
Abstract Recently, nephrin, podocin, α-actinin, and
WT1, which are located at the slit diaphragm and ex-
pressed by the podocyte, were found to be causative in
congenital/familial nephrotic syndrome (NS), but their
role in acquired NS remains unclear. We studied their ex-
pression in NS with the aim of disclosing their possible
role in the development of proteinuria. Immunofluores-
cence, confocal microscopy, and image analysis were
used to study the expression and the distribution in 19
children with primary NS, 9 with isolated hematuria, and
9 controls. All the children with NS presented with
heavy proteinuria and foot process effacement was iden-
tified by electron microscopy. No proteinuria and foot
process effacement was seen in the group with hema-
turia. A dramatic decrease of podocin expression was
found in NS (86.66±22.74) compared with control
groups (P=0.014). Furthermore, we also found the pat-
tern of distribution of nephrin, podocin, and α-actinin
changed in children with NS. In conclusion, a dramatic
decrease of podocin expression and abnormal distribu-
tion of nephrin, podocin, and α-actinin were found in
children with NS. No differences were found in children
with isolated hematuria, suggesting involvement of these
molecules in the development of proteinuria in primary
NS.
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Introduction

Nephrotic syndrome (NS) characterized by heavy pro-
teinuria, hypoalbuminemia, edema, and hyperlipidemia
is one of the common renal diseases in children. Dys-
function of the glomerular filtration barrier is thought to
be the main cause of proteinuria. The glomerular filtra-
tion barrier is composed of three layers, in which the slit
diaphragm is the most essential unit. Recently, molecules
expressed by the podocyte or located at the slit dia-
phragm, such as nephrin, podocin, α-actinin, and WT1,
were found to be causative in congenital/familial NS 
[1, 2, 3, 4]. Mutations of underlying genes have been
found in affected patients. Further studies have shown
that these molecules themselves and their interactions
are important for the integrity of the glomerular filtration
barrier. The question raised is whether nephrin, podocin,
α-actinin, and WT1 are involved in the development of
proteinuria in non-congenital/familial NS. Thus, their
expression was studied in primary NS to investigate their
possible role in the pathogenesis of proteinuria.

Materials and methods

Patients

Nineteen children (12 boys and 7 girls with an average age of
8 years and 10 months) with primary NS were enrolled. No sys-
temic diseases were found in these children based on clinical and
laboratory examinations. NS was diagnosed as urinary protein
>0.05 g/kg per day. All NS children (NS group) presented with
heavy proteinuria clinically and the diffuse podocyte foot process
effacement or fusion was identified by electron microscopy. The
renal biopsies of NS children revealed minimal change nephrotic
syndrome (MCNS) in 5, mesangial proliferative glomerulonephri-
tis (MsPGN) in 10, and IgA nephropathy in 4. Mild mesangial
proliferation was observed in 8 children with MsPGN and 2 chil-
dren with IgA nephropathy. Mild-to-moderate mesangial prolifera-
tion was observed in 2 children with MsPGN and 2 children with
IgA nephropathy. Adhesions of glomeruli with capsules in 9 of 33,
3 of 47, and 5 of 18 glomeruli were observed in 3 children with
MsPGN, respectively. Cellular crescents in 3 of 33 glomeruli were
observed in 1 child with MsPGN. Adhesions of glomeruli with
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capsules in 4 of 31 glomeruli and 4 of 20 glomeruli were also ob-
served in 2 children with IgA nephropathy, respectively. Of 19 NS
children, 18 children were treated with steroids at the time of 
biopsy; in 1 child steroid treatment was withdrawn 2 weeks before
the biopsy. All children with MCNS, 1 of 4 children with IgA
nephropathy, and 6 of 10 children with MsPGN were steroid sen-
sitive, while others were steroid resistant. In addition to steroids,
cyclophosphamide was administered to 3 children with MsPGN
1 month before renal biopsies. Of 19 NS children, only 1 child
presented with an elevated serum creatinine. Some of the clinical
features are listed in Table 1. In addition, 9 children with isolated
hematuria clinically and non-IgA MsPGN histologically were in-
cluded. No podocyte foot process effacement was observed by
electron microscopy in these children (hematuria group). As con-
trols, 9 specimens from normal portions of nephrectomized kid-
neys of patients with kidney tumors were used.

Immunofluorescence study

Antibodies

Primary antibodies were used as follows: polyclonal rabbit anti-hu-
man nephrin (antiserum 2965, raised against the entire extracellular
part, a kind gift of Professor Karl Tryggvason, Sweden), polyclonal
rabbit anti-human podocin [5] (a kind gift of Professor Corinne
Antignac, France), rabbit polyclonal anti-Wilms tumor (WT) pro-
tein (C-19, Santa Cruz Biotechnology), and mouse monoclonal 
anti-α-actinin (clone AT6.172, Chemicon). Fluorescein isothio-
cyanate (FITC)-conjugated goat anti-rabbit and goat anti-mouse
IgGs were used to visualize the antibody-antigen complex.

