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Background: Nephrin is an immunoglobulin-like protein that facilitates insulin release by pancreatic beta cells.
Results:Nephrin phosphorylation at tyrosine residues responsible for SH2 domain binding is a Dynamin-dependent phenom-
enon, and it is necessary for glucose-stimulated insulin release in insulinoma cells and human islets.
Conclusion: Dynamin-dependent Nephrin phosphorylation is necessary for glucose-stimulated insulin secretion.
Significance: Pharmacological modulation of Nephrin phosphorylation may facilitate pancreatic beta cell function.

We have previously demonstrated a role for Nephrin in glu-
cose stimulated insulin release (GSIR).Wenowhypothesize that
Nephrin phosphorylation is required for GSIR and that
Dynamin influences Nephrin phosphorylation and function.
MIN6-C3 Nephrin-deficient pancreatic beta cells and human
islets were transfected with WT-Nephrin or with a mutant
Nephrin in which the tyrosine residues responsible for SH2
domain binding were substituted with phenylalanine (3YF-
Nephrin). GSIR and live images of Nephrin and vesicle traffick-
ing were studied. Immunoprecipitation experiments and over-
expression of WT-Dynamin or dominant negative Dynamin
mutant (K44A-Dynamin) in WT-Nephrin, 3YF-Nephrin, or
Nephrin siRNA-transfected cells were utilized to study Neph-
rin-Dynamin interaction. In contrast to WT-Nephrin or to sin-
gle tyrosine mutants, 3YF-Nephrin did not positively affect
GSIR and led to impaired cell-cell contacts and vesicle traffick-
ing. K44A-Dynamin prevented the effect of Nephrin onGSIR in
the absence of protein-protein interaction between Nephrin
and Dynamin. Nephrin gene silencing abolished the positive
effects of WT-Dynamin on GSIR. The effects of protamine sul-
fate and vanadate on Nephrin phosphorylation and GSIR were
studied in MIN6 cells and human islets. WT-Nephrin phos-
phorylation after glucose occurred at Tyr-1176/1193 and
resulted in improved GSIR. On the contrary, protamine sulfate-
induced phosphorylation at Tyr-1176/1193/1217 was associ-

ated with Nephrin degradation and impaired GSIR. Vanadate,
which prevented Nephrin dephosphorylation after glucose
stimulation, improved GSIR in human islets and MIN6 cells. In
conclusion, Dynamin-dependent Nephrin phosphorylation
occurs in response to glucose and is necessary for Nephrin-me-
diated augmentation of GSIR. Pharmacological modulation of
Nephrin phosphorylation may thus facilitate pancreatic beta
cell function.

We have previously shown that Nephrin, an immunoglobu-
lin-like transmembrane protein originally identified in kidney
podocytes (1), is also expressed by pancreatic beta cells where it
facilitates insulin release and vesicle formation (2). In the kid-
ney, Nephrinmodulates actin polymerization and cellularmor-
phology of podocytes, which are highly specialized glomerular
epithelial cells with numerous foot processes bridged by an
extracellular structure known as the slit diaphragm (3, 4). At the
slit diaphragm, Nephrin engages in homophilic interactions
with other Nephrin molecules and in heterophilic interactions
with other slit diaphragmproteins fromneighboring podocytes
(5). Because such interaction results in the modulation of
Nephrin-dependent signaling (6), it is likely that Nephrin may
contribute to cell-cell communication, an important feature of
highly specialized cells such as pancreatic beta cell (7–9). An
important role of Nephrin phosphorylation in governing cellu-
lar phase transitions (10) and in governing actin dynamics and
lamellipodia formation (11, 12) has been recently reported.
Upon homophilic or heterophilic interaction, tyrosine phos-
phorylation of Nephrin controls the interaction of Nephrin
with the SH2-SH3 domain-containing adaptor proteins Nck1
andNck2 (13, 14) andwith PI3K (15–17), thus influencing actin
polymerization and cellular morphology (18). Although Neph-
rin phosphorylation at different sites seems to have amajor role
in the formation of complexes that either facilitate or prevent
Nephrin trafficking (19), the physiological role of Nephrin
phosphorylation remains unclear. Inhibition of Nephrin phos-

* This work was supported, in whole or in part, by National Institutes of Health
Grants DK82636, DK70460, and U42 RR016603. This work was also sup-
ported by American Diabetes Association Grant 7-09-JF-23, the Forest
County Potawatomi Community Foundation, the Max and Yetta Karasik
Family Foundation, the Diabetes Research Institute Foundation, the Swed-
ish Research Council, the Knut and Alice Wallenberg Foundation, Torsten
and Ragnar Söderberg’s Foundation, the Swedish Diabetes Association,
the Family Erling-Persson Foundation, the Peggy and Harold Katz Family
Foundation, and the City of Hope, Duarte, CA.
Author’s Choice—Final version full access.

1 To whom correspondence should be addressed: Diabetes Research Insti-
tute and Division of Nephrology and Hypertension, University of Miami
Miller School of Medicine, 1450 NW 10th Ave., Miami, FL 33136. Tel.: 305-
243-6558; Fax: 305-243-4404; E-mail: afornoni@med.miami.edu.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 34, pp. 28932–28942, August 17, 2012
Author’s Choice © 2012 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

