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Nephrin, a structural molecule, is also a signaling molecule after 
phosphorylation. Inhibition of nephrin phosphorylation is 
correlated with podocyte injury. The PINCH-1-ILK-α-parvin 
(PIP) complex plays a crucial role in cell adhesion and 
cytoskeleton formation. We hypothesized that nephrin 
phosphorylation influenced cytoskeleton and cell adhesion in 
podocytes by regulating the PIP complex. The nephrin 
phosphorylation, PIP complex formation, and F-actin in Wistar 
rats intraperitoneally injected with puromycin aminonucleoside 
were gradually decreased but increased with time, coinciding 
with the recovery from glomerular/podocyte injury and protei-
nuria. In cultured podocytes, PIP complex knockdown resulted 
in cytoskeleton reorganization and decreased cell adhesion and 
spreading. Nephrin and its phosphorylation were unaffected 
after PIP complex knockdown. Furthermore, inhibition of 
nephrin phosphorylation suppressed PIP complex expression, 
disorganized podocyte cytoskeleton, and decreased cell 
adhesion and spreading. These findings indicate that alterations 
in nephrin phosphorylation disorganize podocyte cytoskeleton 
and decrease cell adhesion through a PIP complex-dependent 
mechanism. [BMB Reports 2013; 46(4): 230-235]

INTRODUCTION

The slit diaphragm (SD), the intercellular junction between po-
docyte foot processes, plays a critical role in cell survival, polar-
ity, cytoskeletal organization, and glomerular filtration function 
(1, 2). SD dysfunction results in injury of glomerular filtration 
barrier, thereby leading to proteinuria and progressive renal 
injury. Nephrin, an important structural component of the podo-
cyte, maintains the integrity of SD. Aside from being a structural 

molecule, nephrin is also a crucial signaling molecule that, after 
phosphorylation, mediates signal transduction in podocytes and 
thereby participates in its biological function (3, 4). The ex-
pression of phosphorylated nephrin can be suppressed by Src 
family kinase inhibitors (PP1 or PP2) and overexpressed by prot-
amine sulfate or the Src family kinase Fyn (5-7). Dysregulation of 
nephrin phosphorylation results in proteinuria (8), but the mo-
lecular mechanisms in this event are not fully delineated. 
　Podocyte foot processes anchor on the glomerular basement 
membrane (GBM) with adhesion molecules to maintain the mor-
phology and mobility of the podocyte. The PIP complex, as a het-
ero-oligomer consisting of PINCH-1, integrin-linked kinase (ILK), 
and a-parvin, is one of the adhesion molecules between podo-
cytes and GBM (9). Known as a fundamental component of focal 
adhesion, the PIP complex is supposed to regulate the adhesion 
between cells and the extracellular matrix and take part in the lo-
cation of the cytoskeleton (10-12). In addition, it functions as a 
signaling platform for integrins by interacting with the actin cy-
toskeleton and other signaling pathways (13). These processes in-
terrelate and determine cell behaviors, such as adhesion, spread-
ing, architecture, morphology, and survival. The detailed signal-
ing mechanisms by which the PIP complex is modulated remain 
unclear.
　Recent reports have demonstrated that ILK, a member of the 
PIP complex, maybe have a function in bridging and integrating 
the integrin and SD signals by interacting with cytoplasmic do-
mains of β-integrins and nephrin (14). Furthermore, the patho-
logical characteristics of podocytes with abnormal nephrin ex-
pression and aberrant nephrin phosphorylation are similar to 
those that result from PIP complex abnormalities. Based on these 
available evidence, we hypothesize that abnormal nephrin 
phosphorylation is involved in the signal transduction of the PIP 
complex. In this study, we determined the influence of nephrin 
phosphorylation on podocyte adhesion and investigated its pos-
sible relationship with PIP complex formation. 

