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Abstract. Previous studies have indicated that glomerular 
podocyte injury serves a crucial role in proteinuria during 
the process of chronic kidney disease. The slit diaphragm of 
podocytes forms the final barrier to proteinuria. Dendrin, a 
constituent of the slit diaphragm protein complex, has been 
observed to relocate from the slit diaphragm to the nuclei in 
injured podocytes and promote podocyte apoptosis. However, 
the exact mechanism for nuclear relocation of dendrin remains 
unclear. The expression of WWC1 in podocyte injury induced 
by lipopolysaccharides (LPS) or adriamycin (ADR) was 
detected by reverse transcription‑quantitative polymerase 
chain reaction (RT‑qPCR), western blotting and the immuno-
fluorescence assay. The role of WWC1 in podocyte apoptosis 
was detected by knockdown of WWC1 and flow cytometry. 
The mRNA and protein expression levels of apoptosis‑associ-
ated genes Bcl‑2‑associated X (Bax) and Bcl‑2 were measured 
by RT‑qPCR and western blotting. The impact of WWC1 on 
dendrin nucleus relocation in vitro in podocytes was further 
evaluated by knockdown of WWC1. Expression of WWC1 
significantly decreased in injured podocytes in vitro. The 
loss‑of‑function assay indicated that knockdown of WWC1 
gene in vitro promoted podocyte apoptosis, accompanied with 
increased levels of the pro‑apoptotic protein Bax and decreased 
levels of the anti‑apoptotic protein Bcl‑2. Furthermore, the 
relocation of dendrin protein was significantly promoted 
by knockdown of the WWC1 gene. In conclusion, the study 
indicated that loss of WWC1 may contribute to podocyte 

apoptosis by inducing nuclear relocation of dendrin protein, 
which provided novel insight into the molecular events in 
podocyte apoptosis.

Introduction

The glomerular podocyte functions as a charge barrier to 
prevent proteinuria. Proteinuira is the most critical clinical 
signature of podocyte injury predominantly by anatomical and 
molecular abnormalities of podocyte foot processes (FP) and 
the interposed slit diaphragm (SD) (1). The consistent protein-
uria and podocyte apoptosis damages glomerular structure 
and results in progressive glomerular consecutive tubular 
destruction (2,3), resulting in chronic kidney disease (CKD), 
which is a worldwide health problem, of which the prevalence 
is increasing (4). Due to the fact that CKD is a worldwide 
chronic disease and annually millions die of cardiovascular 
or renal complications directly due to CKD, exploring factors 
intervening in the pathogenesis of podocyte injury is neces-
sary in the development of novel strategies for CKD clinical 
therapy.

Previous genetic studies have highlighted the molecular 
makeup of SD and podocyte FP (5‑6). SD is comprised by 
molecular proteins functioning as ‘protein gatekeepers’ in 
the junctional domain of the podocyte. The first observed 
SD protein, Nephrin, was identified by Ruotsalainen et al (7) 
in 1999, and more recently additional and more complex SD 
proteins have been identified, including podocin, CD2 associ-
ated protein (CD2AP), nephrin‑like protein 1, zona occludens 
1 and dendrin (8‑11). Certain SD proteins have been identified 
to be critical in renal injury; genetic deletion of CD2AP, a 
scaffolding protein at the SD, leads to progressive renal failure 
in mice (12,13), and ectopic expression of CD2AP in podocyte 
prevents the development of proteinuria  (14,15). Dendrin, 
another newly identified SD complex, interacts with CD2AP, 
and loss of CD2AP could drive dendrin protein from the SD to 
the nucleus (16). Nuclear relocation of dendrin has been identi-
fied in various podocyte injury models in vitro and in human 
renal diseases  (17,18). In addition, nuclear dendrin could 
further promote apoptosis of podocytes (19). Despite of these 
results, the precise molecular mechanism by which dendrin 
regulates function of podocyte remains to be fully understood.
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In yeast two hybrid screens with the human isoform of 
dendrin, Kremerskothen et al (20) isolated a cDNA coding for 
a novel protein, WWC1 (also termed KIBRA) (20). WWC1, 
a kidney‑ and brain‑associated protein, was observed to be 
predominantly expressed in the brain and kidney, and in the 
kidney, WWC1 was identified to be expressed in glomerular 
podocytes, tubular structures and collecting ducts  (21). 
WWC1, interaction directly with protein associated to tight 
junctions (PATJ), impacted the proteins associated with Lin 
seven‑PATJ‑Crumbs 3 cell polarity complex and modulated 
the migration of podocytes (21). However, the bio‑function of 
WWC1 in the podocytes remains to be fully elucidated, and 
the functional association between WWC1 and dendrin in the 
podocytes was investigated in the current study.