28932 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 34 • AUGUST 17, 2012



phorylation by blockade of protein-tyrosine phosphatase 1B
(PTP1b) has also been demonstrated to be detrimental to podo-
cyte function (20). Although decreased Nephrin tyrosine phos-
phorylation has been described in both human and experimen-
tal proteinuria (21, 22), exogenous inducers of Nephrin
phosphorylation can also cause proteinuria (23, 24). Nephrin
phosphorylation can be experimentally induced by protamine
sulfate (23), anti-Nephrin antibodies (24), podocin and the Src
kinase Fyn (24–27), Nephrin interaction with Neph1 (28), or
Nephrin homophilic interaction (29). However, the nature of
physiological stimuli ofNephrin phosphorylation remains to be
determined. The recent evidence that hyperglycemia causes a
PKC�-dependent Nephrin internalization (30) suggests an
important role of glucose as a stimulus for Nephrin phosphor-
ylation and trafficking. If and how Nephrin phosphorylation
affects pancreatic beta cell function remains to be determined.
Dynamin is a large guanosine triphosphatase (GTPase) that

plays an important role in vesicle formation (31), actin remod-
eling (32–38), Nck interaction (39), glucose-stimulated ATP
production (40), and insulin granule exocytosis (41). Further-
more, Dynamin dependent raft-mediated endocytosis is
required for Nephrin internalization and proper signaling in
podocytes (23). The similarities in Nephrin and Dynamin func-
tion, together with the evidence that Dynamin can affect Neph-
rin phosphorylation (23) have prompted us to investigate
whetherNephrin andDynamin share common functions in the
process of glucose-stimulated insulin release (GSIR)2 in pan-
creatic beta cells. In particular, we studied the ability of
Dynamin to influence Nephrin phosphorylation, Nephrin traf-
ficking, and Nephrin augmentation of GSIR, and we investi-
gated how the pharmacological modulation of Nephrin phos-
phorylation may affect GSIR in human islets and MIN6 cells.

EXPERIMENTAL PROCEDURES

Cell Culture and Islet Culture—Both MIN6 cells and the
Nephrin-deficient non-glucose-responsive C3 subclones (gift
of Dr. A. Thomas) were cultured in 25 mM glucose DMEM
(Invitrogen) (42). Human islets from cadaveric donors with
research consent were obtained through the Islet Cell Resource
Distribution system or were isolated at the local Human Cell
Processing facility (43). Bright field microscopy at 20� magni-
fication was utilized to screen the morphology of MIN6 cell
lines transfected with wild type Nephrin and mutated Nephrin
as described below. When indicated, human islets and MIN6
cellswere incubatedwith a selective inhibitor of Src family tyro-
sine kinases (PP2, 1 �M; Sigma) overnight prior to glucose
stimulation.
Western Blotting (WB) and Immunoprecipitation—For WB

in MIN6 cells, a polyclonal guinea pig anti-Nephrin antibody
(1:5000, C-terminal, Fitzgerald Laboratories, Concord, MA)
and rabbit anti-phospho-Nephrin antibodies (1:2000, Tyr(P)-
1176/1193 and 1:500 Tyr(P)-1217; Epitomics, Burlingame, CA)
were utilized. ForWB in human islets, 3.3K human islets (IEQ)
were lysed in 0.5% CHAPS buffer (20 mM Tris, pH 7.5, 500 mM

NaCl, and 0.5% CHAPS (w/v)). The lysates were run on 4–20%
Mini-PROTEAN TGX precast polyacrylamide gels (Bio-Rad)
and transferred to PVDF membranes (Millipore). The follow-
ing antibodies were serially used: guinea pig anti-Nephrin
(1:2000,1h,Fitzgerald), rabbit anti-guinea pig (1:3000, 1 h;
Abcam), biotin goat anti-rabbit (1:3000, 1 h; Abcam) and
streptavidin-peroxidase (1:1000, 15 min; Sigma). Washing
buffer (TBS-T � 0.05% Tween 20) and blocking buffer (TBS-T
� 5%milk orTBS-T� 1%BSA)were used. The biotin-blocking
system (Dako) was also applied after incubation of rabbit anti-
guinea pig. Co-immunoprecipitation studies were performed
using HEK293 cells co-transfected with FLAG-Nephrin and
GFP-tagged Nck1 or podocin. FLAG-Pin1 served as a negative
control. Subconfluent cells grown on a 10-cm dish were trans-
fected with 2 �g of cDNA using 6 �l of FuGENE 6 reagent
(Roche Applied Science). The cells were incubated for 2 days at
37 °C after transfection. Protein lysates were collected in Triton
buffer (50 mM Tris-HCl, 150 mM NaCl, and 1% Triton X-100),
and FLAG fusion proteinswere immunoprecipitatedwith 50�l
of FLAG-M2 beads (Sigma). Bound proteins were eluted with
50 �l of FLAG-peptide (Sigma), followed by standard SDS-
polyacrylamide gel electrophoresis (Bio-Rad). ForWestern blot
detection, rabbit anti-FLAG (1:50,000; Sigma), rabbit anti-GFP
(1:1000; Clontech), and rabbit anti-Dynamin2 (1:40,000; Novus
Biologicals, Littleton, CO) were used.
Cell Transfection, Infection, and siRNA—Fusion proteins of

GFP with human WT-Nephrin or with mutated forms of
human Nephrin were inserted into pcDNA3. In the mutated
forms ofNephrin, the three tyrosine residues (at positions 1176,
1193, and 1217) responsible for SH2 domain binding were
mutated to phenylalanine, either separately (Y1176F, Y1193F,
and Y1217F) or all three at once (3YF-Nephrin). All of the con-
structs were used to generate stably transfectedMIN6 cell lines
using sterile sorting and antibiotic selection as described (2).
The pcDNA3-GFP vector was used as negative control. Four
separate clones were studied. For Nephrin gene silencing, a
pool of four siRNAs (On Target Plus SMART pool; Dharma-
con, Lafayette, CO) was transfected, and efficiency was deter-
mined as previously described (2). Adenovirus carrying WT-
Dynamin or the Dynamin mutant K44A (K44A-Dynamin, a
dominant negativemutant that lacksGTPase activity; gift ofDr.
S. Sever) (44) was applied to MIN6 cells stably transfected with
either WT-Nephrin, 3YF-Nephrin, Nephrin siRNA, or their
respective controls. Nephrin overexpression was achieved by
lentiviral transduction. GFP-tagged WT-Nephrin and 3YF-
Nephrin were cloned into the VVPW lentiviral vector (gift of
Dr. G. Luca Gusella). GFP alone in the VVPW vector was used
as a control. 100% confluent HEK 293T cells were transfected
with the VVPW and the packing and envelope plasmids,
psPAX2 and pCMV-VSVG (Addgene, Cambridge, MA), in a
ratio of 3:2:1 using FuGENE 6, according to the manufacturer’s
protocol. After 16 h, the medium was changed to Dulbecco’s
modified Eagle’s medium and 10% fetal bovine serum contain-
ing penicillin and streptomycin. After 24 or 48 h of incubation,
lentivirus-containing supernatant was harvested and stored at
4 °C. The pooled supernatant was centrifuged (600 � g/5 min),
filtered through a 0.45-�m filter, and aliquoted at�80 °C. Viral
titers were determined by serial dilution,Western blotting, and