RESULTS

Glomerular expression of nephrin, phosphorylated nephrin, 
PIP complex and F-actin in puromycin aminonucleoside 
nephrosis (PAN)
Kidneys from PAN were used to study the possible role of neph-
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Fig. 1. Expression of nephrin, phos-
phorylated nephrin, PIP complex and 
F-actin in rats with PAN. (A) Immuno-
fluorescence detection of glomerular 
nephrin expression in different groups. 
Original magnification ×400. (B) Wes-
tern blot for phosphorylated nephrin 
and nephrin in the glomeruli of rats of 
different groups. *P ＜ 0.05 compared 
with the group of day 0. (C) Co-im-
munoprecipitation of the PIP complex 
in the glomeruli of rats of different 
groups. ILK and PINCH-1 were im-
munoprecipitated by an α-parvin anti-
body. *P ＜ 0.05 compared with the 
group of day 0. (D) Western blot for 
F-actin expression in the glomeruli of 
rats of different groups. *P ＜ 0.05 
compared with the group of day 0.

Fig. 2. Knockdown of the PIP complex resulted in the reorganization of the cytoskeleton, and down-regulated podocyte adhesion and 
spreading. (A) ILK and PINCH-1 were immunoprecipitated by an α-parvin antibody in cultured normal podocytes and podocytes stimulated 
by PA with/without PINCH-1 siRNA or scrambled siRNA transfection. The immunoprecipitates were analyzed by Western blot with anti-
bodies of ILK, PINCH-1 and α-parvin. *P ＜ 0.05 compared with the normal group; #P ＜ 0.05 compared with the groups stimulated by 
PA with/without scrambled siRNA. (B) Nephrin and phosphorylated nephrin were detected by Western blot in different groups. *P ＜ 0.05 
compared with the normal group; #P ＜ 0.05 compared with the groups stimulated by PA with/without scrambled siRNA. (C) Stress fiber 
of the cytoskeleton was detected by immunofluorescence with FITC-phalloidin. Original magnification ×400. (a) Normal podocytes; (b) po-
docytes transfected with PINCH-1 siRNA; (c) podocytes transfected with scrambled siRNA; (d) podocytes stimulated by PA; (e) podocytes 
stimulated by PA with PINCH-1 siRNA transfection; (f) podocytes stimulated by PA with scrambled siRNA transfection. (D) Cell adhesion 
was measured with spectrophotometry. *P ＜ 0.05 compared with the normal group; #P ＜ 0.05 compared with the PA or scrambled 
siRNA group. (E) Cell spreading was detected and counted under inverted microscope. Original magnification ×400. *P ＜ 0.05 compared 
with the normal group; #P ＜ 0.05 compared with the PA or scrambled siRNA group. 

rin, phosphorylated nephrin, PIP complex in glomerular/ podo-
cyte injury. As shown in Fig. 1, the expression levels of nephrin 
and phosphorylated nephrin were decreased significantly on day 
1, 4 and 7 after the injection of puromycin aminonucleoside (PA) 
compared with that of control rats on day 0 (Fig. 1A and B). 

Furthermore, nephrin expression was started to recover on day 
14 and was almost similar to that of the control rats on day 28 
(Fig. 1A and B). However, phosphorylated nephrin was still low 
on day 14 and recovered on day 28 (Fig. 1B). The PIP complex 
was decreased initially on day 4 after the injection, reached its 
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Fig. 3. Diminishment of phosphorylated nephrin resulted in cytoskeleton reorganization, decreased podocyte adhesion and spreading in po-
docyte injury. (A) Nephrin and phosphorylated nephrin were detected by Western blot in different groups. *P ＜ 0.05 compared with the 
normal group; #P ＜ 0.05 compared with the PA or scrambled siRNA group. (B) ILK and PINCH-1 were immunoprecipitated by an α-par-
vin antibody in different groups. The immunoprecipitates were analyzed by Western blot with antibodies against ILK and PINCH-1. *P ＜
0.05 compared with the control group; #P ＜ 0.05 compared with the PA or scrambled siRNA group. (C) Stress fiber of the cytoskeleton 
was detected by immunofluorescence with FITC-phalloidin. Original magnification ×400. (a) Normal podocytes; (b) podocytes transfected 
with nephrin siRNA; (c) podocytes transfected with scrambled siRNA; (d) podocytes stimulated by PA; (e) podocytes stimulated by PA with 
nephrin siRNA transfection; (f) podocytes stimulated by PA with scrambled siRNA transfection. (D) Cell adhesion was measured with a 
spectrophotometer. *P ＜ 0.05 compared with the normal group; #P ＜ 0.05 compared with the PA or scrambled siRNA group. (E) Cell 
spreading was detected and counted under an inverted microscope. Original magnification ×400. *P ＜ 0.05 compared with the normal 
group; #P ＜ 0.05 compared with the PA or scrambled siRNA group.

