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Abstract

Growing evidence suggests that there are many common cell biological features shared by neurons and podocytes;
however, the mechanism of podocyte foot process formation remains unclear. Comparing the mechanisms of process
formation between two cell types should provide useful guidance from the progress of neuron research. Studies have
shown that some mature proteins of podocytes, such as podocin, nephrin, and synaptopodin, were also expressed in
neurons. In this study, using cell biological experiments and immunohistochemical techniques, we showed that some
neuronal iconic molecules, such as Neuron-specific enolase, nestin and Neuron-specific nuclear protein, were also expressed
in podocytes. We further inhibited the expression of Neuron-specific enolase, nestin, synaptopodin and Ubiquitin carboxy
terminal hydrolase-1 by Small interfering RNA in cultured mouse podocytes and observed the significant morphological
changes in treated podocytes. When podocytes were treated with Adriamycin, the protein expression of Neuron-specific
enolase, nestin, synaptopodin and Ubiquitin carboxy terminal hydrolase-1 decreased over time. Meanwhile, the
morphological changes in the podocytes were consistent with results of the Small interfering RNA treatment of these
proteins. The data demonstrated that neuronal iconic proteins play important roles in maintaining and regulating the
formation and function of podocyte processes.
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Introduction

Podocytes are one of the types of glomerular resident cells,

which are characterized by their arborized cellular architecture,

with thick major processes and thin foot processes. The thin foot

processes and GBM cooperatively construct the glomerular

filtration barrier, which can effectively prevent proteins from

passing through. The fine cellular architecture of podocytes is

often altered; when podocytes are injured in certain pathophys-

iological conditions or in nephropathies, which are called

podocytopathies, such as process effacement, false microvillus

structures that formed from excessive cytoplasmic spines extending

and the fracture or lose of the foot processes. These alterations

may increase the permeability of the glomerular filtration barrier

and cause massive proteinuria. Therefore, the maintenance of the

special morphology construction of the podocyte is thought to be

essential for its normal function. This morphology not only forms

the unique shape and filtration function but also plays important

roles in material metabolism, cell movement, energy and

intracellular information transmission [1]. The elucidation of the

mechanism of podocyte foot process formation is important for

determining approaches to the prevention and control of

nephropathy.

The mechanism of podocyte foot process formation remains

unclear. However, several current studies have shown that there

are many common cell biological features shared by neurons and

podocytes. Naoto Kobayashi et al. revealed that podocytes had an

extraordinary similarity with neurons [2]. Both cells are highly

differentiated with similar long and short cell processes that are

equipped with highly organized cytoskeletal systems. Additionally,

the two types of cells share the expression of structural and

regulatory proteins, such as synaptopodin, drebin and desin [3].

Synaptopodin, which is the major component of the podocyte

cytoskeleton, is primarily expressed in the site of the terminal

processes of podocytes. Moreover, this protein can also be

expressed in neuronal dendritic spines [4]. In addition, more

recent data have shown that podocyte processes also share the

expression of some special proteins, such as nephrin and podocin,

with neuronal dendrites [5–8].

Moreover, some molecules that are abnormally expressed may

be involved in the pathological states of brain and kidney tissues.

For example, ubiquitin carboxy-terminal hydrolase L1 (UCH-L1),

which is a member of the deubiquitination enzyme family, is

specifically expressed in the brain, testis and kidney tissue under

normal circumstances [9–12]. The abnormal expression of UCH-

L1 in neurons is usually related to some degenerative diseases,

such as Parkinson’s disease, in which dopamine and other proteins
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are deposited in Lewy bodies, which resulted from a ubiquitination

disorder [13–15]. In podocytes, our study and other laboratories

have reported that UCH-L1 expression was elevated in diseased

podocytes in several types of nephritis, which are related to the

severity of nephropathy and proteinuria [16]. Enhancing UCH-L1

activity in membranous glomerulonephritis of rats could result in

the inhibition of the ubiquitin-proteasome pathway, an increase in

proteinuria and the progression of nephropathy [17]. Thus, the

data may suggest the similarity of the pathogenesis between

podocyte injuries and neuron lesions [18]. Among process-bearing

cells, the neuron is the most intensely investigated so far. The

careful comparison between neurons and podocytes may provide

certain clues for understanding the pathophysiological mechanism

of podocytopathy and nephropathy, as well as for providing novel

therapeutic approaches.

The majority of the abovementioned studies were focused on

podocyte differentiation proteins, such as nephrin, podocin and

synaptopodin. To investigate process formation in greater detail,

we hypothesized that some of the neuronal iconic molecules are

also expressed in podocytes and that these molecules could play an

important role in podocyte differentiation. In this study, we

attempted to determine whether some neuronal iconic molecules,

such as NSE (Neuron-specific enolase), nestin, NeuN (Neuron-

specific nuclear protein) and S100, were expressed in podocytes

through cell biology and immunohistochemistry techniques. The

results confirmed that these neuronal iconic proteins were

expressed in podocytes and played an important role in the

formation of foot processes. These data indicated that these

neuronal iconic proteins could be a critical regulator for podocyte

function and a novel target in therapeutic approaches for

podocytopathy and nephropathy.

