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A B S T R A C T

Nephrin, a cell surface signaling receptor, regulates podocyte function in health and disease. We study
the role of nephrin in β-cell survival signaling. We report that in mouse islet β-cells and the mouse pan-
creatic beta-cell line (βTC-6 cells) nephrin is associated and partly co-localized with PI3-kinase. Incubation
of cells with functional anti-nephrin antibodies induced nephrin clustering at the plasma membrane,
nephrin phosphorylation and recruitment of PI3-kinase to nephrin thus resulting in increased PI3K-
dependent Akt phosphorylation and augmented phosphorylation/inhibition of pro-apoptotic Bad and FoxO.
Nephrin silencing abolished Akt activation and increased susceptibility of cells to apoptosis. High glucose
impaired nephrin signaling, increased nephrin internalization and up-regulated PKCα expression. Inter-
estingly, a marked decrease in nephrin expression and phosphorylated Akt was observed in pancreatic
islets of db/db lepr−/− diabetic mice. Our findings revealed that nephrin is involved in β-cell survival and
suggest that glucose-induced changes in nephrin signaling may contribute to gradual pancreatic β-cell
loss in type 2 diabetes.

© 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Nephrin was first identified in the slit diaphragm of renal glo-
merular epithelial cells (podocytes) (Kestila et al., 1998; Ruotsalainen
et al., 1999; Tryggvason, 1999). Nephrin is a cell surface receptor
of the immunoglobulin superfamily, participating in cell–cell ad-
hesion and signaling functions (Huber and Benzing, 2005; Patrakka
and Tryggvason, 2007). Through its extracellular IgG domains,
nephrin can mediate cis and trans homophilic interactions with other
nephrin molecules as well as with other slit diaphragm proteins from
neighboring podocytes (Barletta et al., 2003; Khoshnoodi et al., 2003).
Through its cytoplasmic tail, nephrin was shown to interact with
CD2-associated protein (CD2AP) (Shih et al., 2001) and podocin in
podocytes (Boute et al., 2000). These interactions linking the slit
diaphragm-associated protein complex to actin cytoskeleton (Yuan

et al., 2002) maintain structural and functional integrity of the glo-
merular filtration barrier and also facilitate nephrin downstream
signaling (Huber et al., 2001, 2003b; Schwarz et al., 2001). Nephrin
engagement in homophilic and heterophilic interactions results
in the modulation of nephrin-dependent signaling (Heikkila
et al., 2011). This function of nephrin is enabled by nine tyrosine
residues located in the intracellular domain, which become phos-
phorylated by specific kinases of the Src family, including Fyn
(Lahdenpera et al., 2003; Verma et al., 2003). An important role
of nephrin phosphorylation in governing actin dynamics and
lamellipodia formation (George et al., 2012; Venkatareddy et al.,
2011) has been recently reported in podocytes. Upon homophilic
or heterophilic interactions, tyrosine phosphorylation of nephrin con-
trols the interaction of nephrin with the SH2–SH3 domain-containing
adaptor proteins Nck1 and Nck2 (Jones et al., 2006; Verma et al.,
2006) and with phosphoinositide 3-OH kinase (PI3K) (Huber et al.,
2003a; Simons et al., 2001; Zhu et al., 2008); this signaling cascade
regulates actin polymerization, cell survival and cellular morphol-
ogy in podocytes (Tryggvason et al., 2006). Subsequently, the
expression of nephrin and several nephrin-associated proteins
were reported in pancreatic beta-cells (Palmen et al., 2001;
Rinta-Valkama et al., 2007), where their function remains largely
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unknown. Recently, Fornoni et al. (2010) demonstrated that nephrin
is an active component of the insulin vesicle machinery affecting
vesicle–actin interactions and vesicle mobilization to the cell surface.
Dynamin-dependent nephrin phosphorylation occurs in response
to glucose and is necessary for nephrin-mediated augmentation of
glucose-stimulated insulin release (GSIR) in pancreatic beta-cells
(Jeon et al., 2012).

In the present study, we investigated the potential role of nephrin
in pancreatic beta-cell survival. We demonstrated that nephrin was
associated with PI3-kinase and CD2AP in both mouse islet β-cells
and the mouse pancreatic β-cell line (βTC-6 cells). We showed that
nephrin homophilic interactions triggered PI3-kinase-dependent Akt
survival signaling in cultured βTC-6 cells. Moreover, we provided
evidence that increased glucose concentrations impaired nephrin
signaling and/or expression in both βTC-6 cells and pancreatic islets
of diabetic mice. Our data suggest that glucose-induced changes in
nephrin signaling may contribute to gradual pancreatic β-cell loss
which occurs in type 2 diabetes.

2. Materials and methods

2.1. Antibodies and reagents

Goat polyclonal anti-nephrin C17 (Cat. No: sc-32529), anti-
nephrin N20 (Cat. No: sc-19000), mouse monoclonal anti-CD2AP (Cat.
No: sc-25272), goat polyclonal anti-podocin (Cat. No: sc-22294), rabbit
polyclonal anti-phospho-Ser136 Bad (Cat. No: sc-7999-R), rabbit
polyclonal anti-Bad (Cat. No: sc-942), donkey anti-goat IgG F(ab)2 frag-
ment (Cat. No: sc-3850) and mouse monoclonal anti-PKCα (Cat. No:
sc-8393) antibodies were purchased from Santa Cruz Biotechnol-
ogy, Inc. Rabbit monoclonal anti-nephrin (phospho Y1176 + Y1193)
antibody [EPTPG1] (Cat. No: ab-80299) was purchased from Abcam.
Rabbit monoclonal anti-p85α/PI3 kinase antibody (Cat. No: 04–
403) was purchased from Millipore. Rabbit polyclonal anti-Akt (Cat.
No: 9272), rabbit monoclonal anti-phospho-Ser473 Akt (Cat. No:
40605), rabbit polyclonal anti-phospho-FoxO1(Thr24)/FoxO3a(Thr32)
(Cat. No: 9464), rabbit polyclonal anti-cleaved caspase-3 (Cat. No:
9661) and anti-PARP (Cat. No: 9542) antibodies were purchased
from Cell Signaling. Rabbit polyclonal anti-ZO-1 antibody (Cat. No:
61-7300) was purchased from Invitrogen. Mouse monoclonal anti-
insulin antibody (Cat. No: I 2018) was purchased from Sigma.
Fluorescent secondary antibodies, donkey anti-rabbit Alexa Fluor 594
(Cat. No: A-21207), donkey anti-goat Alexa Fluor 488 (Cat. No:
A-11055), donkey anti-mouse Alexa Fluor 594 (Cat. No: A-21203) and
donkey anti-mouse Alexa Fluor 488 (Cat. No: A-21202), were pur-
chased from Molecular Probes, Invitrogen. PI3K inhibitors, wortmannin
(#9951) and LY294002 (#9901) were purchased from Cell Signal-
ing. The Src kinases inhibitor PP1 was obtained from Enzo Lifes
Sciences.

2.2. Cell line and culture conditions

Beta TC-6 cells, a mouse T-SV40 immortalized insulin secreting
pancreatic beta-cell line (ATCC, Cat. No. CRL 11506) (Poitout et al.,
1995), were continuously grown in DMEM culture medium con-
taining 1 mmol.l−1 glucose (optimal glucose concentration for
retention of glucose responsiveness and insulin secretion) (Poitout
et al., 1996), 15 % (v/v) FCS, 4 mmol.l−1 glutamine, and antibiotics
in 5% CO2 at 37 °C. Medium was changed every 24 h, with fresh
culture medium and cells sub-cultured as necessary to prevent over-
confluence. Cells, which form islet-like clusters (pseudo-islets) in
culture, were released from their tissue culture flasks for passag-
ing by treatment with 0.25% (w/v) trypsin/0.03% (w/v) EDTA. For
experiments, cells were used at passages 26–35.