Fig. 4. Effect of phosphorylated nephrin on podocyte cytoskeleton, adhesion and spreading in the physiological state. (A) Phosphorylated 
nephrin was detected by Western blot with antibody against phosphorylated nephrin (pY1217) in cultured normal podocytes and podocytes 
stimulated by the Src family kinase inhibitor (PP2). *P ＜ 0.05 compared with the normal group. (B) ILK and PINCH-1 were im-
munoprecipitated by an α-parvin antibody in cultured normal podocytes and podocytes stimulated by PP2. The immunoprecipitates were an-
alyzed by Western blot with antibodies against ILK, PINCH-1 and α-parvin. *P ＜ 0.05 compared with the normal group. (C) Stress fiber of 
the cytoskeleton was detected by immunofluorescence with FITC-phalloidin. Original magnification ×400. (D) Cell adhesion was measured 
with a spectrophotometer. *P ＜ 0.05 compared with the normal group. (E) Cell spreading was detected and counted under an inverted 
microscope. Original magnification ×400. *P ＜ 0.05 compared with the normal group.

lowest level on day 7, and then restored to control levels on day 
28 (Fig. 1C). F-actin was reduced on day 1 after the injection of 

PA and then started to recover on day 4. The protein expression 
was approximate to the normal level on day 7 (Fig. 1D).
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Effect of the PIP complex on cytoskeleton and podocyte 
adhesion in vitro
To test the effect of PIP complex formation on the cytoskeleton 
in podocyte injury, cultured murine podocytes exposed to PA 
(50 mg/l) were transfected with PINCH-1 siRNA. Transfection of 
podocytes with PINCH-1 siRNA reduced significantly the PIP 
complex compared with normal podocytes and cells transfected 
with scrambled siRNA (Fig. 2A). Reduction of PIP complex did 
not alter the expression levels of nephrin and phosphorylated 
nephrin (Fig. 2B). After inhibition of PIP complex, the cytoskele-
ton was arranged disorderly and displayed disorganization (Fig. 
2C). Furthermore, PIP complex knockdown decreased cell ad-
hesion and spreading (Fig. 2D and E).  

Effect of phosphorylated nephrin on cytoskeleton and 
podocyte adhesion in vitro
Cultured murine podocytes exposed to PA (50 mg/l) were trans-
fected with nephrin siRNA for 48 h to further verify the effect of 
phosphorylated nephrin on the cytoskeleton, podocyte spread-
ing and adhesion in podocyte injury. Podocytes transfected with 
nephrin siRNA reduced significantly nephrin and phosphory-
lated nephrin compared with the normal podocytes and cells 
permeated with scrambled siRNA (Fig. 3A). The inhibition of 
nephrin phosphorylation after nephrin knockdown suppressed 
the expression of PIP complex (Fig. 3B) and led to cytoskeleton 
disorder and rearrangement (Fig. 3C). Moreover, cell adhesion 
and spreading were decreased significantly as nephrin phospor-
ylation decreased (Fig. 3D and E). Then, cultured murine podo-
cytes were stimulated by the Src family kinase inhibitor (PP2; 10 
μM) for 1 h to further test the effect of phosphorylated nephrin 
on the cytoskeleton, podocyte spreading and adhesion in the 
physiological state. Phosphorylated nephrin was inhibited in po-
docytes stimulated by the Src family kinase inhibitor (PP2) com-
pared with that of normal podocytes (Fig. 4A). The inhibition of 
phosphorylated nephrin resulted in the decrease of PIP complex 
(Fig. 4B) and reorganization of podocyte cytoskeleton (Fig. 4C). 
Furhermore, the inhibition of phosphorylated nephrin de-
creased podocyte adhesion (Fig. 4D) and spreading (Fig. 4E).