2 The abbreviations used are: GSIR, glucose-stimulated insulin release; K44A-
Dynamin, a dominant negative Dynamin mutant; PS, protamine sulfate;
TIRF, total internal reflection fluorescence; WB, Western blotting.
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immunofluorescence. Isolated human islets (n � 4) were
infected with the lentivirus for 16 h. At day 4, the infected islets
were used for insulin secretion experiments.
Cell Viability—The cells expressing Nephrin wild-type or

mutated constructs were trypsinized after 72 h in culture,
stained with 7-amino-actinomycin D (Invitrogen) as a marker
for cell death, and analyzed by flow cytometry, and the data
were expressed as percentages of 7-amino-actinomycin D pos-
itive cells.
Confocal Images of Nephrin Localization and Trafficking—

For immunocytochemistry, WT-Nephrin-overexpressing cells
were fixed with 4% paraformaldehyde and counterstained with
rhodamine-labeled phalloidin and DAPI (Invitrogen). The
same cells were utilized to study WT-Nephrin and 3YF-Neph-
rin localization at base line and in response to different stimuli.
Images ofWT-Nephrin-overexpressing cells exposed to 11mM

glucose for 20 min at 37 °C, protamine sulfate (PS, 300 �g/ml
for 20 min), and PP2 (1 �M) administered overnight prior to
glucose stimulation were acquired with a Leica SP5-confocal-
DMI6000 microscope. Staining of GFP-Nephrin-transfected
cells with N-(3-Triethylammoniumpropyl)-4-(6-(4-(Diethyl-
amino)Phenyl)Hexatrienyl)Pyridinium Dibromide (FM4-64)
styryl dye (Invitrogen) was performed to quantify the percent-
age of FM positive plasma membrane that was also positive for
GFP-Nephrin using the National Institutes of Health ImageJ
software.
Live Images of Vesicle Trafficking—For live cell imaging, the

cells were grown on 15-mm coverglasses and mounted in an
open face chamber. An inflow and an outflowport connected to
a pump allowed for the continuous perifusion 0.5mMglucose in
HBSS first, followed by stimulationwith 11mMglucose up to 20
min at 37 °C. The rate of vesicle endocytosis and exocytosis was
determined based on an established method utilizing 1 �g/ml
of the lipophilic styryl dye FM4-64 (45). Image acquisitions
were performed using a Leica SP5 confocal DMI6000 micro-
scope. For the quantification of FM dye intensity over time
following glucose stimulation, an acquisition of 10 different
cells per conditionwas performed, and imageswere analyzed by
ImageJ.
Total Internal Reflection Fluorescence (TIRF) Microscopy—

The cells were grown on 25-mm coverslips and incubated in
HBSS with 0.5 mM glucose and analyzed by TIRF microscopy
using aZeissAxiovert 200Mmicroscope (Carl Zeiss, NewYork,
NY) equipped with a �Plan-Fluar �100/1.45 oil objective, a
TIRF-slider, a LASOS 77 laser for excitation, and an
AxioCamHS camera for image capture. For detection of GFP
fluorescence, the following filter sets from Zeiss were used:
excitation, 488/10 nm; dichroic, 492 nm; and emission, 520/35
nm. The cells were randomly selected and analyzed for 5min to
obtain the base-line change in fluorescence caused by a combi-
nation of photobleaching andNephrin trafficking. New cells on
the same coverslip were then imaged after addition of 16.7 mM

glucose at 60 s. To mimic the effect of addition of fluid to the
chamber, HBSS was added at 90 s for the untreated cells.
Changes in fluorescence intensity were evaluated using ImageJ,
and the data were expressed as f/f0 plot diagram of themeans�
S.D. of three independent experiments.

Static Incubation and Perifusions—Analyses of insulin pro-
duction at base line and after glucose stimulation were per-
formed as previously described (46). Briefly, control, Nephrin
siRNA, or Nephrin (WT and mutants) overexpressing MIN6
cells were utilized for the in vitro analysis of GSIR after stimu-
lation with 11 mM glucose (expressed as the ratio of insulin
secreted at 11 mM glucose to 0.5 mM glucose). Insulin secretion
was studied by ELISA (Mercodia, SW) and normalized to DNA
content (Quanti-iT PicoGreen dsDNA assay kit; Invitrogen).
For perifusion studies, 110 human islets/condition were loaded
onmicrocolumns connected to an inflow and anoutflowport of
a customized perifusion system (Biorep,Miami, FL). Islets were
perifused with medium of defined composition (3 mM glucose,
11mM glucose and 25mMKCl), and the samples were collected
every 2min for insulin determination. For experiments with PS
(30 and 300 �g/ml) or vanadate (0.1 or 1mM), human islets and
MIN6 cells were incubated for 30 min at low glucose concen-
trationmodifiedHEPES buffer (125mMNaCl, 5.9mMKCl, 2.56
mM CaCl2, 1.2 mM MgCl2, 25 mM HEPES, and 1 mg/ml BSA)
with any of the above agents prior to glucose stimulation. For
static incubation studies, insulin secretion was measured in 25
size-matched human islets isolated from four different donors
at day 4 after viral infection.Groups of 25 size-matched infected
islets of control, WT-Nephrin, or 3YF-Nephrin were serially
incubated in 3mM glucose for 1.5 h and then 11mM glucose for
1.5 h. Insulin content was determined using an Insulin ELISA
kit (Mercodia) and normalized to total cellular protein meas-
ured by the Bio-Rad DC protein assay kit.
Statistical Analysis—The results are represented as the

means with standard deviation of three to eight independent
experiments. When one-way analysis of variance showed sta-
tistical significance, the results were compared using t test after
Tukey’s correction formultiple comparisons (Graph Pad Prism
software). Statistical significance was set at p � 0.05.