2.3. Nephrin clustering

Clustering of nephrin was induced as previously described with
some modifications (Aoyama et al., 2006; Lahdenpera et al., 2003;
Liu et al., 2004). Briefly, βTC-6 cells, cultured in 24-well plates or
grown on glass coverslips in the presence of 1 mmol.l−1 glucose,
were washed with PBS and incubated with Kreb’s Hepes buffer
(118.5 mmol.l−1 NaCl, 2.54 mmol.l−1 CaCl22H2O, 1.19 mmol.l−1 KH2PO4,
4.74 mmol.l−1 KCl, 25 mmol.l−1 NaHCO2, 1.19 mmol.l−1 MgSO47H2O,
10 mmol.l−1 Hepes buffer, 0.1% (w/v) BSA, pH 7.4) for 60 min (2 ×
30 min) at 37 °C, to minimize phosphorylation of Akt induced by
autocrine and paracrine-insulin signaling. Cells were then washed
with ice-cold Kreb’s buffer and incubated with 10 μg/ml goat anti-
nephrin N-20 antibody (recognizes the extracellular Ig-like motifs
1–2 of nephrin) in Kreb’s buffer, for 30 min on ice and sequen-
tially with 10 μg/ml anti-goat IgG F(ab)2 fragment in Kreb’s buffer,
for 15 min at 37 °C. Cells were then washed with ice-cold PBS, lysed
and assessed using Western blotting analysis or fixed with paraform-
aldehyde and processed for immunofluorescence microscopy (see
Section 2.4). Briefly, cells were incubated with anti-nephrin C-17
antibody (recognizes the cytoplasmic tail of nephrin) overnight at
4 °C and finally with the appropriate fluorescent secondary anti-
body for 1 hour at room temperature. Finally, coverslips were
incubated with DAPI (0.7 μg/ml) in PBS for 5 min, and washed with
PBS before mounting them with Dako Fluorescent Mounting Medium
(Cat. No: S3023, Dako). Specimens were examined with a confocal
laser-scanning microscope (TCS SP5 Confocal System, LEICA). Images
were obtained and processed with Adobe Photoshop CS4 version
11.0, software. Analysis of the size of nephrin clusters was per-
formed in digital images using MacBiophotonics Image J software;
Application:Analyze Particles).

2.4. Immunocytochemistry and fluorescence labeling of βTC-6 cells

Beta TC-6 cells grown on glass coverslips were fixed with 4% (w/
v) paraformaldehyde in PBS pH 7.4, for 15 min at room temperature.
After 10 min quenching with 50 mmol.l−1 NH4Cl, cells were
permeabilized with 0.25% (v/v) Triton X-100 in PBS for 10 min,
washed with PBS and blocked with 1% (w/v) BSA in PBS for 60 min
at room temperature. Cells were then incubated with anti-nephrin
C-17 antibody (recognizes the cytoplasmic tail of nephrin) and anti-
p85α/PI3 kinase antibody or anti-CD2AP antibody overnight at 4 °C
and finally with the appropriate fluorescent secondary antibodies
for 1 hour at room temperature [all antibodies in PBS containing
1% (w/v) BSA]. Finally, coverslips were washed with PBS, incu-
bated with DAPI (0.7 μg/ml) in PBS for 5 min, and washed again with
PBS before mounting them with Dako Fluorescent Mounting Medium
(Cat. No: S3023, Dako). Fluorescent specimens were examined with
a confocal laser-scanning microscope (TCS SP5 Confocal System,
LEICA). Images were obtained and processed with Adobe Photoshop
CS4 version 11.0, software. Confirmation of nephrin–PI3K co-
localization was performed in digital images using MacBiophotonics
Image J software; Plugin: Colocalization Analysis-Intensity Corre-
lation Analysis and Colocalization Threshold).

2.5. In vivo analysis of nephrin and pAkt-fluorescence labeling of
formalin-fixed paraffin-embedded (FFPE) tissue

The well-established mouse model of db/db was used to eval-
uate the effect of high glucose on nephrin expression and Akt
phosphorylation in in vivo studies. Animals (C57BLK) were pur-
chased from Harlan and euthanized at the 10th wk after birth. The
use of animal experimental protocols was approved by the Ethics
Committee of the Biomedical Research Foundation Academy of
Athens (BRFAA). Five animals were used as experimental diabetic
model (db/db lepr−/−), and five animals were used as control

113K. Kapodistria et al./Molecular and Cellular Endocrinology 400 (2015) 112–128



(db/db lepr+/−). Pancreata were isolated and fixed in 10% neutral
buffered formalin overnight and then embedded into paraffin wax.
Dual immunofluorescence labeling of FFPE pancreatic tissue sec-
tions from mice, for nephrin or Ser 473 pAkt and insulin was
performed as previously described (Robertson et al., 2008). Briefly,
4–5 μm sections were cut from the embedded blocks and slides were
de-waxed as follows: twice in 100% xylene for 5 minutes, 100%
ethanol for 10–20 s, once in 90% ethanol for 10–20 s, once in 70%
ethanol for 10–20 s and twice in H2O for 10–20 s. Antigen retriev-
al was performed in pre-warmed (94 °C–96 °C) Dako target retrieval
solution (S1699), for 30 minutes in a water bath (at 95 °C), 20
minutes on the bench and 5 minutes in running water. Slides were
blocked with immunofluorescence buffer (IFF) (PBS plus 1% bovine
serum albumin and 2% fetal calf serum) for 1 hour at RT. Slides were
then incubated with primary antibodies diluted in IFF, overnight at
4 °C, washed (3 × 5 minute washes) in PBS and finally incubated with
the appropriate fluorescent secondary antibodies (Molecular Probes)
diluted in IFF for 1 hour at room temperature. Slides were washed
with PBS, before mounting them with Dako Fluorescent Mounting
Medium. Fluorescent specimens were examined with a confocal
laser-scanning microscope (Bio-Rad). Images were obtained and
processed with Adobe Photoshop CS4 version 11.0, software. Quan-
tification of nephrin expression and pAkt levels was performed in
digital images. From each group (five animals/group), 20–30 islets
from random non-coincident fields were captured. Nephrin or pAkt
fluorescence intensity was quantified in images using the Image J
1.43u image-processing and analysis software (National Institutes
of Health). Briefly, Image J was used to quantify the fluorescence
intensity and the area of each islet.

2.6. In situ cell death detection – TUNEL staining

Beta TC-6 cells grown on glass coverslips were fixed with 4% (w/
v) paraformaldehyde in PBS pH 7.4, for 1 hour at room temperature,
permeabilized for 2 min on ice with 0.1% TritonX-100 in 0.1% sodium
citrate and finally incubated with 50 μl TUNEL reaction mixture (TdT
enzyme and fluorochrome labeling solution) for 1 hour at 37 °C in
the dark [In Situ Cell Death Detection Kit, TMR red (Roche Diag-
nostics, Mannheim, Germany)]. Finally, the cells were washed with
PBS, and incubated with DAPI (1 μg/ml) in PBS for 5 min, before
mounting with Dako Fluorescent Mounting Medium (Cat. No: S3023,
Dako). Specimens were examined with a confocal laser-scanning
microscope (TCS SP5 Confocal System, Leica). Images were
obtained and processed with Adobe Photoshop CS4 version 11.0,
software. Quantification of the percentage of cells undergoing
apoptosis was performed in digital images.

2.7. Western blotting and immunoprecipitation

For Western blotting, following appropriate treatment where ap-
plicable, cells were lysed in Hepes lysis buffer [100 mmol.l−1 NaCl,
1% (v/v) Triton-X-100, 0.5% (w/v) sodium deoxycholate, 0.2% (w/
v) SDS, 2 mmol.l−1 Na2EDTA, 10 mmol/l−1 Hepes buffer (pH 7.5),
1xPhosSTOP (cocktail of phosphatase inhibitors, Roche) and
1xProtease inhibitors cocktail (Roche)]. Protein concentration was
determined by the Bradford colorimetric assay (Pierce). Immunoblot
analysis of cell lysates was performed as previously described (Kitsiou
et al., 2003). To ensure equal amounts of protein loading, the blots
were stripped (Re-Blot Plus Mild Solution, Cat. No: 2502, Millipore)
and re-probed with anti-β-tubulin monoclonal antibody (Cat. No:
T4026, Sigma). Immunoprecipitation of nephrin and nephrin-
associated proteins from cell lysates was performed as previously
described (Kitsiou et al., 2003). Briefly, 600 μg of total protein from
cell lysate was incubated overnight at 4 °C with anti-nephrin N20
antibody. Immune complexes were captured with Protein G PLUS-
Agarose (Cat. No: sc-2002, Santa Cruz) for 2 hours at 4 °C, followed

by three washes in ice-cold PBS. Immune complexes were ex-
tracted with 60 μl boiling 2xLaemmli sample buffer containing
100 mmol.l−1 DTT. Fifty microliters of each supernatant fraction was
processed for Western blot analysis.