Materials and Methods

Ethics statement
Permission to use the tissue sections for research purposes was

obtained and approved by the Ethics Committee from Shanghai

Medical College, Fudan University, China, and a written consent

form was obtained from all patients. The animal number and the

protocols of the animal experiments were approved by Experi-

mental Animal Ethics Committee of Shanghai Medical College,

Fudan University, China.

Antibodies
Antibodies were purchased as follows: Primary antibodies:

rabbit-anti-UCH-L1 (AB1761,MILLIPORE), rabbit-anti-synapto-

podin (S9442, Sigma-Aldrich), mouse-anti-a-actinin4 (MAB1682,

MILLIPORE), mouse-anti-nestin (MAB2763, R&D), rabbit-anti-

NeuN (ab104225, Abcam), mouse-anti-S100 (ab14849, Abcam),

rabbit-anti-NSE (ab53025, Abcam), mouse-anti-nephrin (sc-

166574, Santa Cruz Biotechnology), mouse-anti-WT-1

(ab96792, Abcam). Secondary antibodies: peroxidase-conju-

gated goat-anti-mouse IgG, peroxidase-conjugated goat-anti-rab-

bit IgG, fluorescein (FITC)-conjugated goat-anti-rabbit/mouse

IgG, cy3-conjugated goat-anti-mouse/rabbit IgG all from Protein

Tech Group Inc., Chicago, USA, HRP-goat-anti-mouse IgG,

HRP-goat-anti-rabbit IgG from Long Island Biotech Co., LTD,

Shanghai, China.

Immunohistochemistry
Two cases of kidney tissue from renal needle biopsies with acute

tubulointerstitial lesions (the glomeruli structures were almost

normal) were collected from the nephrosis laboratory, and one

case of brain tissue was obtained from the autopsy of a volunteer

cadaver donation with colon cancer, Department of Pathology,

Shanghai Medical College, School of Basic Medical Science,

Fudan University, in accordance with local ethical guidelines.

Four-micrometer thick paraffin sections were deparaffinized,

endogenous peroxidase was removed by 0.3% H2O2-methanol

and antigen retrieval was performed by microwave boiling

(10 mM citrate buffer, pH 6.1). Unspecific binding was blocked

(10% normal goat serum, 30 minutes, 37uC). Then, the sections

were probed with primary antibodies against NSE (1:50), UCH-L1

(1:200), NeuN (1:50), nestin (1:50), S100 (1:100), nephrin (1:100),

synaptopodin (1:200) and a-actinin-4 (1:100) for 1 hour at 37uC
and then incubated overnight at 4uC, which was followed by

incubation with biotinylated secondary antibodies (1 hour, 37uC).

DAB (Sigma) was used as the chromogen.

Podocyte Culture
A conditionally immortalized mouse podocyte line (MPC5) (a

gift from Dr Xu, Children’s Hospital of Fudan University [19])

was cultured under permissive conditions (33uC, 5% CO2, RPMI

1640, 10% FCS, 50 U/ml IFN-c (Sigma)) for 5–8 days while

podocytes were in an undifferentiated state. Later, podocytes were

cultured for differentiation under non-permissive conditions

(37uC, 5% CO2, RPMI 1640, 10% FCS, without IFN-c) on

coated collagen I (Sigma) cell ware, and 10–14 days later, we

observed podocytes with long spindle shapes and a small amount

of branches under a microscope (Nikon, Japan), which was

consistent with the podocyte morphology characteristics that were

reported in the literature.

Primary cortical neuron culture
Primary cortical neurons were prepared from embryonic

Sprague-Dawley rats. Fetal rat cerebral tissue was isolated, and the

cortex was removed into a glass Petri dish with pre-cooled D-

Hank’s liquid. The cortex was cut into 1-mm3 blocks and placed

into a sterile centrifuge tube. After 1000 RPM instantaneous

centrifugation, the supernatant was collected, 0.125% trypsin-

1 mM EDTA was added to a total volume of 5 ml, and the sample

was digested at 37uC for 20 minutes. Then, the digestion was

suspended by adding a corresponding volume of DMEM

containing 10% FCS. The sample was then centrifuged for

5 min at 1000 RPM, the supernatant was discarded, and 5 ml of

DMEM was added. The cell suspension was then pipetted with a

capillary straw repeatedly until no blocks could be observed, and

the liquid was in a turbid state. The cell suspension was finally

filtered with a 200mesh filter. Neurons were seeded at 5–66105

cells per well and cultured in Neurobasal medium (Gibco, USA) in

a humidified incubator at 37uC and 5% CO2.

Western Blotting
Podocytes were lysed quickly using 100 ml 26SDS buffer, boiled

for 5 minutes and then stored at 220uC until use. Portions (15 ml)

of the supernatant, including soluble cell proteins, were subjected

to 10% SDS–PAGE and then transferred to PVDF membranes

(Millipore). The membranes were blocked using 5% BSA

(Shanghai HaoZe Biotech Co., Ltd, China) before incubation

with primary antibodies, which were diluted in blocking liquid.

The membranes were probed with antibodies against UCH-L1

(1:2000), synaptopodin (1:2000), a-actinin4 (1:1000), nestin

(1:1000), NeuN (1:500), S100 (1:500), NSE (1:500) and GAPDH

(1:1000) as a loading control for 1 hour at room temperature.

Following binding, the proteins were detected with peroxidase-

conjugated secondary antibodies. The immunoreaction was

visualized by ECL SuperSignal (Thermo) and by film exposure.