RESULTS

Glucose-induced Nephrin Phosphorylation Is Responsible for
Nephrin Trafficking and Insulin Secretion—Because Nephrin
trafficking plays an important role in GSIR (2), and Nephrin
trafficking is phosphorylation-dependent and induced by
hyperglycemia (30), we investigatedwhether 11mMglucose can
induce Nephrin phosphorylation when compared with 0.5 mM

inMIN6-C3 overexpressingWT-Nephrin or 3YF-Nephrin.We
were able to detect increased Nephrin phosphorylation at tyro-
sine residues 1176 and 1193 after exposure to high glucose (11
mM versus 0.5 mM) in WT-Nephrin-overexpressing cells (Fig.
1A). PS treatment (300 �g/ml for 20 min) utilized as positive
control led to a significant induction of Nephrin phosphoryla-
tion at tyrosine residues 1176, 1193, and 1217. Because these
three residues have been reported to mediate SH2 domain
binding (13), we testedwhether overnight incubationwith 1�M

of the Src kinase inhibitor PP2 prior to exposure to 11 mM

glucose would preventNephrin phosphorylation.Wewere able
to demonstrate a complete prevention of Nephrin phosphory-
lation, confirming that Nephrin phosphorylation is mediated
by Src. Nephrin phosphorylation at residue 1176, 1193, or 1217
did not occur in 3YF-Nephrin-overexpressing cells. To under-
stand the role of Nephrin tyrosine phosphorylation in the proc-
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ess of GSIR, we investigated whether overexpression of
mutated Nephrin containing individual tyrosine to phenylala-
nine substitutions at position 1176, 1193, or 1217 (Y1176F,
Y1193F, or Y1217F) or combined (3YF) would affect GSIR. As
expected, overexpression of WT-Nephrin resulted in the
increase in GSIR (Fig. 1B). However, transfection of the cells
with the single mutant forms of Nephrin was not sufficient to
affect GSIR, whereas GSIR was impaired when the triple
mutant form was utilized. These data indicate that Nephrin
phosphorylation at more than one tyrosine residue is required
for proper GSIR. Cells transfected with WT-Nephrin or with
any of the mutants were viable when compared with control
cells (Fig. 1C). Because we previously described an important

role ofNephrin trafficking in response to glucose (2), we further
investigated whether the pharmacological modulation of
Nephrin phosphorylation would affect Nephrin trafficking in
MIN6 cells. We were able to demonstrate that PS (300 �g/ml
for 20 min) induced WT-Nephrin internalization similar to
what we have described for glucose (1), whereas treatment with
1 �M PP2 overnight prior to stimulation with 11 mM glucose
prevented such phenomenon (Fig. 1D). Interestingly, 3YF-
Nephrin was primarily localized to intracellular compartments
and did not traffic in response to any of the stimuli utilized. The
localization of 3YF-Nephrin to intracellular compartments and
not to the plasma membrane suggests that Nephrin phosphor-
ylationmay be essential for both Nephrin endocytosis and exo-

FIGURE 1. Nephrin phosphorylation affects responsiveness to glucose and cell morphology. A, the degree of Nephrin phosphorylation at tyrosine
residues 1176/1193 and 1217 was studied by WB in MIN6-C3 subclones (glucose unresponsive) overexpressing WT-Nephrin or 3YF-Nephrin. The cells were
stimulated with glucose (11 mM), with PS (300 �g/ml) or PP2 (1 �M) in combination with 11 mM glucose. Although both glucose and PS induced phosphory-
lation of WT-Nephrin, PS induced phosphorylation of Nephrin only at residue Tyr-1217. PP2 and transfection with 3YF-Nephrin prevented Nephrin phos-
phorylation. B, static incubation experiments were performed in MIN6-C3 cells transfected with an empty vector (CTRL), WT-Nephrin (WT-N), single tyrosine
residues mutants (Y1193F, Y1176F, and Y1217F), or 3YF-Nephrin (3YF-N) and demonstrated that Nephrin phosphorylation is essential for GSIR. ***, p � 0.001,
n � 6. C, bar graph analysis of cell viability (% of 7-amino-actinomycin D (7AAD) positive cells) in MIN6-C3 cells transfected with an empty vector (CTRL),
WT-Nephrin (WT-N), single tyrosine residues mutants (Y1193F, Y1176F, and Y1217F), or 3YF-Nephrin (3YF-N). No effects on cell viability were observed. D,
Nephrin trafficking after 11 mM glucose, PS (300 �g/ml), and PP2 (1 �M) stimulation was studied in WT-Nephrin or 3YF-Nephrin-overexpressing cells. Although
glucose and PS induced WT-Nephrin internalization, PP2 treatment resulted in a peripheral WT-Nephrin distribution. On the contrary, 3YF-Nephrin was
localized in the intracellular compartments and was not affected by glucose, PS, or PP2. Bar graph analyses of the co-localization of WT-Nephrin and 3YF-
Nephrin with the FM dye 4-64 utilized to stain plasma membranes are also shown. **, p � 0.01; ***, p � 0.001. E, WT-Nephrin-overexpressing cells presented
with a normal morphology by light microscopy, whereas 3YF-Nephrin-overexpressing cells seemed more scattered and were characterized by impaired cell to
cell contacts. Confocal images of WT-Nephrin-overexpressing cells showing a localization of WT-Nephrin primarily on the cell surface and at sites of cell to cell
contact, whereas 3YF-Nephrin seemed to be primarily localized to intracellular compartments. 3YF-Nephrin-overexpressing cells did not show any cell to cell
contacts. Phalloidin staining (bottom) was performed to demonstrate that cortical F-actin distribution seen in WT-Nephrin-overexpressing cells was impaired
in 3YF-Nephrin-overexpressing cells. Three independent experiments with imaging of 5–10 cells each were performed. F, bar graph analysis for insulin
secretion in human islets isolated from four different donors transfected with an empty vector (control, CTRL), WT-Nephrin (WT-N), or 3YF-Nephrin (3YF-N)
exposed to either 3 or 11 mM glucose. *, p � 0.05. G, representative Western blot demonstrating efficiency of transfection of WT-Nephrin and 3YF-Nephrin in
human islets.
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cytosis. Because proper GSIR in pancreatic beta cells requires
cell to cell contact, andNephrin contributes to the formation of
a slit diaphragm between two interdigitating podocytes in the
kidney, we tested whether contacts between neighboring cells
were affected by Nephrin. We comparedWT-Nephrin to 3YF-
Nephrin-overexpressing cells cultured in 0.5 mM glucose for
2 h. We were able to demonstrate that althoughWT-Nephrin-
transfected cells establish side to side contacts, such contacts
were compromised in cells overexpressing 3YF-Nephrin,
which grew in a scattered fashion. Furthermore, 3YF-Nephrin-
overexpressing cells lost the cortical actin distribution that is
typical forWT-Nephrin-overexpressing cells (Fig. 1E). Overall,
these data support a role for Nephrin and Nephrin phosphory-
lation in the modulation of pancreatic beta cell morphology,
communication, and function. To validate our findings in
human islets, islet cell preparations from four different donors
were utilized for lentivirus-dependent transfection with either
WT-Nephrin or 3YF-Nephrin or empty vector control, and
static incubation experiments were performed to investigate
insulin release at both 3 and 11 mM glucose. Although Nephrin
transfection resulted in the expected augmentation of insulin
release in response to 11mM glucose, this phenomenon did not
occur in 3YF-Nephrin-transfected human islets (Fig. 1F). WB
analysis confirmed Nephrin transfection in human islets (Fig.
1G).
Nephrin Phosphorylation Positively Influences Vesicle For-