2.8. Transient small interfering (si)RNA transfection

Prevalidated siRNAs targeting mouse nephrin (Cat. No: sc-
36031, Santa Cruz Biotechnology, Inc.), a control, non-targeting siRNA
(Cat. No: sc-37007, Santa Cruz Biotechnology, Inc.), transfection
reagent, Lipofectamine RNAiMAX (Cat. No: P/N 56531, Invitrogen)
and transfection medium OPTI-MEM I (Cat. No: 31985, Gibco) were
used. Beta TC-6 cells growing in the presence of 1 mmol.l−1 glucose
in medium in the absence of antibiotics were reverse transfected
with 100 nmol/l−1 nephrin or control (scramble) siRNAs according
to the manufacturer’s instructions. Briefly, siRNAs–transfection
reagent complexes in transfection medium were prepared inside
the wells of a 24-well plate and incubated for 20 min at RT. Cells
suspended in complete medium without antibiotics were then added
to each well (7 × 104 cells/well) and incubated for 24 hours at 37 °C
in a CO2 incubator. Transfection medium was then replaced by com-
plete medium without antibiotics. After 72 hours, media were
removed, 100 nmol/l−1 nephrin or control (scramble) siRNAs were
re-added (forward transfection), cells incubated for 24 hours at 37°C
in a CO2 incubator and transfection medium was then replaced by
complete medium without antibiotics. After 48 hours, cells were
incubated with Kreb’s Hepes buffer for 60 min (2 × 30 min) at 37 °C,
to minimize phosphorylation of Akt induced by autocrine and
paracrine-insulin signaling. Nephrin clustering was then induced,
as previously described, and nephrin suppression and Akt phos-
phorylation were assessed using Western blotting analysis.

2.9. Statistical analysis

Values are presented as means ± SD. Statistically significant
differences between values were evaluated by one-way ANOVA
as appropriate. A p < 0.05 was considered statistically significant.
Statistical analysis of the results from the sections of the db/db
animals and their controls was also performed by Mann–Whitney
nonparametric test.

3. Results

3.1. Nephrin is expressed in the mouse insulin-secreting pancreatic
βTC-6 cells and in situ, in mouse islet β-cells and associates with the
p85 regulatory subunit of PI3K and CD2AP

Western blot analysis demonstrated that cultured pancreatic
βTC-6 cells express nephrin, CD2AP, podocin and ZO-1 proteins
(Fig. 1A, see also Supplementary file 1). Co-immunoprecipitation ex-
periments with nephrin-specific antibodies showed that endogenous
nephrin was associated with the p85α regulatory subunit of PI3K
and CD2AP in these cells (Fig. 1B). Dual-immunofluorescence
confocal microscopy in βTC-6 cells confirmed that nephrin partly
co-localized with PI3K and CD2AP (Fig. 1C). The association of
nephrin with the p85 regulatory subunit of PI3K or CD2AP was also
examined in mouse pancreatic islets. Immunofluorescence co-
localization studies with nephrin and insulin or nephrin and p85αPI3K

in normal mice (db/db lepr+/−) pancreatic sections showed that
nephrin expression occurs in β-cells (Fig. 1D, panel a and Fig. 9A)
and moreover nephrin is partially co-localized with p85αPI3K (Fig. 1D,
panels a–d). Interestingly, staining of p85αPI3K in pancreatic sec-
tions showed that p85αPI3K was almost exclusively localized in islets
whereas in pancreatic acinar cells, it was hardly detected (Fig. 1D,
panel b). This finding is in agreement with a recent study which
demonstrated
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low levels of mouse exocrine pancreatic expression of p85αPI3K, com-
pared to islet p85αPI3K expression (Takahashi et al., 2012). However,
other isoforms such as p85βPI3K and p85γPI3K, which are also ex-
pressed by acinar cells, can transduce through Akt activation,
signaling which regulates acinar cell functions, including metabo-
lism, proliferation and survival (Takahashi et al., 2012; Williams,
2010). To distinguish islet cells from acinar cells in the pancreas, a

serial section (which corresponds to the section presented in panels
a–c) was stained with an insulin-specific antibody (green) and the
secondary antibody anti-rabbit IgG-Alexa Fluor 594 (red) alone (neg-
ative control) (Fig. 1D, panels e–g). Negative controls for the
specificity of nephrin staining were included in Fig. 9A. Further-
more, we detected extensive co-localization of nephrin with CD2AP
in both islets and exocrine pancreatic tissue (Supplementary file 2).
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Taken together our data demonstrated that nephrin may partici-
pate in PI3K-mediated signaling in pancreatic β-cells.

3.2. Nephrin clustering recruited PI3K to nephrin

Nephrin clustering in podocytes is a prerequisite for nephrin
signaling which can be experimentally induced by anti-nephrin
antibodies (Lahdenpera et al., 2003). To further investigate the
interaction between nephrin and PI3K, we used a model system to
assess the effect of nephrin–ligand binding on nephrin signaling
(Jones et al., 2006; Lahdenpera et al., 2003; Verma et al., 2006). More
specifically, clustering of nephrin was induced on the surface of βTC-6
cells with the N20 antibody raised against a peptide (amino acids
64–83 of human nephrin) which maps near the N-terminus of
human nephrin (Komori et al., 2008), at the extra cellular Ig 1–2
like motif of nephrin (Fig. 2A). N20 was used since nephrin clus-
tering could be induced by antibodies that recognize the Ig-like
motifs 1–2, 1–8 as well as full-length nephrin (Aoyama et al., 2006).
Cells cultured on glass coverslips were incubated with “cluster-
ing” antibodies (as described in Section 2.3), fixed, permeabilized
and stained with anti-nephrin C17 antibody (which recognizes
nephrin cytoplasmic domain) and an appropriate Alexa-Flour sec-
ondary antibody. This treatment resulted in extensive aggregation
(clustering) of nephrin (Fig. 2B, lower panel) with a ring-like ap-
pearance. Smaller aggregates also appeared when only N20 antibody
was added to cells before fixation (Fig. 2B, middle panel). The ad-
dition of only secondary antibody (control) had no significant effect
on nephrin localization (Fig. 2B, upper panel). Morphometric anal-
ysis of clusters revealed that the addition of both “clustering”
antibodies induced a fourfold increase in the size of nephrin
clusters (Fig. 2C) compared to control cells (cells incubated in the
presence of secondary antibody only). In addition, the presence
of N20 antibody alone resulted in a 2.5-fold increase of the size of
nephrin clusters (Fig. 2C).

To examine whether nephrin clustering induces PI3K re-
localization, βTC-6 cells were treated with “clustering” antibodies
as described earlier, fixed, permeabilized, stained for nephrin (anti-
nephrin C17 antibody which recognizes nephrin cytoplasmic domain
was used) and p85αPI3K and examined by confocal immunofluores-
cence microscopy. Clustering of nephrin at the cell surface resulted
in considerable recruitment of PI3K to clustered nephrin, as indi-
cated by substantially increased co-localization of nephrin with
p85αPI3K adjacent to the intracellular side of the plasma mem-
brane (Fig. 3A, panels D-d). There were few PI3K-nephrin clusters
in the absence or presence of only secondary or only primary “clus-
tering” antibodies (Fig. 3A, panels A-a, B-b, C-c respectively). In
addition, the presence of both “clustering antibodies” induced a four-
fold increase in the number of cells which were positive to nephrin-
PI3K co-localization compared to untreated cells or cells treated

with primary or secondary antibody only (Fig. 3B). These results
strongly support a role for nephrin clustering in the recruitment of
PI3K to nephrin.

3.3. Clustering of nephrin activated PI3K-dependent Akt signaling

We next examined whether nephrin clustering can trigger PI3K-
dependent Akt signaling. Figure 4A,B demonstrates that when cells
were treated with “clustering” antibodies, nephrin clustering re-
sulted in threefold increase of Ser473 Akt phosphorylation compared
to untreated cells. The addition of only primary or only secondary
antibody had no significant effect on Ser473 Akt phosphorylation.
Nephrin-induced Akt phosphorylation was completely inhibited by
the PI3K inhibitors wortmannin and LY294002, demonstrating that
phosphorylation of Akt is PI3K-dependent (Fig. 4A,B). To confirm
nephrin-mediated Akt activity, we monitored the extent of phos-
phorylation of Bad and FoxO1/FoxO3a (Forkhead box O family)
transcription factors, both being proapoptotic elements, whose ac-
tivity was suppressed by Akt-mediated phosphorylation at Ser 136
and Thr24/32 respectively (Hemmings and Restuccia, 2012). Cells
were incubated with “clustering” antibodies (anti-nephrin N20:
30 min on ice, secondary antibody IgG [F(ab)2 fragment]: 30 min
at 37 °C), and lysed. Western blotting analysis demonstrated that
clustering of nephrin also resulted in a significant increase of both
Bad and FoxO phosphorylation/inhibition (11 ± 0.951) and
(5.13 ± 0.430) respectively, compared to untreated cells (1 ± 0.000)
(Fig. 4C,D). Nephrin-induced Bad and FoxO suppression was com-
pletely inhibited by the PI3K inhibitor wortmannin demonstrating
that their phosphorylation is PI3K-dependent (Fig. 4C,D). In addi-
tion, the primary antibody alone also induced phosphorylation of
Bad (4.36 ± 0.598) and FoxO (2.998 ± 0.226); however, the extent of
phosphorylation was considerably lower compared to that ob-
served in the presence of both “clustering” antibodies (Fig. 4C,D).
These results indicated that nephrin-induced PI3K-Akt activation
triggered anti-apoptotic signaling, in part via inhibition of Bad and
FoxO1/FoxO3a activity.