Neuronal Iconic Proteins in Podocytes
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Double immunofluorescence labeling
Podocytes were seeded on sterile cover slips and cultured at

37uC in 95% air and 5% CO2 until the cell density reached 50%–

60%. Pre-cooled acetone was used as the stationary fixing liquid,

and unspecific staining was blocked by 2.5% BSA for 30 minutes

at room temperature. Primary antibodies, including NSE (1:50),

UCH-L1 (1:100), NeuN (1:50), nestin (1:50), S100 (1:50),

synaptopodin (1:100) and a-actinin-4 (1:50), were incubated for

1 h at 37uC, followed by incubation with FITC-conjugated

secondary antibodies, as well as WT1 (1:100, as the nuclear

marker of podocytes) with Cy-3-conjugated secondary antibodies

for 45 minutes at 37uC. Cover slips were examined using a

fluorescence microscope (Nikon, Japan), and merged images were

formed using the Adobe Photoshop CS5 software.

Immunofluorescence staining of F-actin
Podocytes were seeded on sterile cover slips and cultured at

37uC in 95% air and 5% CO2 until the cell density reached 50%–

60%. Next, 4% polyformaldehyde–PBS was used as the stationary

liquid for 10 minutes, and the cells were then treated by 0.1%

Triton X-100-PBS for 5 minutes. Unspecific staining was blocked

by 3% BSA for 20 minutes at room temperature. Fluorescent

phallotoxins (F-actin) (1.5 IU/200 ml, Invitrogen) were added and

incubated at 37uC for 30 minutes. The cover slips were then

examined with a fluorescence microscope (Nikon, Japan).

RNA interference
Shortly before transfection, podocytes were seeded 1.5–66105

(37uC cultured) per well in 2300 ml 1640 RPMI, which contained

serum. Podocytes were incubated under normal growth conditions

(37uC, 5% CO2). In total, 150 ng siRNA (Qiagen) was diluted in

100 ml 1640 RPMI without serum. Then, 12 ml HiPerFect

Reagent (Qiagen) was added and mixed by vortexing. Samples

were incubated for 5–10 minutes at room temperature for

complex formation. Complexes were added drop-wise onto

podocytes, and the plate was gently swirled. These podocytes

were then incubated under normal growth conditions (37uC, 5%

CO2), and gene silencing was monitored after 72 h. The medium

was changed after 6 h.

Statistical Analysis
Statistical analyses were performed using the GraphPad Prism 5

software. Statistical comparisons between two data points were

made using Student’s t-test and between three or more data points

using ANOVA combined with post-hoc Bonferroni’s multiple

comparison tests. The data were expressed as the mean 6 SD.

When p,0.001, the result was considered statistically significant.

All experiments were performed in triplicate.

Results

Location of neuronal iconic proteins expression in
human renal tissues and human brain tissues

Using immunohistochemistry, we detected the distribution of

NSE, NeuN, nestin, S100, nephrin, UCH-L1, synaptopodin and

a-actinin-4 in normal glomeruli compared with human normal

brain tissues as the control. As displayed in Fig. 1, the results

indicate that all of the abovementioned indicators were positive in

brain neurons. These indicators were also positively expressed in

the podocytes of glomeruli. The positive cells were primarily in the

outer aspect of the glomerular capillary loop, which is the site of

podocyte distribution. Meanwhile, these cells also proved to be

podocytes with the positive expression of nephrin and synaptopo-

din (usually recognized as podocyte markers). In contrast, the cells

in mesangial areas were almost all negative (Fig. 1A, C). These

neuronal iconic proteins are expressed in glomerular podocytes.

Neuronal iconic proteins expressed in mouse podocyte
and neurons

We extracted total proteins from cultured mouse podocytes and

rat neurons. Western blotting detected the same proteins in

neurons and podocytes as abovementioned. The results indicated

that all of these proteins were expressed in both podocytes and

brain neurons (Fig. 2). The molecular weights of NSE, NeuN,

nestin and S100, as well as nephrin, UCH-L1 and a-actinin-4,

were of the same size in both podocytes and neurons, whereas

synaptopodin is 44 kDa in podocytes and 100 kDa in neurons,

which is consistent with Dr. Mundel’s report [7].

Immunofluorescence detection of neuronal iconic
proteins in cultured mouse podocytes

Using double labeling of neuronal iconic proteins (green

fluorescence) and WT-1 as podocyte marker (red fluorescence),

the confocal merged images indicated that the neuronal iconic

proteins NeuN, NSE, nestin, UCH-L1, S100 and a-actinin-4 were

positively expressed in cultured mouse podocytes in vitro (Fig. 3). In

addition, other podocyte marker proteins, such as nephrin and

synaptopodin, were positive in podocytes.

The effects of RNA interference of neural iconic proteins
on podocyte morphology

To clarify the role that these neuronal iconic proteins play in

process formation in podocytes, we further used RNA interference

of neuronal iconic proteins by siRNA in podocytes for 72 hours

separately, including NSE, nestin, NeuN, S100, synaptopodin and

UCH-L1, and observed the morphologic changes in podocytes.