DISCUSSION

A common denominator of glomerular diseases, such as mini-
mal change nephropathy, membranous nephropathy, and focal 
segmental glomerulosclerosis, is the presence of proteinuria and 
podocyte foot processes fusion or effacement, the latter being a 
characteristic feature of podocyte injury. In the present study, 
our data indicated that the rat model injected with PA, a classic 
model of podocyte injury, was similar to human minimal 
change nephritic syndrome with regard to its clinical and patho-
logical representation (Supplemental Fig. 1 and Supplemental 
Fig. 2). The establishment of the model contributed to the sub-
sequent research in the pathogenesis of proteinuria.
　The abnormalities in nephrin expression and phosphorylation of 
nephrin are involved in the development of proteinuria, foot proc-

esses effacement, and loss of podocytes. Aside from being a struc-
tural protein, nephrin transducts signals from the SD into the in-
terior of podocyte, thereby initiating a signaling cascade that leads 
to actin polymerization through the phosphorylation of nephrin 
(15, 16). In addition, the tyrosine phosphorylation of nephrin is sig-
nificant to the maintenance of normal podocyte morphology and 
function through the modulation of skeleton proteins (e.g., F-actin) 
(17). The phosphorylation of nephrin was significantly reduced, 
and podocyte apoptosis was promoted after Ang II stimulation 
(18). In the present study, nephrin phosphorylation was sig-
nificantly decreased, the cytoskeleton was rearranged, and cell ad-
hesion and spreading were reduced distinctly after puromycin 
aminonucleoside stimulation. These results demonstrate that 
nephrin phosphorylation is cardinal to maintain podocyte struc-
ture, function and survival. We also found that inhibition of neph-
rin phosphorylation resulted in cytoskeleton reorganization, de-
creased cell spreading and adhesion. These findings further in-
dicate that nephrin phosphorylation plays a crucial role in the 
maintenance of podocyte cytoskeleton stability and the adhesion 
between podocytes and GBM.
　Proper podocyte adhesion to extracellular matrix, morphol-
ogy, and survival is pivotal to normal renal function. However, 
the molecular mechanisms that mediate podocyte behavior, 
such as adhesion, architecture and survival, are still unknown. 
The PIP complex, a cytoplasmic component of the cell-ex-
tracellular matrix adhesion, functions both as an adaptor be-
tween integrins and the actin cytoskeleton, as well as a hub that 
regulates several signaling pathways. The PIP complex trans-
duces diverse signals from ECM to intracellular effectors through 
its direct interaction with factors that function as upstream regu-
lators of several signaling pathways. The PIP complex plays a 
crucial role in the adhesion, morphology, and survival of podo-
cytes, which is mediated by the phosphorylation of α-parvin 
(19). TGF-β regulates the expression of the PIP complex in glo-
merular cells, thereby promoting glomerular mesangial matrix 
deposition and enhancing podocyte apoptosis through modulat-
ing p38 activation (20). We found that the reduction of PINCH-1 
(using siRNA) induced the diminishment of the PIP complex; 
this disruption of the PIP complex resulted in cytoskeleton re-
organization and decreased podocyte adhesion and spreading. 
These findings indicate that the PIP complex has an important 
role in podocyte behavior including cytoskeleton stability and 
adhesion to GBM. 
　Although the function of the PIP complex was demonstrated, 
the possible mechanisms by which the PIP ternary complex is 
regulated and recruited to ECM adhesion sites still need further 
exploration. Therefore, we further investigated the mutual ef-
fects of the PIP complex and nephrin phosphorylation (Fig. 2, 3 
and Supplemental Fig. 3). Our data showed the reduction of 
nephrin phosphorylation resulted in the disruption of the PIP 
complex. This result demonstrates that nephrin phosphorylation 
regulates the formation and disruption of the PIP complex, there-
by maintaining the cytoskeleton of podocyte and cell adhesion 
and spreading. In addition, we found that the disruption of the 
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PIP complex did not influence the protein expression of nephrin 
and its phosphorylation. However, Dai et al. (14) discovered 
that ILK deficiency caused an aberrant distribution of nephrin in 
podocytes. Therefore, the PIP complex may also modulate SD 
signaling as nephrin phosphorylation by regulating the dis-
tribution of nephrin and not the protein expression. 
　In conclusion, our present study demonstrated that nephrin 
phosphorylation regulated GBM signaling through the PIP com-
plex, which had a key role in cytoskeleton reorganization and 
adhesion to GBM in podocyte injury. Dual-direction regulation 
between glomerular SD signaling and GBM signaling cannot be 
excluded. The nephrin phosphorylation-PIP complex signaling 
pathway may provide a new effective therapeutic target for po-
docyte injury in human minimal change nephrotic syndrome.