3.4. Clustering-induced nephrin tyrosine phosphorylation and
signaling were inhibited by PP1, a selective inhibitor of Src kinases

Cells growing in glass coverslips or in 24-well plates were pre-
treated or not for 1 hour with 10–20 μmol/l−1 PP1 (an inhibitor of
Src kinases involved in nephrin phosphorylation), incubated with
“clustering antibodies” (anti-nephrin N20: 30 min on ice; second-
ary antibody IgG [F(ab)2 fragment]: 2–15 min at 37 °C, for nephrin
phosphorylation experiments or 15 min at 37 °C, for PI3K recruit-
ment and Akt phosphorylation experiments), in the presence or
absence of PP1, fixed, permeabilized and stained for nephrin and
p85αPI3K, or lysed and nephrin tyrosine phosphorylation and Akt

Fig. 1. Nephrin interacted and partly co-localized with PI3K and CD2AP. Beta TC-6 cells grown in DMEM in the presence of 1 mmol.l−1 glucose were lysed and cell lysates
were immunoblotted with anti-nephrin, anti-CD2AP, anti-podocin or anti-ZO-1 specific antibodies. (A) Representative Western blots from five independent experiments
demonstrated that mouse pancreatic βTC-6 cells express nephrin and several nephrin-associated proteins. (B) Beta TC-6 cells cultured in the presence of 1 mmol.l−1 glucose
were lysed and total protein was immunoprecipitated with anti-nephrin N20 antibody or control polyclonal antibody. Co-precipitating PI3K and CD2AP were detected with
an anti-p85αPI3K and anti-CD2AP-specific monoclonal antibodies. Representative Western blots from three independent experiments demonstrating the protein content of
immunoprecipitates. (C) Cells grown on glass coverslips in DMEM were fixed and processed for immunocytochemistry as described in Section 2. Cells were stained with
anti-nephrin C17 antibody (recognizes the cytoplasmic tail of nephrin) and anti- p85αPI3K or anti-CD2AP antibodies and the appropriate secondary Alexa-Fuor antibodies.
Nuclei were counterstained with DAPI. Three independent experiments were performed. Representative confocal images of βTC-6 cells stained (a–e) for nephrin cytoplas-
mic domain (green) and PI3K (red); (f–j) nephrin cytoplasmic domain (green) and CD2AP (red). (d) Low magnification and (e) high magnification of the selected area (white
square) in (d) with nephrin-PI3K co-localization (white arrowheads). (i) Low magnification and (j) high magnification of the selected area (white square) in (i) with nephrin–
CD2AP co-localization (white arrowheads). Scale bar in (a–d,f–i):10 μm and in (e–j): 2 μm. Secondary antibodies alone gave no signal (data not shown). Dual-
immunofluorescence in specimens was viewed with a Leica confocal laser-scanning microscope. (D) Nephrin, PI3K and insulin were detected by fluorescence immunohistochemistry
in sections of formalin-fixed paraffin-embedded murine pancreata from C57BL/KsJ db/db (lepr +/−) mice. Sections from three animals were examined. Representative con-
focal images of mouse pancreas section stained (a–c) for nephrin (green) and p85αPI3K (red); (d) High magnification of the selected area (white square) in (c) with nephrin-
PI3K co-localization (white arrowheads). To distinguish islet cells from acinar cells in the pancreas, a serial section (e–g) (which corresponds to section presented in panels
a–c) was stained for insulin (green) and the secondary antibody anti-rabbit IgG-Alexa Fluor 594 (red) alone. Magnification: ×600. Dual-immunofluorescence in specimens
was viewed with a BIORAD confocal laser-scanning microscope. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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phosphorylation were assessed by Western blotting. Nephrin clus-
tering induced strong and immediate increase in phosphorylation
of 1176 and/or 1193 tyrosine residues of nephrin; stimulated phos-
phorylation reached the highest levels between 2 and 5 min, and

then decreased to basal levels (Fig. 5A). Phosphorylation of addi-
tional tyrosine residues in nephrin is also possible. Since Src kinases
are known to be involved in tyrosine phoshorylation of nephrin
(Lahdenpera et al., 2003; Verma et al., 2003), the effect of PP1

Fig. 2. Clustering of nephrin at the plasma membrane. (A) Schematic representation of the induction of nephrin clustering by antibodies. (B) Representative confocal images
of nephrin clustering in βTC-6 cells. Beta TC-6 cells grown on glass coverslips in the presence of 1 mmol.l−1 glucose were incubated with “clustering” antibodies; the goat
anti-nephrin N-20 antibody (recognizes the extracellular Ig-like 1–2 domain of nephrin) was added to cells for 30 min on ice and a secondary anti-goat IgG antibody [F(ab)2

fragment] was then added for 15 min at 37 °C. Cells were fixed, permeabilized and stained with anti-nephrin C17 antibody (recognizes the cytoplasmic tail of nephrin) and
the appropriate secondary Alexa-Fluor antibody (green). Nuclei were counterstained with DAPI. Images are representative from three independent experiments. White ar-
rowheads illustrate regions of increased nephrin clustering. Scale bar: 20 μm. Secondary antibody alone gave no signal (data not shown). (C) Bar graph analysis of the size
of clusters. Morphometric analysis of clusters was performed in digital images. In each case, a total of fifty cells from three independent experiments, with imaging of 5–10
cells each, were used to analyze the size of nephrin clusters, using MacBiophotonics Image J software; Application: Analyze Particles. Data represent the means ± SD; n = 3,
*P < 0.05 as compared to the size of clusters in cells incubated with the secondary antibody [F(ab)2 fragment] only. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Clustering of nephrin at the plasma membrane recruited PI3K to nephrin. Cells grown on glass coverslips were incubated in the presence or absence of “clustering”
antibodies as described in Fig. 2. Cells were then fixed, permeabilized, stained with anti-nephrin C-17 antibody (recognizes the cytoplasmic tail of nephrin) and anti-
p85αPI3K mAb, and in sequence with the appropriate secondary Alexa-Fluor antibodies. Nuclei were counterstained with DAPI. Three independent experiments were performed.
(A) Representative confocal images of βTC-6 cells stained for nephrin cytoplasmic domain (green) and PI3K (red). (A–D) Low magnification and (a–d) high magnification of
the selected areas (white squares) in (A–D) respectively, with nephrin–PI3K co-localization (white arrowheads). In the presence of both “clustering antibodies”, nephrin–
PI3K co-localization was significantly increased (panels D, d) compared to cells incubated in the absence of clustering antibodies (panels A, a) or in the presence of secondary
antibody only (panels B, b) or in the presence of primary antibody only (panels C, c). Scale bar in (A–D):10 μm and in (a–d): 2 μm. Secondary antibodies alone gave no
signal (data not shown). (B) Bar graph of the percentage of cells positive to nephrin/PI3K co-localization. Analysis was performed in digital images. In each case, a total of
fifty cells from three independent experiments, with imaging of 5–10 cells each, were used to evaluate the number of cells that were positive to nephrin/PI3K co-
localization. Data represent the means ± SD; n = 3, *P < 0.05 as compared to control cells (cells in the absence of “clustering” antibodies). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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(a selective inhibitor of Src kinases) on nephrin signaling was as-
sessed. We found that 10–20 μM/l−1 PP1 completely inhibited
clustering-induced phosphorylation of nephrin (Fig. 5A). Pre-
treatment of cells with 10 μmol/l−1 PP1 did not affect clustering of
nephrin (Fig. 5B); however, it inhibited both recruitment of PI3K to
clustered nephrin (Fig. 5B) and PI3K-dependent signaling in a
concentration-dependent manner, as indicated by inhibition of Ser
473 Akt phosphorylation (Fig. 5C,D). These results suggest that Src
family kinases mediate nephrin signaling by phosphorylating nephrin
on tyrosine residues.

