesting that Neph1 and Myo1c are components
of the same pathway. Collectively, these results suggest a crit-
ical role for Myo1c in podocyte function. Although many mem-
bers of the myosin I family are expressed in podocytes (Fig.
1D), results from the genetic deletion of Myo1e in podocytes
suggest that the function of Myo1e cannot be complemented
by other myosins. The induction of podocyte effacement and
proteinuria in mice with podocyte-specific Myo1e deleted in-
dicates that members of this family are critical for maintaining
podocyte function. However, the determination of the exact in
vivo functional significance of Myo1c will require the specific
deletion of this protein in podocytes. Since Neph1 and nephrin
are critical for the maintenance of glomerular function, it is
likely that regulating the dynamics of Neph1 and nephrin and
their complex will affect the outcomes of glomerular diseases.
We believe that the identification of Myo1c is a first step
toward an understanding of the mechanisms that induce dy-
namic changes in Neph1 and nephrin distributions.
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