MATERIALS AND METHODS 

Animals
A total of 36 male SPF Wistar rats (140 g to 160 g body weight; 
4 to 6 weeks of age) were purchased from the Hubei Research 
Center of Experimental Animals (Disease Prevention and 
Control Centers of Hubei Province, China). Rats were random-
ized into two groups (n=18 per group). The model animals were 
subjected to a single intraperitoneal injection of puromycin ami-
nonucleoside (PA, 15 mg/100 g). Saline-injected animals served 
as controls. Twenty-four-hour urine was collected in metabolic 
cages, and urinary protein concentration was measured on day 
0, 1, 4, 7, 14, and 28 after the injection. The animals were sacri-
ficed on day 0, 1, 4, 7, 14, and 28. Kidneys were infused with the 
phosphatase inhibitor vanadate before retrieval and then stored 
at −80oC for biochemical and renal pathological analysis. 

Cell culture and treatment
A conditionally immortalized murine podocyte cell line was ob-
tained from Dr. Peter Mundel (Mount Sinai School of Medicine, 
New York). Podocytes were cultured in RPMI 1640 medium 
(Gibco, USA) supplemented with 10% heat-inactivated fetal calf 
serum (Gibco, USA), 100 U/ml penicillin G, and 100 μg/ml 
streptomycin in an incubator with 5% CO2. During pro-
liferation, the medium was mixed with 10 U/ml recombinant 
mouse interferon-γ (Sigma, USA), and the cells were maintained 
at 33oC. Afterward, the podocytes were cultured at 37oC to in-
duce differentiation without interferon-γ for 10 d to 14 d. 
Differentiated podycytes were used between passages 19 and 
29 for all experiments. Cultured murine podocytes were treated 
with puromycin aminonucleoside (PA) at various times (0, 6, 12, 
24, and 48 h) and concentrations (0, 25, 50, 75, and 100 mg/l). 
Cultured murine podocytes were stimulated by the Src family 
kinase inhibitor (PP2; 10 μM) for 1 h (6).

Western immunoblotting
Isolated glomeruli or cells were lysed in a cell disruption buffer 
(Beyotime, China) with protease/phosphatase inhibitors (1% phe-
nylmethanesulfonylfluoride and 1% cocktail) and then centri-

fuged at 12,000 rpm for 20 min at 4oC. The protein samples were 
mixed with loading buffer and then heated at 95oC to 100oC for 5 
min. The protein concentration of the samples was measured us-
ing a bicinchoninic acid protein assay kit (Thermo Scientific 
Pierce, USA). Equal samples were separated on 8% to 12% so-
dium dodecyl sulfate-polyacrylamide gels and then transferred to 
nitrocellulose membrane (GE Healthcare, UK) by semidry 
blotting. Guinea pig anti-nephrin (1：500; Progen Biotechnik, 
Germany), mouse anti-nephrin phospho (pY1217) (1：10,000; 
Epitomics, USA), mouse anti-β-actin (1：1,000; Santa Cruz, 
USA), rabbit anti-PINCH-1 (1：1,000; Cell Signaling Technol-
ogy, USA), rabbit anti-ILK (1：1,000; Cell Signaling Technology, 
USA), and rabbit anti-α-parvin (1：1,000; Cell Signaling Tech-
nology, USA) were used as primary antibodies. Horseradish per-
oxidase-conjugated secondary antibodies (1：1,000; Cell 
Signaling Technology, USA) were used at 1：5,000. Blots were 
visualized by the enhanced chemiluminescence reaction (Santa 
Cruz, USA) and developed on the film.