mation and Secretion—We performed live cell imaging ofWT-
and 3YF-Nephrin-overexpressing cells stained with FM dye
4-64 to visualize endocytosis and exocytosis of vesicles. The
relative level of vesicle endocytosis was measured by determin-
ing the total fluorescence achieved after complete vesicles exo-
cytosis via a single stimulation with 25 mM KCl followed by
incubation with 1 �g/ml of FM4-64 for 15 min as described
(45). After three washes with calcium-free PBS, fluorescence
images were acquired at base line and after subsequent stimu-
lation with 11 mM glucose to assess vesicle exocytosis. Images
were taken every 5 min for a total of 20 min, and the loss of
fluorescence measured during stimulation was utilized to indi-
cate the rate and amount of vesicle exocytosis. Although WT-
Nephrin-overexpressing cells had a higher base-line fluores-
cence, suggesting a higher endocytotic activity, stimulation
with glucose led to a more rapid loss of fluorescence in WT-
Nephrin-overexpressing cells when comparedwith 3YF-Neph-
rin-overexpressing cells, where the fluorescence intensity
remained mainly unchanged over time (Fig. 2A). Next, we per-
formed TIRF microscopy to study WT-Nephrin and 3YF-
Nephrin trafficking in response to glucose. The fluorescence
signal obtained by TIRF imaging represents GFP-Nephrin
within 150–200 nmof the coverslip, i.e., in or in close proximity
to the plasma membrane. In untreated cells, the fluorescence
signal decayed over time mostly because of photobleaching
(Fig. 2B, untreated) independently of the expressed Nephrin
form. Glucose stimulation reversed this decay and even led to a
significant increase in TIRF-fluorescence in WT-Nephrin-
overexpressing cells. However, this effect was absent in 3YF-
Nephrin-overexpressing cells. The difference in TIRF between
untreated and glucose-stimulated cells at the end of the exper-
iment was 2.2-fold for WT-Nephrin cells and only 1.1-fold for

3YF-Nephrin, indicating thatWT-Nephrinwas recruited to the
plasma membrane, whereas 3YF-Nephrin was not.
Nephrin Is a Downstream Effector of Dynamin in Glucose-

stimulated Insulin Release—Dynamin is a master regulator of
vesicle trafficking and actin remodeling (24–32), and it pro-
motes GSIR (33). Because those functions are similar to what
we have described for Nephrin (1), we investigated whether a
decrease in Nephrin expression in MIN6 cells could alter the
effect of Dynamin on GSIR. Although WT-Dynamin induced
the expected augmentation of GSIR (41), WT-Dynamin over-
expression in Nephrin siRNA-treatedMIN6 cells did not result
in an augmentation of GSIR, similar to what was observed with
the dominant negative Dynamin mutant (K44A-Dynamin; Fig.
3A).We also performedGSIR experiments in cells overexpress-
ingWT-Dynamin or K44A-Dynamin mutants that were stably
transfected with WT-Nephrin, 3YF-Nephrin, or GFP alone.
WT-Nephrin did not overcome the negative effect of K44A-
Dynamin onGSIR, suggesting that Dynamin is essential to pro-
mote Nephrin-mediated GSIR. Likewise, overexpression of
WT-Dynamin was not sufficient to overcome the inhibitory
effect of 3YF-Nephrin on GSIR (Fig. 3B). We therefore investi-
gated whether Dynamin is essential to promote Nephrin phos-
phorylation. Although the induction of Nephrin phosphoryla-
tion by high glucose (11 mM) and PS (300 �g/ml) were
conserved in WT-Dynamin-overexpressing cells, this effect
was abolished in K44A-Dynamin-overexpressing cells (Fig. 3,C
andD). Overall, these data suggest that DynaminGTPase activ-
ity is necessary for Nephrin phosphorylation and function.
Nephrin Trafficking Requires Dynamin GTPase Activity but