The expression level of the abovementioned indicators decreased

significantly in separately treated cells (Fig. 4). Then, we stained

the cytoskeleton with F-actin in both control and treated

podocytes. The control podocytes displayed a polygonal structure,

and the actin fibers were orderly arranged in radial and fasciculate

patterns in the cytoplasm. By contrast, the morphology of

podocytes significantly changed when cells were treated with

siRNA with targeted RNA interference of NSE, nestin, synapto-

podin and UCH-L1. The polygonal shape of cells became obtuse,

the thin cytoplasmic processes clearly decreased and the intracel-

lular actin fibers became misaligned (Fig. 4A, B, C, D). The results

indicated that nestin, NSE, synaptopodin and UCH-L1 played

important roles in maintaining the formation of processes in

podocytes. However, when NeuN and S100 mRNAs were

inhibited, the polygonal morphology of podocytes was not

changed, and the F-actin arrangement remained organized

(Fig. 4E, F), which suggested that NeuN and S100 proteins might

have other biological functions than process formation in

podocytes.

The morphological changes of podocytes that were
treated with Adriamycin

To further investigate the changes of these neuronal iconic

proteins in injured podocytes, we treated the cultured mouse

podocytes with Adriamycin (20 mg/ml) for various periods. The

results showed that the podocyte morphology did not change

significantly when stimulated for 30 min and 1 h; however, the

podocytes became swollen as actin fibers became disordered when

the stimulation lasted for 2 hours. When the stimulus lasted more

than 2 hours, the disordered arrangement of the cytoskeleton

Neuronal Iconic Proteins in Podocytes
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became more severe (Fig. 5C). Meanwhile, the Western blotting

showed that the decrease in the protein expression of nestin, NSE,

synaptopodin and UCH-L1 was dependent on the time of

stimulation (Fig. 5A). These results indicate that when podocytes

were damaged, the expression of these neuronal iconic proteins

were also affected, which resulted in disordered cytoskeleton,

changes in cell morphology, clinical proteinuria and other

symptoms. These data further proved that neuronal iconic

proteins might play an important role in maintaining the special

morphology and functions of podocytes, as well as in the

pathogenesis of podocyte injury.

Discussion

Mesangial, endothelial and glomerulus visceral epithelial cells

(podocytes) are three inherent cells of glomeruli. Damage to any

one of these three cell types will cause kidney diseases. When

mesangial or endothelial cells are damaged, the surrounding

normal cells will begin the compensatory repair response with

proliferation and hyperplasia. However, because of the highly

differentiated characteristics and limited proliferative capability of

podocytes, which are similar to neurons, podocytes cannot

effectively recover from damage. Therefore, podocyte injury

becomes a pivotal factor during the progression of glomerular

disease [20,21]. A study demonstrated that when 20%–40%

podocytes were damaged, mild proteinuria would happen; when

more than 60% of the podocytes were damaged, there was severe

proteinuria and glomerular sclerosis [22]. All of the damaged

podocytes have morphological changes as cell bodies swell,

inclusive vacuoles increase and the foot processes fuse. Shirato

once indicated that the molecular rearrangement of the cytoskel-

eton of podocyte foot processes was a key factor in the

morphologic changes of the foot processes during podocyte injury

[23]. Therefore, determining the formation and regulation

mechanism of the podocyte cytoskeleton is essential for podocyte

injury research and for proteinuria and glomerular sclerosis

treatments.

In podocyte injury research, certain specific proteins, such as

nephrin, podocin, UCH-L1 and synaptopodin, have been found to

be involved in the formation of foot processes. These proteins are

Figure 1. Location of neuronal iconic protein expression in human renal tissues and in human brain tissues. Immunohistochemical
staining of NeuN, NSE, nestin, S100, nephrin, synaptopodin, UCH-L1 and a-actinin-4 were positive in the glomerulus, with positive cells primarily
localized around the glomerular capillary loop, approximately at the site of podocyte distribution (A, C), as well as in the polymorphic neurons in
brain tissues (B, D). Elivison6400.
doi:10.1371/journal.pone.0093999.g001

Figure 2. Neuronal iconic proteins that are expressed in mouse
podocytes and brain neurons. Neuronal iconic proteins NSE
(47 kDa), NeuN (38 kDa), nestin (200 kDa), S100 (21 kDa), nephrin
(84 kDa), synaptopodin (44 kDa in podocyte, 100 kDa in neuron), UCH-
L1 (27 kDa) and a-actinin-4 (100 kDa) were detected by Western
blotting in both podocytes and brain neurons. The data are presented
from at least three individual experiments that were performed in
duplicate.
doi:10.1371/journal.pone.0093999.g002

Neuronal Iconic Proteins in Podocytes
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often ectopic expressed in a variety of nephropathies. Nephrin is a

podocyte biomarker [24]. Nephrin was significantly reduced in the

early stage of rat diabetic nephropathy. Podocytes also exhibited

mild swelling, foot process broadening and effacement, which were

associated with significant proteinuria [25–27]. Synaptopodin was

originally found associated with actin filaments in podocyte foot

processes [7,28] and is thought to be vitally important for the

morphology and function of podocyte processes. Therefore,

synaptopodin is also considered a mature phenotype marker of

podocytes [29]. In glomerular lesions, synaptopodin expression

decreased from normal, MCD, to IgAN, MsPGN and to FSGS in

turn. This observation suggested that the change in synaptopodin

influenced the structure and function of podocytes, which play an

important role during the progressive course of glomerular

diseases [30,31]. Podocin is localized in the slit diaphragm and

is another molecular marker of mature podocytes. Podocin binds

with nephrin and Neph1 to form a special signaling complex in

foot processes, which is necessary for the structure and function of

podocytes [32]. The reduction of podocin expression is also a

symbol of podocyte injury [33].