3.5. Targeted suppression of nephrin expression inhibited Akt
phosphorylation and increased susceptibility of βTC-6 cell
to apoptosis

To establish the role of nephrin in PI3K-Akt signaling, βTC-6 cells
were treated or not with 100 nmol/l−1 of nephrin-specific siRNA or
control (scramble) siRNA, incubated or not with “clustering”
antibodies and finally lysed. Western blot analysis of whole cell
lysates demonstrated that suppression of nephrin by nephrin-
specific siRNA inhibited phosphorylation of Akt induced by
“clustering” antibodies (Fig. 6A,B). Transfection of cells with
control (scramble) siRNA had no significant effect on nephrin ex-
pression and antibody-induced Akt phosphorylation, compared to
control cells (cells treated with “clustering” antibodies in the absence
of siRNA) (Fig. 6A,B). In nephrin-depleted cells the levels of antibody-
induced Akt phosphorylation were similar to those observed in cells
incubated in the absence of “clustering” antibodies (Fig. 6A,B). More-
over, no difference was observed in basal Akt phosphorylation of

cells transfected with nephrin–siRNA or scramble–siRNA, com-
pared to non-transfected cells (Fig. 6A,B).

In sequence, we investigated the effect of nephrin silencing on
cell survival. Beta TC-6 cells were treated or not with nephrin-
specific siRNA or control (scramble) siRNA, incubated in the presence
or absence of serum for 48 h and finally lysed. Caspase-3 activity
was monitored by caspase-processing and cleavage of its down-
stream target, polyADP ribose polymerase (PARP). The amount of
cleaved caspase-3 was previously correlated with pancreatic beta-
cell apoptosis (Venieratos et al., 2010); moreover detection of
caspase-mediated cleavage of PARP has been established as a hall-
mark of apoptosis (Luo and Kraus, 2012). Western blotting analysis
demonstrated that upon serum withdrawal, βTC-6 cells displayed
increased levels of the large fragment (19 kDa) of activated caspase-3
(3.69 ± 0.094) and increased ratio of cleaved/uncleaved PARP
(7.49 ± 0.548), compared to cells grown in the presence of serum
(1 ± 0.000) (Fig. 6C,D). This effect was further enhanced in nephrin-
depleted cells (6.26 ± 0.88 for activated caspase-3 and 13.9 ± 1.01
for PARP cleavage) compared to cells transfected with scramble siRNA
(3.84 ± 0.098 for activated caspase-3 and 7.49 ± 0.684 for PARP cleav-
age) (Fig. 6C,D). In the presence of serum, silencing of nephrin had
no effect on basal activation of caspase-3 and PARP cleavage (were
not significant in all instances; data not shown). In addition, the
degree of apoptosis was evaluated by detection of DNA strand
breaks (in situ TUNEL and DAPI staining). Analysis of βTC-6 cells
for DNA fragmentation (TUNEL-positive cells) revealed that serum
deprivation resulted in a sevenfold increase in the number of
TUNEL-positive cells, compared to cells grown in the presence of
serum (where baseline apoptosis was minimal) (Fig. 6E,F, see also

Fig. 4. Nephrin clustering induced PI3K-dependent anti-apoptotic Akt signaling. Cells grown on 24-well plates were incubated or not with “clustering” antibodies, as de-
scribed in Fig. 2 in the presence or absence of PI3K inhibitors and finally lysed. (A) Representative Western blot of (Ser473) Akt phosphorylation. Immunoblots were stripped
and re-probed with anti-Akt antibody to normalize the blots for protein levels. (B) Densitometric quantification of pAkt to Akt levels as fold over basal rate (non-stimulated
cells). Data represent the means ± SD; n = 6, *P < 0.05 as compared to pAkt/Akt levels of non-stimulated cells. (C) Cells grown on 24-well plates were incubated in the pres-
ence or absence of “clustering” antibodies and finally lysed; the anti-nephrin antibody (N-20) was added to cells for 30 min on ice and the secondary anti-goat IgG antibody
[F(ab)2 fragment] was then added for 30 min at 37 °C. Representative Western blots of (Ser136) Bad and (Thr24) FoxO1/(Thr32) FoxO3a phosphorylation. Immunoblots were
stripped and re-probed with anti-Bad or anti-tubulin antibody to normalize the blots for protein levels. (D) Densitometric quantification of pBad to Bad and pFoxO to tubulin
levels as fold over basal rate (non-stimulated cells). Data represent the means ± SD; n = 3, *P < 0.05 as compared to pBad/Bad levels of non-stimulated cells, #P < 0.05 as com-
pared to pFoxO/tubulin levels of non-stimulated cells.
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Supplementary file 3). Susceptibility to apoptosis was further en-
hanced in nephrin-depleted cells (27.43 ± 3.01) compared to cells
transfected with control (scramble) siRNA (13.76 ± 1.48) (Fig. 6E,F,
see also Supplementary file 3). Taken together the earlier results
confirmed the pivotal involvement of nephrin in PI3K-mediated Akt
signaling and cell survival.

3.6. High glucose impaired nephrin signaling

We next studied the effects of high glucose concentration on
nephrin tyrosine phosphorylation and Ser473 Akt phosphorylation in
βTC-6 cells. Cells grown in the presence of 1 mmol.l−1 glucose were
exposed to 25 mmol.l−1 glucose for 48 hours, and then stimulated with

Fig. 5. Nephrin phosphorylation and signaling were inhibited by PP1, a selective inhibitor of Src kinases. (A) Cells grown on 24-well plates were pre-treated or not with
10–20 μmol.l−1 PP1 for 1 hour, and then incubated with “clustering” antibodies (anti-nephrin N20: 30 min on ice; secondary antibody IgG [F(ab)2 fragment]: 2–15 min at
37 °C), in the presence or absence of PP1. Cells were lysed and nephrin tyrosine phosphorylation was determined by immunoblotting. The control sample was incubated in
the absence of clustering antibodies, both on ice for 30 min and at 37 °C for 15 min. Three independent experiments were performed. Representative Western blot of Tyr
1176/1193 phosphorylation of nephrin. Immunoblots were stripped and re-probed with anti-nephrin antibody to normalize the blots for protein levels. Nephrin clustering
induced strong and immediate increase of nephrin phosphorylation on residues Tyr1176/1193, which was inhibited by PP1. (B) Cells grown on glass coverslips were pre-
treated or not with 10 μmol.l−1 PP1 for 1 hour, and incubated with “clustering” antibodies (anti-nephrin N20: 30 min on ice; secondary antibody IgG [F(ab)2 fragment]:
10–15 min at 37 °C), in the presence or absence of PP1. Cells were then fixed, permeabilized and processed for immunocytochemistry as described in Section 2. Cells were
stained with anti-nephrin C17 (recognizes the cytoplasmic tail of nephrin) and anti-p85αPI3K antibodies and the appropriate secondary Alexa-Fuor-antibodies. Nuclei were
counterstained with DAPI. Three independent experiments were performed. Representative confocal images of βTC-6 cells stained for nephrin cytoplasmic domain (green)
and PI3K (red). Scale bar: 10 μm. In merged images, white arrowheads show regions with nephrin–PI3K co-localization. Secondary antibodies alone gave no signal (data
not shown). (C) Cells grown in 24-well plates were pre-treated or not with 10–20 μmol.l−1 PP1 for 1 hour. Nephrin was then clustered with “clustering” antibodies (as de-
scribed in Fig. 5B), in the presence or absence of PP1. Cells were lysed and Akt phosphorylation was assessed by immunoblotting. Representative Western blot of (Ser-473)
Akt phosphorylation. Immunoblots were stripped and re-probed with anti-Akt antibody to normalize the blots for protein levels. (D) Densitometric quantification of pAkt
to Akt levels as fold over basal rate (non stimulated cells). Data represent the means ± SD; n = 3, *P < 0.05 as compared to pAkt/Akt levels of stimulated cells in the absence
of PP1 inhibitor. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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“clustering” antibodies (anti-nephrin N20: 30 min on ice; secondary an-
tibody IgG [F(ab)2 fragment]: 2 min at 37°C, for nephrin phosphorylation
experiments or 15 min at 37 °C, for Akt phosphorylation experi-
ments). In the presence of “clustering” antibodies, Tyr 1176/1193
nephrin phosphorylation was significantly impaired in cells exposed
for 48 hours to 25 mmol.l−1 glucose (0.66 ± 0.051) compared to the
control (3.71 ± 0.355) (cells growing in 1 mmol.l−1 glucose) (Fig. 7). Sim-
ilarly, Ser473 Akt phosphorylation was significantly reduced in cells
exposed for 48 hours to 25 mmol.l−1 glucose (1.41 ± 0.065) compared
to the control (3.12 ± 0.177) (cells growing in 1 mmol.l−1 glucose) (Fig. 7).
Notably, the addition of the primary N20 antibody alone, without a sec-
ondary clustering antibody, also induced nephrin phosphorylation in
control cells (cells growing in 1 mmol.l−1 glucose), but the induction was
considerably lower compared to that observed in the presence of both
“clustering” antibodies (Fig. 7). High glucose concentration had no sig-
nificant effect on nephrin expression in β-TC6 cells (densitometric
quantification not shown).