Does Not Involve a Nephrin Dynamin Protein-Protein
Interaction—WT-Nephrin-overexpressing cells were infected
with either WT-Dynamin or K44A-Dynamin. WT-Dynamin-
overexpressing cells conserved the ability of WT-Nephrin to
internalize in response to glucose andPS (as shown for untrans-
fected cells in Fig. 1D). On the contrary, K44A-Dynamin-over-
expressing cells resulted in deficient WT-Nephrin trafficking
from the plasma membrane to intracellular compartments in
response to either stimulus (Fig. 4A). Given the presence of a
functional interaction between Nephrin and Dynamin and
based on the ability of Dynamin to bind several modulators of
actin cytoskeleton remodeling (32–38), we tested whether
Nephrin and Dynamin could physically interact. HEK293 cells,
which express endogenousDynamin (Fig. 4B), were transfected
with FLAG-Nephrin or FLAG-Pin1. FLAG-Pin1 was used as a
negative control. Co-transfections with GFP-Podocin or GFP-
Nck1 were utilized as positive controls. After immunoprecipi-
tation of FLAG fusion proteins, bound proteins were eluted
with a FLAG peptide, and eluates were analyzed for the pres-
ence of FLAG andGFP proteins as well as Dynamin byWestern
blotting. Although FLAG-Nephrin was able to co-immunopre-
cipitate GFP-Nck1 and GFP-Podocin, FLAG-Nephrin did not
interact with endogenous Dynamin. Overexpression of WT-
Dynamin in FLAG-Nephrin expressing cells did also not result
in the co-immunoprecipitation of both proteins (data not
shown). As expected, FLAG-Pin1 did not bind GFP-Nck1,
GFP-Podocin, or Dynamin (Fig. 4B), underlining the specificity
of the binding assay. These results suggest that Nephrin is a
downstream target of Dynamin function and thatDynamin-de-
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pendent Nephrin phosphorylation is not mediated by a direct
protein-protein interaction but rather requires additional
intermediates.
Pharmacological Modulation of Nephrin Phosphorylation

Influences Glucose-stimulated Insulin Release—Given that
Nephrin phosphorylation is essential for Nephrin trafficking
and GSIR, we studied GSIR in human islets and MIN6 cells in
the presence of an inducer of Nephrin phosphorylation (PS), an
inhibitor of Src kinases involved in Nephrin phosphorylation
(PP2), or a general tyrosine phosphatase inhibitor (sodium
orthovanadate; Sigma). GSIR was impaired in human islets
treated with 300 �g/ml PS (Fig. 5A). We furthermore observed
that although PS caused a dose-dependent Nephrin phosphor-
ylation in MIN6 cells at 20 min, this resulted in a reduction of
total Nephrin protein levels at the same time (Fig. 5B). Because

PS caused Nephrin phosphorylation at residue Tyr-1217
whereas glucose did not, we hypothesize that PS-induced
Nephrin phosphorylation at Tyr-1217 is responsible for Neph-
rin degradation. To prove our hypothesis, we studied MIN6
cells infected with the Y1217F-Nephrin mutant, and we were
able to demonstrate that PS failed to cause Nephrin degrada-
tion in these cells (Fig. 5C). Static incubation of WT-Nephrin-
overexpressing cells confirmed that the addition of PS (300
�g/ml) resulted in a decreased stimulation index (primarily
because of increased secretion of insulin at 0.5 mM glucose)
when compared with control cells (Fig. 5D). However, PS had a
positive effect on GSIR in cells transfected with the Y1217F-
Nephrin mutant (Fig. 5D). Inhibition of Src kinase-dependent
Nephrin phosphorylation achieved by incubation of
WT-Nephrin-overexpressing cells with 1�MPP2 abolished the

FIGURE 2. Vesicles formation and secretion differs in WT-Nephrin and 3YF-Nephrin-overexpressing cells. A, cell clones were exposed to the FM dye 4-64
(red) to determine the degree of vesicle internalization at base line (time 0) and to determine the degree of vesicle secretion over time after glucose stimulation
with 11 mM glucose. Although WT-Nephrin-overexpressing cells (WT-N) had higher vesicle content at time 0, red fluorescence over time was lost in WT-Nephrin
clones upon glucose stimulation. In contrast, 3YF-Nephrin-overexpressing cells (3YF-N) demonstrated an impaired ability to secrete vesicles upon glucose
stimulation. The graphic representation of the means � S.D. of FM4-64 intensity measured every 2 min in four different WT-Nephrin clones when compared
with four 3YF-Nephrin clones is shown. WT-Nephrin-overexpressing cells generated more vesicles at base line and were characterized by a more rapid loss of
vesicles after glucose stimulation. B, WT-Nephrin- or 3YF-Nephrin-overexpressing cells were analyzed by TIRF microscopy. Changes in GFP-TIRF fluorescence
intensity were monitored after either HBSS addition (CTRL) or a 16.7 mM glucose addition (glucose) at 60 s and plotted as the means � S.D. f/f0 of three
experiments. The time point of addition is marked with an arrow. The bar graph represents the ratio of relative TIRF fluorescence intensity at 300 s between
glucose-treated and untreated cells. **, p � 0.001, n � 3.
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FIGURE 3. Nephrin mediates the positive effect of Dynamin on insulin secretion. A, regular MIN6 cells that in contrast to MIN6-C3 express endogenous
Nephrin were infected with WT-Dynamin or K44A-Dynamin mutants in the presence or absence of Nephrin siRNA. When Nephrin siRNA was present, the effect
of Dynamin on insulin secretion was abolished. Likewise, no GSIR was observed in K44A-Dynamin-overexpressing cells in the presence of Nephrin siRNA. *, p �
0.05; **, p � 0.01, n � 4. B, MIN6 cells stably transfected with either empty vector control (CTRL), WT-Nephrin, or 3YF-Nephrin were infected with Dynamin
constructs (WT-Dynamin or K44A-Dynamin). Glucose stimulation indices demonstrated that WT-Dynamin did not further augment the stimulation index
observed in WT-Nephrin-overexpressing cells. In addition, the positive effect of WT-Dynamin on GSIR was completely abolished in 3YF-Nephrin-overexpress-
ing cells. **, p � 0.01; ***, p � 0.001. C, Nephrin phosphorylation was determined in WT-Dynamin- and K44A-Dynamin-infected cells. Overexpression of
K44A-Dynamin abolished the ability of glucose and PS to stimulate Nephrin phosphorylation. D, quantitative bar graph analysis of Nephrin phosphorylation in
control cells (CTRL), WT-Dynamin-overexpressing cells (WT-Dyn), and K44A-Dynamin-overexpressing cells (K44A-Dyn) cultured in 0.5 or 11 mM glucose. *, p �
0.05; **, p � 0.01, n � 4.