Staining procedure

The cryostat sections (5-µm) of renal biopsies were fixed with 
acetone at –20°C for 10 min, blocked with goat serum for 30 min,
washed with phosphate-buffered saline (PBS) three times, and in-
cubated with primary antibodies at 37°C for 3 h. After washing
with PBS, the sections were incubated with secondary antibody at
room temperature for 45 min, washed with PBS again, and mount-
ed with 90% glycerol. Omission of primary antibody with PBS
was used as negative control.

Confocal laser scanning microscopy

All sections were observed by a blinded reader (not knowing the
clinical and histological diagnosis) under the confocal laser scan-
ning microscope (TCS SP2, Leica, Germany). A PL APO CS
40/0.85 objective was used. The excitation wavelength of FITC
was 488 nm and the emission wavelength 530 nm. Three glomeru-
li for each antibody and each case were taken randomly and re-
corded in the computer for digital image analysis (CMIAS image
analysis system, Beijing, China). The average immunofluores-
cence intensity of three glomeruli from one patient was deter-
mined by the CMIAS system using an arbitrary scale of 256 levels
of intensity to characterize the expression level of the antigen. The
variation coefficient for podocin staining from 11 sections of a
single control sample was 8%.

Statistical analysis

Results were expressed as mean±standard deviation (SD). The dif-
ferences between groups were assessed by one-way analysis of
variance. Correlation analysis was used to evaluate the signifi-
cance of association between two continuous variables. All statis-
tical analyses were performed using SPSS (10.0) analysis pro-
gram.

Results

Distributions of nephrin, podocin, α-actinin, and WT1

By confocal microscopy (Fig. 1), the staining of nephrin
was revealed along the glomerular capillary wall as an
even and linear pattern in controls. In NS, however, the
distribution of nephrin was uneven throughout the glo-
merulus, i.e., the staining of nephrin in some parts is less
than in other parts of the glomerulus and clump-like
staining was seen in some areas. The distribution of
nephrin in the group with hematuria was not different
from controls. Podocin displayed a linear expression pat-
tern along the glomerular capillary wall in the control
and hematuria groups, but in NS showed a dotted pattern
instead (Fig. 2). In NS, the expression of α-actinin dif-
fered greatly from controls, in that the staining showed a
continuous pattern along the glomerular capillary wall,
whereas there was a dotted line in controls. There was no
difference in the expression of podocin between the he-
maturia and control groups. WT1 expression was re-
stricted to the nucleus of the glomerular podocyte in con-
trols, NS and hematuria groups. The abnormal distribu-
tion of nephrin, podocin, and α-actinin was found in 12
children with NS simultaneously. Among these, 2 chil-
dren were diagnosed as MCNS, 7 children as MsPGN,
and 3 children as IgA nephropathy. The renal biopsies
revealed mild or mild-to-moderate mesangial prolifera-
tive changes in 10, adhesion of glomeruli with capsules
in 5, and cellular crescents in 1.

Quantitation of results

The expression of podocin was less in NS patients than
in controls (P=0.014). No significant differences were
seen in the expression of nephrin, α-actinin, and WT1
among NS, hematuria, and control groups (P>0.05, Ta-
ble 2). Furthermore, we compared the expression of pod-
ocin among children with different histological diagnos-

Table 1 Clinical features of
children with nephrotic syn-
drome (NS) at the time of 
biopsy (MCNS minimal 
change nephrotic syndrome,
MsPGN mesangial proliferative
glomerulonephritis)

MCNS MsPGN IgA nephropathy

n 5 10 4
Age (years) 10.8(7–17) 8.1(3–14) 8.0(7–9)
Sex (M/F) 4/1 6/4 2/2
Urinary protein (g/24 h) 2.2–28.8 1.4–9.8 2.2–11.2
Patients with hematuriaa – 3 4
Serum creatinine (mol/l) 76.7±39.5 49.8±22.7 50.9±9.8

a The children with more than 5 erythrocytes per high-power field were diagnosed as hematuric
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Fig. 1A–L Immunofluorescence staining for nephrin, podocin, α-
actinin, and WT1 in different groups. The bars represent 40 µm
(confocal laser scanning microscopy, original magnification ×40).
A–D Nephrin, podocin, α-actinin, and WT1 expression in glomer-

uli of controls, respectively. E–H Nephrin, podocin, α-actinin, and
WT1 expression in glomeruli of hematuria group, respectively.
I–L The glomeruli showing the expression of nephrin, podocin, 
α-actinin, and WT1 were from a patient with IgA nephropathy