3.7. High glucose increased nephrin internalization and
PKCα expression

The effect of glucose concentration on sub-cellular localization of
nephrin was examined in βTC-6 cells. Cells growing on glass coverslips
were exposed to 25 mmol.l−1 glucose for 48 hours, fixed, permeabilized,

and stained with anti-nephrin C17 antibody. Confocal microscopy re-
vealed that nephrin was primarily localized within numerous small
clusters at the plasma membrane as well as at sites of cell contact, in
cells cultured in 1 mmol.l−1 glucose (Fig. 8A). Exposure of cells to
25 mmol.l−1 glucose resulted in merging of nephrin clusters to larger,
numerous intracellular vesicles, suggesting increased internalization of
nephrin(Fig. 8A).Decreasedavailabilityof cellsurface-associatednephrin
could help explain the observed impairment of nephrin induced-Akt
phosphorylation (Fig. 7). Since PKCα-dependent nephrin internaliza-
tion (endocytosis) was reported to occur in podocytes, as a result of
hyperglycemia (Quack et al., 2006, 2011), the expression of PKCα was
examined.Westernblotanalysisdemonstratedmarkedly increasedPKCα
protein expression in cells exposed to 25 mmol.l−1 glucose for 24 h
(1.68 ± 0.080) or 48 h (2.55 ± 0.111) compared to cells growing in
1 mmol.l−1 glucose (1 ± 0.000) (white bar) (Fig. 8B,C). Taken together the
earlier results suggest that up-regulation of PKCα expression might be
involved in glucose-induced nephrin internalization.

3.8. Nephrin expression and Akt phosphorylation were reduced in
diabetic (db/db lepr−/−) mouse model

To investigate the effect of chronic hyperglycemia on nephrin ex-
pression and signaling, we performed in vivo studies in the animal
model of C57BL/KsJ db/db mice. These mice express defective leptin

Fig. 6. Silencing of nephrin inhibited nephrin-induced Akt phosphorylation and increased susceptibility of βTC-6 cells to apoptosis. Beta TC-6 cells grown in the presence
of 1 mmol.l−1 glucose were transfected with either control (scramble) siRNA or nephrin-specific siRNA as described in Section 2. At the end of the incubation period, cells
were treated or not with “clustering” antibodies as described in Fig. 2, lysed and nephrin suppression and (Ser 473) Akt phosphorylation were evaluated by immunoblotting.
(A) Representative Western blots of pAkt and nephrin. Immunoblots were stripped and re-probed with anti-Akt or anti-tubulin antibody to normalize the blots for protein
levels. (B) Densitometric quantification of pAkt to Akt and nephrin to tubulin levels as fold over basal rate (non-transfected, non stimulated cells). Data represent the means ± SD;
n = 3, *P < 0.05 as compared to pAkt/Akt levels of stimulated cells treated with control siRNA and #P < 0.05 as compared to nephrin/tubulin levels of cells treated with control
siRNA. (C) Nephrin-depleted and control βTC-6 cells were incubated for 48 hours in the absence of serum. Cell apoptosis was evaluated by detection of caspase-3 activation
and PARP cleavage. Representative Western blots of cleaved (activated) caspase-3 and PARP cleavage pattern. Immunoblots were stripped and re-probed with anti-tubulin
antibody to normalize the blots for protein levels. (D) Densitometric quantification of activated caspase-3 and cleaved/uncleaved PARP to tubulin levels as fold over basal
rate of activated caspase-3 and PARP (cells grown in the presence of serum). Data represent the means ± SD; n = 3, #P < 0.05 as compared to activated caspase-3/tubulin
levels of cells treated with control siRNA, *P < 0.05 as compared to cleaved/uncleaved PARP/tubulin levels of cells treated with control siRNA, ≠P < 0.05 as compared to nephrin/
tubulin levels of cells treated with control siRNA. (E) Nephrin-depleted and control βTC-6 cells were incubated for 48 hours in the absence of serum. Cell apoptosis was
evaluated by in situ TUNEL and DAPI staining. Representative confocal images of apoptotic cells (red: in situ TUNEL; blue: DAPI). Magnification: ×400. Cells treated with
200 nmol.l−1 of staurosporine for 18 hours, served as positive control for induction of apoptosis, whereas cells incubated with labeling reaction mixture in the absence of
TdT enzyme or cells growing in the presence of serum served as negative control. (F) Quantification of the percentage of cells undergoing apoptosis. In each case, a total of
1000–1500 cells from three independent experiments were used to evaluate the number of TUNEL-positive cells. Data represent the means ± SD; n = 3, *P < 0.05 as com-
pared to cells treated with control siRNA. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (continued)
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receptor and are a well-established model of type 2 diabetes, since
they are obese and hyperinsulinemic and exhibit pronounced hy-
perglycemia after the 8th wk of age (Chen et al., 1996; Diani et al.,
2004). Five animals (db/db lepr−/−) and five animals (db/db lepr +/−)
were used as experimental diabetic model and control respective-
ly. Mice were euthanized at the 10th wk after birth. Dual fluorescence
immunohistochemical studies with nephrin and insulin or Ser473-
pAkt and insulin, in mouse pancreatic sections, revealed that the
islets of lepr−/− diabetic animals exhibited a significant decrease in
the levels of nephrin/per unit of islet area (44.7 ± 4.80) compared
with islets of lepr+/− animals used as control (80.35 ± 14.02)
(Fig. 9A,C). Interestingly, intense nephrin staining was also de-
tected in the exocrine pancreas of db/db lepr+/− mice and moreover
exocrine pancreatic nephrin appeared to be decreased in diabetic
animals (Fig. 9A). Pre-incubation of anti-nephrin N20 antibody
with its specific blocking peptide was found to significantly
reduce immune-reactivity, thus confirming the specificity of the
antibody (Fig. 9A, negative control 2). Staining of mouse pancreata
sections with insulin (red) and the secondary antibody anti-goat
IgG-Alexa Fluor 488 (green) alone gave no signal for nephrin (Fig. 9A,
negative control 1). Furthermore, the islets of diabetic animals

exhibited a considerable decrease in the levels of phosphorylated
Akt/per unit of islet area (49.43 ± 11.90), compared with islets of
control animals (109.33 ± 11.74) (Fig. 9B,C). Differences in nephrin
and pAkt fluorescence intensity between the two islet popula-
tions were statistically significant (P < 0.05) (Fig. 9C). These results
indicate that the reduction of both nephrin and phosphorylated Akt
in islet β-cells may be a consistent feature of type 2 diabetes.

4. Discussion

Nephrin is a cell surface receptor participating in cell–cell adhe-
sion and signaling functions in glomerular podocytes (Welsh and Saleem,
2010). Recent studies supported a primary role of nephrin as regula-
tor of actin cytoskeleton remodeling in pancreatic beta-cells, similar
to what has been described in podocytes (Fornoni et al., 2010; Jeon et al.,
2012).