FIGURE 4. Dynamin regulates Nephrin trafficking but does not physically interact with Nephrin. A, WT-Nephrin-transfected cells were utilized to visualize
Nephrin trafficking upon stimulation with glucose or PS. Although WT-Dynamin overexpression did not impair Nephrin trafficking, K44A-Dynamin
overexpression prevented Nephrin trafficking to intracellular compartments. The bottom panel shows bar graph analyses of WT-Nephrin and FM dye
4-64 co-localization in the presence of WT-Dynamin or K44A-Dynamin. FM dye 4-64 was utilized to stain plasma membranes. *, p � 0.05; ***, p � 0.001.
B, immunoprecipitation experiments in FLAG-Nephrin-overexpressing cells were performed to determine whether Dynamin and Nephrin interact.
FLAG-Pin1 was utilized as a negative control. Co-transfection of FLAG-Nephrin and GFP-Nck1 or GFP-Podocin was utilized as a positive control.
Immunoprecipitation efficacy was verified by Western blot. A FLAG antibody was utilized to detect the FLAG epitope in eluates; the interaction with
podocin and Nck1 was determined using a GFP antibody, and interaction with Dynamin was determined using a Dynamin-specific antibody. Western
blot analysis indicates that endogenous Dynamin does not immunoprecipitates with FLAG-Nephrin. Six independent experiments were performed. IB,
immunoblot.
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positive effect of Nephrin on GSIR (Fig. 5D). Inhibition of tyro-
sine dephosphorylation by vanadate resulted in a dose-depen-
dent increase of GSIR, although 1 mM vanadate also caused
increased insulin secretion at low glucose concentration (Fig.
5E), suggesting that vanadatemay affect the threshold for stim-
ulus-secretion coupling. MIN6 cells exposed for 30min to van-
adate in the presence of 11 mM glucose showed a dose-depen-
dent increase in Nephrin phosphorylation without affecting
total Nephrin protein levels (Fig. 5F). Furthermore, vanadate
treatment resulted in a significant augmentation of GSIR in
MIN6 cells. This effect was partially prevented when Nephrin
siRNA-treated cells were exposed to vanadate, suggesting that
the positive effects of vanadate on GSIR may be partially medi-
ated by the inhibition of Nephrin dephosphorylation (Fig. 5G).
These data obtained in both MIN6 cells and human islets sug-
gest that compounds capable of inducing Nephrin phosphory-
lation at Tyr-1176/1193 may improve stimulus-secretion cou-
pling by pancreatic beta cells.

DISCUSSION

Stimulus-secretion coupling of pancreatic beta cells has been
extensively studied to develop new therapeutic strategies for

the improvement of pancreatic beta cell function, and several
keymolecular players have been identified.However, only a few
of the commonly available drugs for the treatment of patients
with diabetesmellitus target glucose-stimulated insulin release.
Therefore, the identification and characterization of novel drug
targets involved in glucose-stimulated insulin release repre-
sents a major gap in the translation of experimental findings
into clinical applications. We have previously described an
important role of Nephrin in GSIR in both human islets and
MIN6 cells, a role that is fully dependent on the ability of Neph-
rin to undergo glucose- and cytoskeleton-dependent trafficking
in pancreatic beta cells (2). To date, no natural ligand that can
bind Nephrin and facilitate its function has been identified.
Because others have recently described thatNephrin trafficking
is essential for Nephrin function in podocytes and is regulated
by phosphorylation, we investigated how Nephrin phosphory-
lation affects GSIR. Furthermore, we have tested endogenous
and exogenous inducers of Nephrin phosphorylation and
examined their role in GSIR inMIN6 cells and in human islets.
Because Nephrin tyrosine phosphorylation has been

described to be primarily mediated by Src kinases such as Fyn
(24–27), we developed several Nephrin mutant forms with