These proteins also have been reported to be highly specifically

expressed in neurons, particularly in the dendritic synapses and

not in the axon [3]. These proteins play an important role in

neuronal differentiation and synapse function. These proteins are

also involved in neural lesions [10,15,18,34,35]. Naoto Kobayashi

et al. indicated that [3], in addition to the co-expression of certain

common proteins, these two cells shared other identical biological

characteristics, such as Both cells develop microtubule-based

thick processes with branching morphology and have thin actin-

based projections. Both cells have the same mechanism of

process formation, which is positively regulated by phosphoryla-

tion of microtubule-associated proteins. Both cells share the

machinery for intracellular trafficking of membranous vesicles and

cytoskeletal elements [3,23]. There is currently growing evidence

from our work and other laboratories that supports this concept

that podocytes and neurons share the same regulatory mechanism

for cell growth and development.

The proteins abovementioned, including nephrin, podocin and

synaptopodin, are considered special podocyte proteins, which can

also be expressed in neurons. Furthermore, as we speculated, there

are many neuron-specific proteins, such as NSE, NeuN, nestin and

UCH-L1, S100, that should also be expressed in podocytes.

However, such reports are rarely seen. In the present study, we

discovered that some neuronal iconic proteins, including NSE,

nestin, NeuN, UCH-L1 and S100, could be found in human

kidney tissue and in cultured podocytes, which indicated that

neuronal specific proteins are expressed in podocytes.

Neuronal iconic proteins play an important role in neuron

development, particularly in the formation of synaptic structures,

as well as in the pathogenesis of neural diseases. NSE is a glycolytic

enzyme that is primarily localized to the neuronal cytoplasm and

synaptic plasma membrane [36,37]. NSE was reported to be

associated with the cytoskeleton and to play important roles in cell

growth, proliferation and survival in neurons [38]. Immunocyto-

chemical studies demonstrated that NSE was associated with

microtubules in normal rat and mouse brains [39] and in some

tumor cells [40]. Nestin, which belongs to the class IV

intermediate filament proteins, is distributed in the cytoplasm

and is involved in the construction of the cytoskeletal structure.

Nestin is primarily expressed in undifferentiated neuronal cells,

which have the ability for cell division, such as nerve stem cells.

Nestin is a marker for early primitive nerve cells [41]. Nestin re-

expression in ischemic brain tissue may enhance anti-ischemic

therapy and increase cell survival and cytoskeleton stabilization in

neurons [42–46]. UCH-L1 is a deubiquitination enzyme. UCH-

L1 is primarily expressed in brain nerve cells and is recognized as a

neuronal iconic protein. Recently, studies found that UCH-L1 is

an important regulator of synaptic structure [47]. The inhibition of

UCH-L1 could produce significant and dramatic alterations in

synaptic protein distribution and spine morphology, which

increased spine size and decreased spine density. UCH-L1 was

found to be downregulated in early Alzheimer’s brains. UCH-L1

overexpression in the mouse Alzheimer’s model could help to

recover synaptic function and improve cognitive function of mice

[15]. Synaptopodin, as abovementioned, has also been confirmed

to be necessary for synaptic structure in the brain [4,7]. Using

immunohistochemical methods, synaptopodin was found distrib-

uted in the postsynaptic densities and in the associated dendritic

spines in exclusively telencephalic synapses; this distribution of

synaptopodin is fully consistent with the distribution of actin [7].

Figure 3. Immunofluorescence detected neuronal iconic pro-
teins in cultured mouse podocytes. In the slides of cultured
podocytes, nestin, NSE, NeuN, S100, synaptopodin, UCH-L1 and a-
actinin-4 are positively expressed (green fluorescence), with WT-1 as a
specific podocyte marker (red fluorescence); the merged images
demonstrate the overlap of green and red fluorescence (yellow).
IF6400.
doi:10.1371/journal.pone.0093999.g003
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The change in synaptopodin expression is also closely associated

with neuropathy [48].

As discussed above, from the viewpoint of both cells sharing

same mechanism of process formation, we supposed that the

expression of these proteins in podocytes should closely associate

with the regulation of morphology and function of foot processes.

Therefore, we knockdown the expression of NSE, nestin, UCH-L1

and synaptopodin. The results showed that there appeared

significant changes in podocytes, with blunt cell edges, decreased

dendritic processes and a disordered arrangement of intracellular

actin fibers. This observation suggests that NSE, nestin, UCH-L1

and synaptopodin play an important role in maintaining the

special shape of podocytes dendritic processes. In fact, all of these

proteins are altered in kidney diseases [20,30,49]. For example, in

our previous work and in other laboratories, UCH-L1 expression

was upregulated in several types of nephritis in podocytes [16,20].

In this study, we blocked UCH-L1 in cultured podocytes; the

changes in these cells paralleled the observations in human

nephritis. These data strongly support the hypothesis that these

neuronal iconic proteins also play an important role in podocyte

injury. These proteins are a potential novel target for studies of

podocyte injury and podocytopathy.