The present study focused on the role of nephrin as signal trans-
ducing receptor in pancreatic beta-cells. We utilized endogenous
nephrin expression in cultured pancreatic βTC-6 cells to establish
a role for nephrin in pancreatic beta-cell survival signaling. We dem-
onstrated that pancreatic beta-cell nephrin interacted/associated with
the p85α regulatory subunit of PI3K in situ in mouse islet β-cells
and in cultured βTC-6 cells. Similar interactions were reported to
regulate renal podocyte morphology and function (Benzing, 2004).
Nephrin signaling can be experimentally induced by anti-nephrin
antibodies (Lahdenpera et al., 2003), over-expression of podocin and
the Src kinase Fyn (Li et al., 2004; Liu et al., 2004; Verma et al., 2003,
2006), nephrin interaction with Neph1 (Garg et al., 2007), or nephrin
homophilic interactions (Barletta et al., 2003). To further docu-
ment interactions between nephrin and PI3K we used functional,
specific anti-nephrin antibodies against an extracellular domain of
this protein, to assess the effects of nephrin–ligand binding on
nephrin signaling. In this instance, clustering of nephrin on the
plasma membrane by antibodies, induced phosphorylation of 1176/
1193 tyrosine residues of nephrin and recruited PI3K to clustered
nephrin. PI3K recruitment resulted in activation of PI3K, since it was
associated with activation of Akt. Clustering-induced signaling events
were inhibited by PP1, indicating that Src family kinases mediate
nephrin signaling by phosphorylating nephrin on tyrosine resi-
dues. It has been reported that in renal cells, clustering of nephrin
induced phosphorylation of several tyrosine residues, including
tyrosines 1176 and 1193, of the cytoplasmic domain of nephrin by
Src kinases in vivo and in vitro, thus augmenting and/or facilitat-
ing the engagement of several SH2–SH3 domain-containing signaling
molecules (Huber et al., 2003a; Jones et al., 2006; Lahdenpera et al.,
2003; Li et al., 2004; New et al., 2013; Verma et al., 2003, 2006).
Phosphorylation of 1176/1193 tyrosine residues of nephrin also play
a role in glucose-stimulated insulin release (GSIR) by pancreatic beta
cells (Jeon et al., 2012). In podocytes, following phosphorylation,
the intracellular domain of nephrin interacted with several pro-
teins, including Neph1, podocin, CD2AP, PI3K, Nck, β-arrestin-2, PKCα
and PLCγ1. These interactions transmit nephrin signaling to the actin
cytoskeleton and regulate survival, endocytosis and metabolism
(Harita et al., 2009; Huber et al., 2001, 2003a; Lehtonen et al., 2002;
Quack et al., 2011; Shih et al., 2001; Tossidou et al., 2010).

CD2AP has been detected in pancreatic extracts (Rinta-Valkama
et al., 2007), however its localization was not defined. Our results
documented that both islet β-cells and βTC-6 cells express CD2AP
which is also associated with nephrin. CD2AP was reported to in-
teract with both nephrin and PI3K in vivo, stimulating anti-apoptotic
Akt signaling in podocytes (Huber et al., 2003a). It is possible then
that CD2AP also potentiates nephrin signaling in pancreatic beta-
cells. Interestingly, we found that nephrin and CD2AP were also
expressed by exocrine pancreatic tissue (acinar cells) and more-
over co-localized, although nephrin expression has been reported
to occur exclusively in the β-cells (Palmen et al., 2001; Rinta-Valkama

Fig. 7. High glucose impaired nephrin signaling. Beta TC-6 cells continuously grown
in DMEM containing 1 mmol.l−1 glucose were exposed for 48 hours to 25 mmol.l−1

glucose, incubated or not with “clustering” antibodies (anti-nephrin N20: 30 min
on ice; secondary antibody IgG [F(ab)2 fragment]: 2 min at 37 °C, for nephrin phos-
phorylation experiments or 15 min at 37 °C, for Akt phosphorylation experiments)
and finally lysed. (A) Representative Western blots of tyr 1176/1193 nephrin phos-
phorylation and Ser 473 Akt phosphorylation. Immunoblots were stripped and re-
probed with anti-nephrin, anti-Akt or anti-tubulin antibodies to normalize the blots
for protein levels. (B) Densitometric quantification of pNephrin to Nephrin and pAkt
to Akt levels as fold over basal rate (non-stimulated cells in 1 mmol.l−1 glucose). Data
represent the means ± SD; n = 3, #P < 0.05 as compared to pNephrin/Nephrin levels
of stimulated cells in 1 mmol.l−1 glucose, *P < 0.05 as compared to pAkt/Akt levels
of stimulated cells in 1 mmol.l−1 glucose. Densitometric quantification of nephrin
to tubulin levels (data not shown) revealed no significant changes in nephrin ex-
pression between cells grown in 1 mmol.l−1 glucose and cells grown in 25 mmol.l−1

glucose.
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et al., 2007). This discrepancy may be attributed to differences in
the antigenic-epitope targeted by the antibodies, differences in the
suitability of antibodies used in various applications together with
differences in tissue collection protocols. Although the role of nephrin
in pancreatic exocrine tissue remains to be established, it is likely
that in acinar cells, nephrin is involved in the structural machin-
ery that forms secretory granules leading to secretion of digestive
enzymes by exocytosis, a role consistent to that has been de-
scribed in β-cells (Fornoni et al., 2010).

Akt provides a strong survival signal that protects cells from death
induced by various stresses (Datta et al., 1999). According to our
results, nephrin–PI3K-induced Akt activation was accompanied by
phosphorylation, hence inhibition, of pro-apoptotic Bad protein and
suppression of FoxO1/3a transcription factors. In addition, silenc-
ing of nephrin expression resulted in impairment of nephrin-
mediated Akt activation accompanied by increased susceptibility
of cells to environmental stress. In cultured podocytes, nephrin-
induced activation of PI3K and its downstream target Akt was
associated with strong inhibition of detachment induced-apoptosis

(anoikis) (Huber et al., 2003a). Moreover, the importance of unper-
turbed Akt signaling for beta-cell survival was also documented by
our previous work, in which high glucose attenuated insulin-
induced Akt activation and enhanced susceptibility of beta-cells to
apoptosis (Venieratos et al., 2010). Our current results substanti-
ated a pivotal role for nephrin in pancreatic beta-cell survival, through
nephrin-induced PI3K/Akt anti-apoptotic signaling and highlight
the importance of tyrosine phosphorylation of nephrin for nephrin–
PI3K interaction and Akt activation.

The significance of nephrin signaling in vivo was previously well
documented in glomerular podocytes. Several studies confirmed that
nephrin molecules from adjacent foot processes bind to each other.
In addition, Neph1 was shown to serve as a binding partner of the
extracellular domain of nephrin. These data suggested that cis and
trans interactions involving at least nephrin and Neph1 Ig super-
family proteins are required for setting up an intact slit diaphragm
structure and induce efficient nephrin signal transduction (Barletta
et al., 2003; Gerke et al., 2003; Khoshnoodi et al., 2003). In vivo, beta-
cells are aggregated in the form of islets in the pancreas, where they

Fig. 8. High glucose induced nephrin internalization and up-regulated PKCα expression. (A) Beta TC-6 cells grown on glass coverslips in DMEM containing 1 mmol.l−1 glucose
were exposed for 48 hours to 25 mmol.l−1 glucose, fixed, permeabilized and stained with anti-nephrin C17 antibody (recognizes the cytoplasmic tail of nephrin) and the
appropriate secondary Alexa-Fluor-antibody. Nuclei were counterstained with DAPI. Three independent experiments were performed. Representative confocal images of
βTC-6 cells stained for nephrin cytoplasmic domain (green). In 1 mmol.l−1 glucose, nephrin is predominantly localized to the plasma membrane and at the sites of cell–cell
contact. Upon exposure to 25 mmol.l−1 glucose, nephrin undergoes, in part, internalization (white arrowheads show regions where nephrin localized in numerous intra-
cellular vesicles). Scale bar: 10 μm. Secondary antibody alone gave no signal (data not shown). (B) Beta TC-6 cells continuously grown in DMEM containing 1 mmol.l−1 glucose
were exposed for 24 or 48 hours to 25 mmol.l−1 glucose and finally lysed. Representative Western blot of PKCα expression. Immunoblots were stripped and re-probed with
anti-tubulin antibody to normalize the blots for protein levels. (C) Densitometric quantification of PKCα to tubulin levels as fold over basal rate (cells growing in the pres-
ence of 1 mmol.l−1 glucose; white bar). Data represent the means ± SD; n = 3, *P < 0.05 as compared to PKCα/tubulin levels of cells in 1 mmol.l−1 glucose (white bar). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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communicate with each other. Communication between β-cells has
been known to modulate insulin secretion, via receptor tyrosine
kinases of the Eph family which bind to cell surface-associated ephrin
ligands on neighboring cells. The ensuing bidirectional signals
have emerged as a major form of contact-dependent intercellular
communication (Konstantinova et al., 2007). Accordingly, it appears
likely that nephrin homo- and/or heterophilic interactions occur in

pancreatic islet beta-cells as a consequence of cell–cell contact within
the islets, resulting in signaling events which apparently regulate
and promote cell survival.