FIGURE 5. PS reduces but vanadate increases insulin secretion in response to glucose in human islets. A, PS decreased insulin secretion in response to
glucose (11 mM) in human islets. B, in MIN6 cells transfected with WT-Nephrin, PS (30 and 300 �g/ml) increased Nephrin phosphorylation (Tyr(P)-1176/Tyr-
1193/Tyr-1217) in a dose-dependent manner, but this was accompanied by increased Nephrin degradation. *, p � 0.05; **, p � 0.01. C, in MIN6 cells transfected
with Y1217F-Nephrin, PS (30 and 300 �g/ml) increased Nephrin phosphorylation (Tyr(P)-1176/Tyr-1193) in a dose-dependent manner without affecting
phosphorylation of Nephrin at Tyr-1217, and this was accompanied by stable total Nephrin levels. **, p � 0.01; ***, p � 0.001. D, PS decreased GSIR in
WT-Nephrin-transfected MIN6 cells, similar to what was observed with PP2. ***, p � 0.001. However, PS increased GSIR in Y1217F-transfected MIN6 cells. **, p �
0.01. E, a dose-dependent increase in insulin secretion was observed in human islets pretreated with vanadate prior to glucose stimulation. F, Western blot
analysis of phosphorylated and total Nephrin revealed that vanadate induced Nephrin phosphorylation (Tyr(P)-1176/Tyr-1193) in a dose-dependent manner
(0.1 and 1 mM) without affecting total Nephrin levels. *, p � 0.05; ***, p � 0.001. G, vanadate (1 mM) also improved GSIR in MIN6 cells, a phenomenon that was
partially prevented in Nephrin siRNA-treated cells. Islets from three independent donors were utilized for each experiment. *, p � 0.05; **, p � 0.01. CTRL,
control. NT siRNA is a pool of non-targeting siRNA as a control.
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tyrosine to phenylalanine substitutions at three major residues
that have been shown to be crucial for Nephrin-mediated reg-
ulation of the actin cytoskeleton. Because single mutants did
not significantly affect GSIR (Fig. 1B), we have primarily uti-
lized a triple mutant form to demonstrate that glucose- and
PS-dependent Nephrin phosphorylation can be abrogated by
using this mutant form of Nephrin (3YF-Nephrin; Fig. 1A).
MIN6 C3 clones overexpressing 3YF-Nephrin showed
impaired GSIR and were not capable of forming cell-cell con-
tacts that have been described to be essential for the augmen-
tation of GSIR in cultured pancreatic beta cells (7–9). Further-
more, Nephrin trafficking from and to the plasma membrane
was impaired in these cells (Fig. 1D) without affecting cell via-
bility (Fig. 1C). The scattered distribution of 3YF-Nephrin-
overexpressing cells with decreased cell to cell contacts and the
reorganization of the actin cytoskeleton including the loss of
cortical actin (Fig. 1E) supports a primary role of Nephrin as an
active regulator of actin cytoskeleton remodeling in pancreatic
beta cells, similar to what has been described in podocytes (13,
14). Human islets infected with 3YF-Nephrin mutants also did
not experience increases in insulin release as normally observed
after infection withWT-Nephrin (Fig. 1F). It has been assumed
for over a decade sinceNephrin has been discovered thatNeph-
rin localizes exclusively to the plasma membrane where it ful-
fills its primary role in the formation of the slit diaphragm by
engaging in homophilic interactions with adjacent Nephrin
molecules (5, 24) and heterophilic interactions with other
structural components of the S.D (16, 47–49). Instead, the
more dynamic aspects of Nephrin trafficking are a relatively
new concept. It has been reported that Nephrin endocytosis in
podocytes occurs under pathological conditions that involve
the impairment of the slit diaphragm integrity (19). We dem-
onstrated herein that phosphorylation-dependent Nephrin
trafficking is essential under physiological conditions to grant
GSIR and to facilitate proper secretory vesicle formation and
exocytosis in pancreatic beta cells (Fig. 2). This is in line with
the evidence that a novel role of Nephrin in vesicular docking
has been described in podocytes, where the C terminus of
Nephrin interacts with the v-SNARE protein VAMP-2 (50),
which is also found on themembrane of insulin secretory gran-
ules in pancreatic beta cells (51). In pancreatic beta cells, glu-
cose transiently modulates the cortical actin organization and
disrupts the interaction of F-actin with the t-SNARE complex
at the plasmamembrane to facilitate glucose-stimulated insulin
secretion (52). However, the relationship between SNARE-me-
diated exocytosis and actin reorganization remains to be fully
understood. The pathway accounting for the regulated target-
ing of vesicles to their cognate t-SNAREs has not been estab-
lished, and a functional Nephrin/actin interaction could repre-
sent the molecular link between GTPases and SNAREs. Actin
reorganization and actin binding to t- and v-SNARE proteins
has been shown to be dependent onDynamin-2 (33, 41), a large
GTPase that is functionally coupled to insulin granule exocyto-
sis and that facilitates GSIR through a yet unknownmechanism
(41). Because Dynamin is essential for the maintenance of
podocyte structure and function (44), and it has recently been
demonstrated that Dynamin affects Nephrin internalization
(23), we tested whether Dynamin couldmediate Nephrin phos-

phorylation and function in pancreatic beta cells. Glucose-in-
duced Nephrin phosphorylation and insulin release were
impaired in cells overexpressing a dominant negative Dynamin
mutant form (Fig. 3, B–D), and Nephrin deficiency abolished
the positive effect of Dynamin on GSIR (Fig. 3A), suggesting
that Dynamin is a keymediator in the signaling pathway linking
glucose stimulation to Nephrin phosphorylation. Because
Dynamin is degraded by Cathepsin L, a proteolytic enzyme that
is elevated in diabetes (44), it may be interesting to determine
whether Cathepsin L inhibitors may facilitate GSIR. Alterna-
tively, identification of smallmolecules or ligands that can stim-
ulate Nephrin phosphorylation could be tested as drugs for the
augmentation of GSIR. However, our data with PS and van-
adate suggest that the role of Nephrin phosphorylation is more
complex than originally expected, because inducers of Nephrin
phosphorylation such as PS may result in a reduction of total
Nephrin and therefore negatively affect islet cell function (Fig.
5). It is therefore likely that the phosphorylation states of dif-
ferent tyrosine residueswithin theC-terminal portion ofNeph-
rin are responsible for the formation of different signaling com-
plexes, which may lead to either Nephrin degradation or to
physiological Nephrin trafficking. In fact, a positive effect of PS
on GSIR that is associated with preservation of total Nephrin is
observed in cells transfected with the Y1217F-Nephrin mutant
(Fig. 5, C and D), strongly supporting a key role of Nephrin
phosphorylation at Tyr-1217 as a prerequisite for Nephrin
degradation.
In conclusion, we have demonstrated an important role of

Dynamin-dependent Nephrin phosphorylation in stimulus-se-
cretion coupling in pancreatic beta cells. A definitive role for
Nephrin in pancreatic beta cell function remains to be estab-
lished through ongoing metabolic studies in patients with
Nephrin mutations and through the phenotypic analysis of
mice carrying a conditional deletion of the Nephrin gene in
pancreatic beta cells. Nevertheless, our study offers the ratio-
nale to screen drug libraries for the identification of modifiers
of Nephrin phosphorylation that might be pharmacologically
used to improve pancreatic beta cell function.
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