In addition, the expression of NeuN and S100 were also

downregulated in podocytes; however, there were no significant

changes in the cell cytoskeleton. This observation prompted the

thought that not all of the neuronal proteins participated in

cytoskeleton construction. Some of these neuronal proteins might

have other biological functions in podocytes.

After treatment with Adriamycin, severe damage of the

podocyte cytoskeleton was observed, which notably resembled

the morphological changes in cultured podocytes with the blocked

expression of NSE, nestin, UCH-L1 and synaptopodin. Simulta-

neously, the Western blotting showed that the protein levels of

NSE, nestin, UCH-L1 and synaptopodin decreased in a time-

dependent manner. This decrease may be the responsive reaction

of podocytes because of the destruction of the cytoskeleton and the

reduction of some associated proteins. These studies further

proved that NSE, nestin, UCH-L1 and synaptopodin are

important regulators that are involved in the mechanism of

process formation. However, the molecular mechanisms of the

process still require further investigation.

In summary, in the present work, some neuronal iconic

proteins, such as NSE, nestin, NeuN and UCH-L1, could be

expressed in podocytes. The reduction of these proteins expression

by mRNA block or by stimulation of Adriamycin could induce the

Figure 4. The effects of RNA interference of neuronal iconic proteins on podocyte morphology. Following RNA interference of nestin (A),
synaptopodin (B), UCH-L1(C) and NSE (D) separately for 72 hours, Western blotting showed a decrease in the protein level of these indicators in
treated podocyte compared with the control cells. Additionally, the statistical results show significant differences between the treated groups and the
control group; the F-actin staining in treated podocytes showed significant morphological changes and F-actin misalignment compared with the
control cells (A, B, C, D). The inhibition of NeuN (E) and S100 (F) mRNA resulted in few differences in the morphology and F-actin arrangement (E, F)
compared with the control cells (compared with. Control *p,0.05, ***p,0.001). The data are presented from at least three individual experiments
that were performed in duplicate. Fluorescence Phallotoxins 6400.
doi:10.1371/journal.pone.0093999.g004

Neuronal Iconic Proteins in Podocytes

PLOS ONE | www.plosone.org 6 April 2014 | Volume 9 | Issue 4 | e93999



impairment of podocytes cytoskeleton and its morphology. This

data proves that neuronal iconic proteins are important for the

morphology and function of podocytes. In recent years, there has

been great progress in the mechanism of nerve injury. Therefore,

we can learn from the research progress of the nervous system,

which is instructive for us to understand and clarify the podocyte

injury mechanism. This research will be a good foundation for the

further study of the pathogenesis of podocyte injury and for the

exploration of novel therapeutic targets for nephropathy.

Acknowledgments

We thank Prof. Muyi Guo, Dr. Xiurong Zhang, and Dr. Xiao Sun for their

help with techniques and for their advice.

Author Contributions

Conceived and designed the experiments: Z. Zhang. Performed the

experiments: YS HZ RH. Analyzed the data: YS JS XM. Contributed

reagents/materials/analysis tools: Z. Zhao QC. Wrote the paper: YS.

References

1. Kang Yl, Zhu Gh, He Wx (2009) Adaptive Reaction of Actin Cytoskeleton in

Podocyte Structure of Glomerulus. J Appl Clin Pediatr 24: 383–385.

2. Kobayashi N, Mundel P (1998) A role of microtubules during the formation of

cell processes in neuronal and non-neuronal cells. Cell Tissue Res 291: 163–174.

3. Kobayashi N, Gao SY, Chen J, Saito K, Miyawaki K, et al. (2004) Process

formation of the renal glomerular podocyte: is there common molecular

machinery for processes of podocytes and neurons? Anat Sci Int 79: 1–10.

Figure 5. The morphologic changes of podocytes that were treated with Adriamycin. The podocytes were treated with Adriamycin
(20 mg/ml) for different times. The expression levels of nestin, NSE synaptopodin and UCH-L1 continued to decrease in correlation with the
stimulation time (A). The statistical results show significant differences between the controlled and treated groups (B) (compared with. control,
*p,0.001). Two hours after treating the cultured mouse podocytes with Adriamycin (20 mg/ml), the cytoskeletons changed significantly, and as the
stimulus time increased, the destruction of the cytoskeleton and morphology became more severe (C). The data are presented from at least three
individual experiments that were performed in duplicate. Fluorescence Phallotoxins 6400.
doi:10.1371/journal.pone.0093999.g005

Neuronal Iconic Proteins in Podocytes

PLOS ONE | www.plosone.org 7 April 2014 | Volume 9 | Issue 4 | e93999



4. Deller T, Mundel P, Frotscher M (2000) Potential role of synaptopodin in spine

motility by coupling actin to the spine apparatus. Hippocampus 10: 569–581.
5. Moeller MJ, Kovari IA, Holzman LB (2000) Evaluation of a new tool for

exploring podocyte biology: mouse Nphs1 5’ flanking region drives LacZ

expression in podocytes. J Am Soc Nephrol 11: 2306–2314.
6. Putaala H, Soininen R, Kilpelainen P, Wartiovaara J, Tryggvason K (2001) The

murine nephrin gene is specifically expressed in kidney, brain and pancreas:
inactivation of the gene leads to massive proteinuria and neonatal death. Hum

Mol Genet 10: 1–8.