In the present study, it was indicated that expression of 
WWC1 significantly was decreased in injured podocytes. 
Further investigation indicated that loss of WWC1 in vitro 
directly induced podocyte apoptosis and promoted SD protein 
dendrin relocation from SD into the nuclei. The results present 
novel insight into the molecular events in podocyte injury.

Materials and methods

Cell cultures. The conditionally immortalized mouse podo-
cyte cell line (MPC‑5) was donated by Dr Jochen Reiser (Rush 
University Medical Center, Chicago, IL, USA), and cultured 
as described previously (22‑23). Cells were treated with adria-
mycin (ADR; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, 
USA) in RPMI‑1640 medium (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) to a final concentration of 0.25 µg/ml or 
of lipopolysaccharides (LPS; Sigma Aldrich; Merck KGaA, 
Darmstadt, Germany) to 1 µg/ml for 24 h. Equal amounts of 
phosphate‑buffered saline (PBS) were treated as the negative 
control.

siRNA transfection. Oligonucleotide siRNA was synthesized 
by Guangzhou RiboBio Co., Ltd. (Guangzhou, China). WWC1 
or scramble siRNA (Scr) was transfected into podocytes using 
Lipofectamine® 2000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) following the manufacturer's protocol. WWC1 
siRNA sequences used were as follows: 5'‑GCA​CAG​AGA​
CCA​GGU​ACU​UdT​dT‑3', 5'‑GCA​CAA​GAG​UGA​GUU​GCA​
AdT​dT‑3' and 5'‑GGU​GGA​CAG​AGA​GAC​CAA​UdT​dT‑3'.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). RNA samples were prepared using TRIzol RNA 
isolation system (Invitrogen; Thermo Fisher Scientific, Inc.) 
and were reverse transcribed into cDNA (50 ng) using super-
script reverse transcriptase. The cDNA was used for RT‑qPCR 
analysis using a Platinum SYBR‑Green SuperMix‑UDG kit 
(Takara Bio, Inc., Otsu, Japan) as described previously (21). 
The primer sequences used are listed as follows: WWC1, 
forward 5'‑TGC​TGA​GGG​AAA​CCA​AAG​CC‑3' and reverse 
5'‑CTG​GAC​CAT​AGG​TCG​GAG​TG‑3'; Bcl‑2‑associated X 
(Bax), forward, 5'‑CTG​GAC​CAT​AGG​TCG​GAG​TG‑3' and 
reverse 5'‑AAT​TCG​CCG​GAG​ACA​CTC​G‑3'; Bcl‑2, forward 
5'‑TGT​GGC​CTG​ATG​TTG​GAT​AAC‑3' and reverse 5'‑GGT​
GAC​GAA​TGT​GCA​AAT​CTA​CT‑3'; GAPDH, forward 
5'‑AGG​TCG​GTG​TGA​ACG​GAT​TTG‑3' and reverse 5'‑TGT​
AGA​CCA​TGT​AGT​TGA​GGT​CA‑3'.