A great variety of nephrin gene mutations has been described,
including insertions, deletions, nonsense and missense muta-
tions, which are responsible for congenital nephrotic syndrome (CNS)
of the Finnish type (Kestila et al., 1998; Lenkkeri et al., 1999). These

Fig. 9. Nephrin expression and pAkt levels are reduced in diabetic (db/db lepr−/−) mouse model. Nephrin and insulin or Ser 473 pAkt and insulin were detected by fluo-
rescence immunohistochemistry in sections of formalin-fixed paraffin-embedded murine pancreata from C57BL/KsJ db/db mice with a defective leptin receptor (lepr−/−).
Five animals were used as experimental diabetic model (db/db lepr−/−), and five animals were used as control (db/db lepr+/−). Mice were euthanized at the 10th wk after
birth. (A) Representative confocal images of mouse pancreas sections from (lepr−/−) animal show reduced expression of nephrin (green) in the pancreatic islet stained for
insulin (red) compared with the pancreatic islet of control (lepr+/−) animal. Magnification: ×600. Staining of mouse pancreata sections with insulin (red) and the secondary
antibody anti-goat IgG-Alexa Fluor 488 (green) alone gave no signal for nephrin (negative control 1). In pre-absorption experiments, the anti-nephrin N20 antibody (0.2 mg/
ml) was pre-incubated with its specific blocking peptide [nephrin (N20) P, sc-1990P, 0.2 mg/ml)] at 1:2 ratio, overnight at 4 °C and the mixture was used for immunofluorescent
detection of nephrin. The results showed a significant decrease of fluorescence intensity (negative control 2) in comparison to the immunostaining using anti-nephrin an-
tibody that was not pre-incubated with its specific blocking peptide. (B) Representative confocal images of mouse pancreas sections from (lepr−/−) animal show reduced
levels of phosphorylated Akt (red) in the pancreatic islet stained for insulin (green) compared with the pancreatic islet of control (lepr+/−) animal. Magnification: ×600.
Staining of mouse pancreata sections with insulin (green) and the secondary antibody anti-rabbit IgG-Alexa Fluor 594 (red) alone gave no signal for pAkt (negative control).
Dual immunofluorescence in specimens was viewed with a BIORAD confocal laser-scanning microscope. (C) Quantification of islet nephrin and pAkt levels (nephrin or pAkt
fluorescence intensity/unit of islet area). Data represent the means ± SD from measurements of 20–30 independent islets per group (4–6 islets per mouse pancreas were
randomly chosen from five animals per group). Differences in nephrin or pAkt fluorescence intensity/unit of islet area between the two islet populations were found sta-
tistically significant (one-way ANOVA and Mann–Whitney non parametric test, *P < 0.05 as compared to nephrin expression in control islets, #P < 0.05 as compared to pAkt
levels in control islets). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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mutations lead to severe or to a less severe clinical presentation of
CNS. However, patients with CNS neither develop diabetes nor have
major defects in other organs than the kidney; minor neurological
problems during the nephrotic stage have been observed which were
improved after renal transplantation (Patrakka et al., 2000). Apart
from obvious species differences, the lack of symptoms in the ma-
jority of human subjects with CNS could have several explanations.
It is possible that, when nephrin is totally absent or defective, other
beta-cell survival signaling pathways prevail (before and after renal
transplantation), including the insulin-dependent insulin receptor-
IRS2-PI3K-Akt pathway (Venieratos et al., 2010). The same likely
occurs in the heart, where nephrin plays a role in vessel forma-
tion (Wagner et al., 2011) or in the central nervous system (CNS)
where nephrin recruits synaptic vesicles and clusters glutamate

receptors linking them to downstream signaling proteins; nephrin
alterations in the CNS can be rescued by other Ig-like cell adhe-
sion molecules (Ig-like CAMs) (Li et al., 2011). In fact, it is not rare
the role of a mutated protein to be rescued and performed by other
proteins in different tissues, generating diverse tissue specific
phenotypes.

Chronic hyperglycemia disrupts signal transduction pathways in-
volved in beta-cell survival, leading to the destruction of endocrine
pancreas in type 2 diabetes (Cnop et al., 2005). Doublier et al. (2003)
demonstrated a decrease of glomerular nephrin expression as an
early event in diabetes. Decreased nephrin expression was also re-
ported in islets from several patients with type 2 diabetes (Fornoni
et al., 2010). We demonstrated herein that short-term exposure of
cultured βTC-6 cells to high glucose impaired clustering-induced

Fig. 9. (continued)
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nephrin phosphorylation and Akt activation without affecting
nephrin expression. Our immunohistochemical studies in pancre-
atic islets of type 2 diabetic (db/db lepr−/−) mice revealed an in vivo
reduction of nephrin expression which was accompanied by sig-
nificantly decreased levels of phosphorylated Akt. However,
impairment of Akt phosphorylation could also be attributed, at least
in part, to defective insulin signaling within beta-cells, since both
insulin secretion/action and expression of multiple insulin signal-
ing proteins are reduced in islets of mice and patients with type 2
diabetes (Goldfine and Kulkarni, 2012). Therefore, decreased nephrin
expression and signaling in islet beta-cells may contribute to the
pathogenesis of type 2 diabetes.

An additional finding of the present study was the observed
reduced nephrin expression in acinar cells of (db/db lepr−/−) dia-
betic mice. There is increasing evidence that both pancreas
morphology and exocrine pancreatic function are very frequently
severely altered in patients with diabetes mellitus (Hardt and Ewald,
2011). Thus, reduced nephrin expression in acinar cells of diabet-
ic mice might contribute to pancreatic exocrine insufficiency which
is increased during the progression of diabetes mellitus.

Recent evidence indicated that hyperglycemia led to up-regulation
of PKCα expression in murine podocytes, glomeruli, and kidneys
resulting in PKCα-mediated, β-arrestin-2-dependent endocytosis
of nephrin (Quack et al., 2011; Tossidou et al., 2010). Our data in-
dicated that in cultured βTC6 cells, high glucose led to increased
expression of PKCα accompanied by enhanced nephrin internal-
ization and suggest that glucose-induced impairment of nephrin-
mediated Akt signaling could be partly explained by decreased
availability of beta-cell surface nephrin. It is possible that nephrin
internalization serves as an ignition spark for impaired beta-cell sig-
naling in long-standing hyperglycemia. Moreover, phosphorylation-
dependent nephrin trafficking (endocytosis) is also essential for
promoting glucose-stimulated insulin response (GSIR) and facili-
tating proper secretory vesicle formation and exocytosis in pancreatic
beta-cells (Fornoni et al., 2010; Jeon et al., 2012). Nephrin inter-
nalization could also result in receptor desensitization, further
documenting its role as cell surface signal transducer (Quack et al.,
2006). Although additional studies are needed to further confirm
glucose-induced nephrin internalization, nephrin trafficking seems
to be an important mechanism involved in both physiological and
pathological conditions.

In summary, the work described herein unraveled a pivotal role
for nephrin in pancreatic beta-cell survival signaling, pointing to an
anti-apoptotic function not limited to renal cells. A model system
is proposed, in which nephrin clustering on the cell surface, via
nephrin–nephrin interactions, results in nephrin phosphoryla-
tion, recruitment and activation of PI3K, which in turn triggers Akt
activation. Akt promotes cell survival by inhibiting apoptosis through
phosphorylation and inactivation of pro-apoptotic targets includ-
ing Bad and FoxO. Short-term exposure of beta-cells to high glucose
increases nephrin internalization, possibly in a PKCα-dependent
manner, leading to impairment of pancreatic beta-cell nephrin
mediated-Akt survival signaling. Gradual reduction of nephrin ex-
pression accompanied by decreased Akt activity in long-standing
hyperglycemia may further affect islet beta-cell survival. Our data
suggest an additional mechanism which may contribute to gradual
pancreatic beta-cell loss occurring in type 2 diabetes. Further un-
derstanding of the mechanism(s) of islet beta-cell degeneration at
the molecular level will contribute to the development of novel drug/
therapeutic targets for the treatment of type 2 diabetes.

Note

A patent application, with the title “Pharmaceutical compound
containing the N20 antibody, which recognizes nephrin, for the treat-
ment of type 2 diabetes” (Number: 20130100425/19-07-2013, E.

Tsilibary and P. Kitsiou), has been submitted to Hellenic Industrial
Property Organization.
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