7. Mundel P, Heid HW, Mundel TM, Kruger M, Reiser J, et al. (1997)
Synaptopodin: an actin-associated protein in telencephalic dendrites and renal

podocytes. J Cell Biol 139: 193–204.
8. Deller T, Merten T, Roth SU, Mundel P, Frotscher M (2000) Actin-associated

protein synaptopodin in the rat hippocampal formation: localization in the spine
neck and close association with the spine apparatus of principal neurons. J Comp

Neurol 418: 164–181.

9. Wilkinson KD, Lee KM, Deshpande S, Duerksen-Hughes P, Boss JM, et al.
(1989) The neuron-specific protein PGP 9.5 is a ubiquitin carboxyl-terminal

hydrolase. Science 246: 670–673.
10. Saigoh K, Wang YL, Suh JG, Yamanishi T, Sakai Y, et al. (1999) Intragenic

deletion in the gene encoding ubiquitin carboxy-terminal hydrolase in gad mice.

Nat Genet 23: 47–51.
11. Susor A, Ellederova Z, Jelinkova L, Halada P, Kavan D, et al. (2007) Proteomic

analysis of porcine oocytes during in vitro maturation reveals essential role for
the ubiquitin C-terminal hydrolase-L1. Reproduction 134: 559–568.

12. Shirato I, Asanuma K, Takeda Y, Hayashi K, Tomino Y (2000) Protein gene
product 9.5 is selectively localized in parietal epithelial cells of Bowman’s capsule

in the rat kidney. J Am Soc Nephrol 11: 2381–2386.

13. Lowe J, McDermott H, Landon M, Mayer RJ, Wilkinson KD (1990) Ubiquitin
carboxyl-terminal hydrolase (PGP 9.5) is selectively present in ubiquitinated

inclusion bodies characteristic of human neurodegenerative diseases. J Pathol
161: 153–160.

14. Choi J, Levey AI, Weintraub ST, Rees HD, Gearing M, et al. (2004) Oxidative

modifications and down-regulation of ubiquitin carboxyl-terminal hydrolase L1
associated with idiopathic Parkinson’s and Alzheimer’s diseases. J Biol Chem

279: 13256–13264.
15. Gong B, Cao Z, Zheng P, Vitolo OV, Liu S, et al. (2006) Ubiquitin hydrolase

Uch-L1 rescues beta-amyloid-induced decreases in synaptic function and
contextual memory. Cell 126: 775–788.

16. Liu Y, Wu J, Wu H, Wang T, Gan H, et al. (2009) UCH-L1 expression of

podocytes in diseased glomeruli and in vitro. J Pathol 217: 642–653.
17. Meyer-Schwesinger C, Meyer TN, Sievert H, Hoxha E, Sachs M, et al. (2011)

Ubiquitin C-terminal hydrolase-l1 activity induces polyubiquitin accumulation
in podocytes and increases proteinuria in rat membranous nephropathy.

Am J Pathol 178: 2044–2057.

18. Sakurai M, Ayukawa K, Setsuie R, Nishikawa K, Hara Y, et al. (2006) Ubiquitin
C-terminal hydrolase L1 regulates the morphology of neural progenitor cells and

modulates their differentiation. J Cell Sci 119: 162–171.
19. Jia R, Hong X, Li S, Haichun Y, Chuanming H (2010) Expression of

angiopoietin-like 3 associated with puromycin-induced podocyte damage.
Nephron Exp Nephrol 115: e38–45.

20. Meyer-Schwesinger C, Meyer TN, Munster S, Klug P, Saleem M, et al. (2009) A

new role for the neuronal ubiquitin C-terminal hydrolase-L1 (UCH-L1) in
podocyte process formation and podocyte injury in human glomerulopathies.

J Pathol 217: 452–464.
21. Wiggins RC (2007) The spectrum of podocytopathies: a unifying view of

glomerular diseases. Kidney Int 71: 1205–1214.

22. Kriz W, LeHir M (2005) Pathways to nephron loss starting from glomerular
diseases-insights from animal models. Kidney Int 67: 404–419.

23. Shirato I, Sakai T, Kimura K, Tomino Y, Kriz W (1996) Cytoskeletal changes in
podocytes associated with foot process effacement in Masugi nephritis.

Am J Pathol 148: 1283–1296.

24. Ruotsalainen V, Ljungberg P, Wartiovaara J, Lenkkeri U, Kestila M, et al.
(1999) Nephrin is specifically located at the slit diaphragm of glomerular

podocytes. Proc Natl Acad Sci U S A 96: 7962–7967.
25. Siu B, Saha J, Smoyer WE, Sullivan KA, Brosius FC 3rd (2006) Reduction in

podocyte density as a pathologic feature in early diabetic nephropathy in
rodents: prevention by lipoic acid treatment. BMC Nephrol 7: 6.

26. Wang G, Lai FM, Lai KB, Chow KM, Li KT, et al. (2007) Messenger RNA

expression of podocyte-associated molecules in the urinary sediment of patients
with diabetic nephropathy. Nephron Clin Pract 106: c169–179.

27. Tan H, Fu S, Yang L (2008) Study of valsartan combined with benazepril on

podocyte injury and renal protection mechanism in diabetic rats. Chinese
Journal of Integrated Traditional and Western Nephrology 09: 6.