Immunofluorescence of cultured podocytes. Subsequent 
to being subjected to various treatments, podocytes were 
fixed with 4% paraformaldehyde at ‑20˚C for 20 min, then 
were blocked using blocking solution of 5% fetal calf serum 
(Gibco; Thermo Fisher Scientific, Inc.) in PBS. The primary 
antibodies were incubated overnight at 4˚C, followed by 1 h 
of incubation with goat anti‑rabbit Alexa Fluor 488 (4412S; 
1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA) 
or Texas red‑donkey anti‑goat IgG (ab6883; 1:250; Abcam, 
Cambridge, MA, USA) at room temperature. DAPI (1:1,000; 
Sigma‑Aldrich; Merck KGaA) was stained for counter-
staining. The primary antibodies used in the present study 
were as follows: Rabbit anti‑WWC1 (sc‑133374; 1:100; Santa 
Cruz Biotechnology, Inc.), rabbit anti‑dendrin (ABT59; 1:400; 
EMD Millipore, Billerica, MA, USA) and goat anti‑dendrin 
(sc‑167616; 1:100; Santa Cruz Biotechnology, Inc.). All images 
were analyzed by two investigators blinded to the identity of 
the samples.

Western blotting. Protein lysates were resolved by SDS 
(7.5‑10%)‑polyacrylamide gel electrophoresis, transferred 
onto a polyvinylidene difluoride membrane, and hybridized 
with the corresponding antibodies. The membranes were 
washed 3 times for 5  min with PBS following antibody 
incubation. The antibodies used in the present study were as 
follows: Rabbit anti‑WWC1 (sc‑133374; 1:500; Santa Cruz 
Biotechnology, Inc.), rabbit anti‑dendrin (ABT59; 1:1,000; 
EMD Millipore), rabbit anti‑Bax (sc‑493; 1:500; Santa 
Cruz Biotechnology, Inc.), rabbit anti‑Bcl‑2 (3498; 1:1,000; 
Cell Signaling Technology, Inc.), rabbit anti‑GAPDH 
(G9545; 1:5,000; Sigma‑Aldrich; Merck KGaA) and rabbit 
anti‑histone (4499; 1:2,000; Cell Signaling Technology, 
Inc.). The membrane was then incubated with anti‑rabbit 
or anti‑mouse IgG (211002217 and 515005071; 1:10,000; 
Jackson ImmunoResearch Laboratories, Inc., West Grove, 
PA, USA) at room temperature for 1 h. Enhanced chemilu-
minescence (Pierce Biotechnology, Inc., Rockford, IL, USA) 
reagents were used for detection.

Annexin V and propidium iodide (PI) staining. Apoptotic cells 
were determined using an Annexin V/PI apoptosis detection 
kit (Nanjing KeyGEN Biotech., Co., Ltd., Nanjing, China) as 
described previously (20).

Statistical analysis. The statistical analysis was performed 
using SPSS 15.0 (SPSS, Inc., Chicago, IL, USA). All experi-
ments in vitro were performed at least in triplicate. Continuous 
values were expressed as mean ± standard error using one‑way 
analysis of variance and Bonferroni non‑parametric test for 
statistical comparisons. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Expression of WWC1 was decreased in injured podocytes 
in vitro. In order to evaluate whether loss of WWC1 could 
be induced by ADR or LPS stimulation particularly in 
podocytes, WWC1 expression was assessed under different 
exposures by RT‑qPCR, immunoblotting and immuno-
f luorescence staining. The time‑response experiment 
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indicated that ADR induced loss of WWC1 expression in a 
time‑dependent manner. A significant decrease of WWC1 
gene and protein expression was observed following 24 h 
exposure to 0.25 µg/ml of ADR (Fig. 1A and B). Following 
stimulation by LPS (1 µg/ml) for 24 h, WWC1 expression 
significant decreased in cultured podocyte (Fig. 1C and D). 
Similar results also indicated that ADR and LPS stimulation 
induced WWC1 expression reduction by immunofluores-
cence staining (Fig. 1E) (P<0.05).

Loss of WWC1 directly induced podocyte apoptosis in vitro. 
In order to investigate the direct affection of WWC1 in 
podocyte, WWC1 gene expression was altered in podocytes 
in vitro by WWC1 siRNA. Three pairs of WWC1 siRNA were 
transfected into podocytes and RT‑qPCR was performed to 
detect WWC1 gene expression 48 h subsequent to transfec-
tion. Gene and protein analysis of the apoptotic factor Bax 
exhibited increased expression in WWC1‑silenced podo-
cytes (Fig. 2A and B), while the anti‑apoptotic factor Bcl‑2 
was reduced (Fig. 2A and C). Annexin V and PI staining 

assay indicated that loss of WWC1 directly induced apop-
tosis process in podocytes (2.56±0.34 vs.  10.67±0.88 and 
13.60±3.19, respectively; n=3) (Fig. 2D and E) (P<0.05).