Immunofluorescence assay
Frozen kidney sections (6 μm) were incubated with bovine se-
rum (5%) for 30 min at room temperature. Guinea pig anti-neph-
rin (1：50, Progen Biotechnik, Germany) was used as primary 
antibody for overnight incubation at 4oC. Fluorescein iso-
thiocyanate (FITC)-conjugated IgG antibody was used as secon-
dary antibody at 37oC for 90 min. 

Co-immunoprecipitation
Isolated glomeruli or cells were lysed in immunoprecipitation 
buffer and centrifuged at 12,000 rpm for 20 min. The super-
natant was mixed with rabbit IgG and protein A/G agarose for 2 
h at 4oC and then centrifuged at 2,500 rpm for 5 min. The super-
natants were incubated with rabbit α-parvin monoclonal anti-
bodies overnight at 4oC. The samples were mixed with protein 
A/G agarose for 3 h and then centrifuged at 2,500 rpm for 5 min. 
The precipitates were collected and washed five times with 
phosphate-buffered saline (PBS). The complex was mixed with 
5× Lane Marker Sample Buffer to make a 1× final solution and 
then heated at 100oC for 5 min. The samples were separated by 
SDS-PAGE and analyzed by immunoblotting with PINCH-1, ILK, 
and α-parvin antibodies. 

Transfection of PINCH-1 and nephrin siRNA
PINCH-1 siRNA and nephrin siRNA transfection was performed 
according to the Santa Cruz transfection reagent handbook (Santa 
Cruz, USA). Briefly, 2 × 105 cells were seeded in six-well plates 
and transfected with 10 nM PINCH-1 or nephrin siRNA (Santa 
Cruz, USA) with or without a negative control (scrambled siRNA 
provided by the manufacturer). The cells were incubated with the 
transfection complexes at 37oC for 48 h.

Cell adhesion and spreading assays
Cell adhesion and spreading were analyzed as described (19, 
21). Cells (2 × 105) were seeded in six-well plates coated with fi-
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bronectin (FN; 10 μg/ml). Free-floating cells were washed off af-
ter being incubated for 5 h, and cells sticking to the bottom were 
fixed with 4% paraformaldehyde, stained by 0.1% crystal violet, 
and then lysed with 10% acetic acid. The control cells were 
fixed without being washed. Absorbance was obtained using a 
spectrophotometer at 570 nm optical density. The percentage of 
podocyte adhesion is presented as the absorbance of ex-
perimental groups (including the normal group) divided by the 
absorbance of the control cells (without being washed). Cells (2 
× 105) were seeded in six-well plates coated with FN (10 μg/ml) 
after being digested by pancreatin. The podocyte morphology 
was observed after 5 h under an inverted microscope. Unspread 
cells were round, whereas spread cells were of extended 
processes. The percentage of podocyte spreading is presented as 
the number of spread cells divided by the number of total cells.

Staining of cytoskeleton segments 
The cells were washed with precooled (4oC) PBS and then fixed 
in 4% paraformaldehyde containing 0.1% Triton X-100 for 30 
min at 4oC. FITC-phalloidin (5 μg/ml) was used to label the stress 
fiber overnight at 4oC or 2 h at 37oC. After the cells were washed 
thrice with PBS, the nucleus was restained with propidium io-
dide (2 μg/ml) for 15 min at room temperature without light. 
Subsequently, the sections were imaged by fluorescence 
microscopy.

Statistical analysis
Data were presented as mean ± SD. Statistically significant dif-
ferences in mean values were tested by analysis of variance. 
Differences at P ＜ 0.05 were considered statistically significant. 
The data were analyzed using SPSS 17.0.
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