28. Mundel P, Reiser J, Zuniga Mejia Borja A, Pavenstadt H, Davidson GR, et al.
(1997) Rearrangements of the cytoskeleton and cell contacts induce process

formation during differentiation of conditionally immortalized mouse podocyte

cell lines. Exp Cell Res 236: 248–258.
29. Mundel P, Gilbert P, Kriz W (1991) Podocytes in glomerulus of rat kidney

express a characteristic 44 KD protein. J Histochem Cytochem 39: 1047–1056.
30. Yang Q, Wang JG, Pan T, Ma L, Zhou Zl (2004) Expression of Synaptopodin in

Glomerularlesions. Chinese Journal of Histochemistry and Cytochemistry 39.
31. Huber TB, Kwoh C, Wu H, Asanuma K, Godel M, et al. (2006) Bigenic mouse

models of focal segmental glomerulosclerosis involving pairwise interaction of

CD2AP, Fyn, and synaptopodin. J Clin Invest 116: 1337–1345.
32. George B, Holzman LB (2012) Signaling from the podocyte intercellular

junction to the actin cytoskeleton. Semin Nephrol 32: 307–318.
33. Wen Yq, Yu L, Wen J, Hao Zh, Chen Ry, et al. (2008) Distribution and

Expression of Podocin in Puromye in Aminonueleoside Injured Mouse Podocyte

Cell Line. Chin J Obs/Gyne &Pediatr (Electronic Version) 04.
34. Liu Y, Fallon L, Lashuel HA, Liu Z, Lansbury PT Jr (2002) The UCH-L1 gene

encodes two opposing enzymatic activities that affect alpha-synuclein degrada-
tion and Parkinson’s disease susceptibility. Cell 111: 209–218.

35. Lansbury PT Jr (2006) Improving synaptic function in a mouse model of AD.
Cell 126: 655–657.

36. Berger RP, Pierce MC, Wisniewski SR, Adelson PD, Clark RS, et al. (2002)

Neuron-specific enolase and S100B in cerebrospinal fluid after severe traumatic
brain injury in infants and children. Pediatrics 109: E31.

37. Hardemark HG, Ericsson N, Kotwica Z, Rundstrom G, Mendel-Hartvig I, et al.
(1989) S-100 protein and neuron-specific enolase in CSF after experimental

traumatic or focal ischemic brain damage. J Neurosurg 71: 727–731.

38. Brady ST, Lasek RJ (1981) Nerve-specific enolase and creatine phosphokinase in
axonal transport: soluble proteins and the axoplasmic matrix. Cell 23: 515–523.

39. Vinores SA, Herman MM, Rubinstein LJ, Marangos PJ (1984) Electron
microscopic localization of neuron-specific enolase in rat and mouse brain.

J Histochem Cytochem 32: 1295–1302.
40. Vinores SA, Herman MM, Rubinstein LJ (1986) Electron-immunocytochemical

localization of neuron-specific enolase in cytoplasm and on membranes of

primary and metastatic cerebral tumours and on glial filaments of glioma cells.
Histopathology 10: 891–908.

41. Li Jc, Ding Pp, Liu Zc, Zhang J, Liang N, et al. (2010) Expression of nestin of
neural precursor cell after spinal cord injury in rats. Chinese Journal of

Rehabilitation Medicine 25: 833–837.

42. Duggal N, Schmidt-Kastner R, Hakim AM (1997) Nestin expression in reactive
astrocytes following focal cerebral ischemia in rats. Brain Res 768: 1–9.

43. Krum JM, Rosenstein JM (1999) Transient coexpression of nestin, GFAP, and
vascular endothelial growth factor in mature reactive astroglia following neural

grafting or brain wounds. Exp Neurol 160: 348–360.
44. Cameron HA, Tanapat P, Gould E (1998) Adrenal steroids and N-methyl-D-

aspartate receptor activation regulate neurogenesis in the dentate gyrus of adult

rats through a common pathway. Neuroscience 82: 349–354.
45. Gould E, Tanapat P (1997) Lesion-induced proliferation of neuronal progenitors

in the dentate gyrus of the adult rat. Neuroscience 80: 427–436.
46. Parent JM, Yu TW, Leibowitz RT, Geschwind DH, Sloviter RS, et al. (1997)

Dentate granule cell neurogenesis is increased by seizures and contributes to

aberrant network reorganization in the adult rat hippocampus. J Neurosci 17:
3727–3738.

47. Cartier AE, Djakovic SN, Salehi A, Wilson SM, Masliah E, et al. (2009)
Regulation of synaptic structure by ubiquitin C-terminal hydrolase L1.

J Neurosci 29: 7857–7868.

48. Deller T, Korte M, Chabanis S, Drakew A, Schwegler H, et al. (2003)
Synaptopodin-deficient mice lack a spine apparatus and show deficits in synaptic

plasticity. Proc Natl Acad Sci U S A 100: 10494–10499.
49. Bertelli E, Regoli M, Fonzi L, Occhini R, Mannucci S, et al. (2007) Nestin

expression in adult and developing human kidney. J Histochem Cytochem 55:
411–421.

Neuronal Iconic Proteins in Podocytes

PLOS ONE | www.plosone.org 8 April 2014 | Volume 9 | Issue 4 | e93999