Loss of WWC1 induced dendrin nucleus relocation in 
podocytes. As we know, nucleus relocation of SD protein 
dendrin is one of the newly confirmed apoptotic mechanisms 
in podocytes  (19). Considering the interactions between 
WWC1 and dendrin in normal podocytes, subcellular local-
ization of dendrin in podocytes was assessed with silenced 
WWC1 gene. Notably, following silencing of the WWC1 
gene in podocytes, dendrin nuclear accumulation was signif-
icantly increased (Fig. 3A and B). By immunofluorescence 
staining, it was identified that WWC1 and dendrin were 
co‑located in the cytoplasm, with low levels in the nuclei 
of the physiological podocyte, whereas an accumulation 
of dendrin was detected in the podocyte nuclei in WWC1 
silenced podocytes (Fig. 3C). These results indicate that loss 
of WWC1 could directly drive dendrin relocating into the 
nuclei of podocyte.

Figure 1. Expression of WWC1 is decreased in injured podocytes in vitro. (A) Podocytes were treated with ADR at a dose of 0.25 µg/ml, and RT‑qPCR was 
performed to measure gene expression of WWC1 in different time points. (B) Representative western blots of WWC1 expression in podocyte treated as 
described in (A). (C and D) Podocytes were treated with LPS at a dose of 1 µg/ml or an equal amount of PBS. Gene and protein expression of WWC1 were 
measured by RT‑qPCR and western blotting, respectively. (E) Representative immunofluorescence images of podocyte staining by anti‑WWC1 antibodies under 
different exposure. Original magnification, x400. Analysis of variance, *P<0.05 vs. time 0 h. ADR, adriamycin; RT‑qPCR, reverse transcription‑quantitative 
polymerase chain reaction; LPS, lipopolysaccharides.
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Discussion

The terminally differentiated podocyte functions as a critical 
barrier to prevent proteinuria, and proteinuria is the clinical 
signature for podocyte injury, with or without loss of renal 
functions. Emerging experimental and clinical studies have 
highlighted that loss of podocyte directly causes proteinuria 
and glomerulosclerosis, owing to podocyte apoptosis or 
detachment  (24‑27). The present study demonstrated, to 
the best of our knowledge for the first time, that kidney and 
brain associated protein WWC1, is a critical molecular in 
podocyte injury. Reduced WWC1 expression was identified in 
injured podocytes, and loss of WWC1 directly induced podocyte 
apoptosis. In addition further evidence was obtained that 
WWC1 protected podocytes from apoptosis by preventing SD 
protein dendrin from relocating into nuclei.

The expression of WWC1 (KIBRA), the mammalian 
ortholog of Kibra, has been observed to be enriched in kidney 
and brain (18). In Drosophila, Kibra predominantly acts in the 
Merlin branch upstream of the core kinase cascade to regulate 
Hippo signaling, a well‑recognized pathway by restricting 
proliferation and promoting apoptosis (28‑30). In mammals, 
WWC1 additionally exhibits MST‑independent functional 
regulation of Hippo signaling pathway in breast cancer (31). In a 

breast cancer cell line, loss of WWC1 expression displays epithe-
lial‑to‑mesenchymal transition features as well as promoted 
migration. Directional migration regulation is additionally 
observed in podocytes (21). The current study focused on the 
observation of the response of WWC1 to podocyte apoptosis 
injury. A reduction of WWC1 expression was observed in ADR‑ 
and LPS‑mediated podocyte injury. Due to the fact that ADR 
and LPS induce proteinuria in mice, these results indicated a 
probable endogenic protective role of WWC1 in podocytes.

Apoptosis has been reported to cause podocyte loss and 
glomerulosclerosis, and according to the biogenetic pleiotropy 
of WWC1 (31‑34), it was hypothesized that reduction of WWC1 
may be associated with podocyte apoptosis as a response to 
injury. Subsequently, it was investigated whether loss of WWC1 
directly induces podocyte apoptosis. Increased apoptotic cells 
were observed following knockdown of endogenic WWC1 gene 
in podocyte by Annexin V and PI staining. In addition, the 
apoptosis‑associated gene Bax and Bcl‑2 were observed to be 
activated and inhibited respectively with WWC1 gene silencing.

These results suggested that endogenic WWC1 could 
serve a critical role in protecting podocytes from apoptotic 
injury. Total podocyte number is a balance between prolif-
eration and loss, owing to several critical processes including 
DNA synthesis, DNA damage, hypertrophy, detachment and 

Figure 2. Loss of WWC1 directly induces podocyte apoptosis in vitro. (A) Podocytes were transfected with WWC1 siRNA or Scr. RT‑qPCR was performed to 
analyze the expression of WWC1 in podocytes. Gene expression of apoptosis‑associated genes Bax and Bcl‑2 were determined by RT‑qPCR. (B and C) Protein 
expression levels of Bax and Bcl‑2 were determined by western blotting, respectively. (D) Apoptosis cells were measured by flow cytometry using Annexin V 
and PI staining 48 h after siRNA transfection. (E) The percentage of apoptotic cells were measured. All data are expressed as the mean ± standard error 
of three independent experiments. Analysis of variance, *P<0.05 vs. Scr. siRNA, small interfering RNA; Scr, scramble siRNA; Bax, Bcl‑2‑associated X; 
RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; PI, propidium iodide.
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apoptosis. The proteins or molecules those are stably present 
in podocyte are essential for normal function, such as survival. 
For example, several SD proteins, such as CD2AP and nephrin, 
had been demonstrated to serve a critical role in protein-
uria protection  (35,36). The results provide new evidence 
supporting the role of WWC1 in podocyte protection.

The mechanisms of WWC1 in the protection of podocyte 
from apoptosis require further investigation. WWC1 was orig-
inally isolated by dendrin in a yeast two hybrid screen (20), 
and accumulating evidence has indicated that dendrin is 
additionally one of the SD complex proteins present in podo-
cytes (37,38). Nuclear relocation of dendrin has been identified 
both in human glomerular diseases and various podocyte 
injury models, and notably, it was observed that nuclear 
dendrin induced podocyte apoptosis (17,18). It was investi-
gated whether WWC1 could contribute to normal location of 

dendrin in the SD domain; it was identified that loss of WWC1 
in podocytes directly promoted movement of dendrin proteins 
from SD into the nuclei, indicating that WWC1 is a crucial 
molecular component in regulating the stabilization of dendrin 
in podocytes.

The present study systematically evaluated the functions 
of WWC1 in the podocyte. The results demonstrated that 
expression of WWC1 was significantly decreased in injured 
podocytes. In addition, loss of WWC1 in podocytes directly 
induced apoptosis of podocytes. Nuclear relocation of the SD 
complex protein dendrin was promoted following WWC1 
gene silencing in podocytes. These results indicate that endo-
genic WWC1 could serve a critical role in podocyte apoptosis. 
Taken together, the results demonstrate that WWC1 may serve 
as a promising molecular target to tackle proteinuric kidney 
diseases.

Figure 3. WWC1 impacts dendrin nucleus relocation in podocyte. (A and B) Podocytes were transfected with WWC1 siRNA or scramble siRNA. Podocytes 
with either WWC1 or scramble siRNA transfection were lysated and nuclear protein was extracted using the nuclear and cytoplasmic protein extraction kit. 
Nucleus dendrin expression was measured by western blotting, using histone 3 as equivalent loads in the nuclei. (C) Representative photographs of triple 
staining of DAPI, WWC1 and dendrin showing nucleus relocation of dendrin in podocytes with silenced WWC1 gene (original magnification, x400). Analysis 
of variance, *P<0.05, vs. Scr. siRNA, small interfering RNA; Scr, scramble siRNA.
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