Fig. 2A–F Distribution pattern
of nephrin, podocin, and α-ac-
tinin in nephrotic syndrome
(NS) (confocal laser scanning
microscopy, original magnifi-
cations ×100). A–C Distribu-
tion pattern of nephrin, pod-
ocin, and α-actinin in the glo-
meruli of the control group, re-
spectively. D–F The podocin
staining in glomeruli was from
an NS child with mesangiopro-
liferative glomerulonephritis,
and the nephrin and α-actinin
staining in glomeruli were from
a NS child with IgA nephropa-
thy
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es. A significant decrease was seen only in NS children
with MCNS and IgA nephropathy compared with the
control group (P<0.01, Table 3). There was no signifi-
cant difference in the expression of podocin between ste-
roid-sensitive NS and steroid-resistant NS. An inverse
correlation was found between urinary protein and the
expression of podocin in NS children (r=−0.40, Fig. 3),
but there was no statistical significance.

Discussion

In the past 3 years, great progress has been made in the
understanding of the molecular composition of the
glomerular filtration barrier. More and more molecules,
such as nephrin, podocin, NEPH1 [6], P-cadherin [7],
ZO-1 [8], CD2AP [9], α-actinin4, and synaptopodin
[10, 11], have been identified at the slit diaphragm or at
the podocyte foot process, which is bridged by the slit

diaphragm. The most important molecule identified at
the slit diaphragm is nephrin. Mutation of its encoding
gene NPHS1 can cause lethal proteinuria at birth and
lack of the slit diaphragm [12, 13, 14]. Podocin is anoth-
er important molecule located at the slit diaphragm en-
coded by NPHS2. Mutations of NPHS2 can cause auto-
somal recessive steroid-resistant NS [2]. It was pro-
posed that podocin might be important for maintaining
the integrity of the slit diaphragm [15]. α-Actinins are
actin-binding proteins and can attach the actin bundle to
the podocyte membrane [16]. α-Actinin 4 is one of the
four known isoforms and is the only isoform expressed
by the kidney [3, 17, 18]. Studies have shown that α-ac-
tinin is mainly localized at the podocyte in the kidney,
especially in the foot process [19, 20]. Hence, the anti-
gen identified by anti-α-actinin antibody in kidney
should be α-actinin 4. Mutations of the α-actinin 4 en-
coding gene, ACTN4, have been found in familial focal
segmental glomerulosclerosis (FSGS). In congenital dif-
fuse mesangial sclerosis, mutations of the WT1 encod-
ing gene, WT1, have been found. Evidence has also
shown that WT1 contributes greatly to the development
of the urogenital system. A decrease of WT1 expression
was also found in compromised podocytes in FSGS
[21]. The above evidence highlights the importance of
the slit diaphragm and the podocyte to the integrity of
the glomerular filtration barrier. A defect of nephrin,
podocin, α-actinin, and WT1 is the direct cause of 
some types of congenital/familial NS. In addition, other
studies have suggested that podocin can interact with
nephrin directly and strengthen the signal transduction
of nephrin [15, 22]. The domain composed of nephrin
and podocin may be the functional unit of the slit dia-
phragm. This unit may have contact with podocyte cyto-
skeleton proteins, such as α-actinin, through CD2AP
and ZO-1 molecules [23, 24, 25, 26, 27, 28]. Studies of
podocyte cell lines also suggested that the change of one
podocyte molecule might affect other molecules. In this
study, the expression of nephrin, podocin, α-actinin, and
WT1 in the glomeruli of children with NS was studied

Table 2 Expression of nephrin,
podocin, α-actinin, and WT1 
in different groups

NS Hematuria Control

n Mean±SD n Mean±SD n Mean±SD

Nephrin 19 131.22±20.87 9 132.12±7.40 9 133.89±8.50
Podocin 19 86.66±22.74* 9 103.62±20.16 9 110.76±15.37
α-Actinin 19 104.47±19.96 9 94.86±12.96 9 103.60±14.98
WT1 19 62.69±9.20 9 65.07±12.60 9 69.67±9.27

*P=0.01 vs. control

Table 3 Expression of podocin in NS with different histological changes

MCNS MsPGN IgA nephropathy Control

n Mean±SD n Mean±SD n Mean±SD n Mean±SD

Podocin 5 72.84±25.10* 10 96.10±22.44 4 80.33±9.20** 9 110.76±15.37

*P=0.004 vs. control, **P=0.004 vs. control

Fig. 3 Relationship between the podocin expression in glomeruli
and urinary protein (r= −0.40)



simultaneously in order to investigate the possible
mechanisms underlying proteinuria.

We found a significantly decreased expression and
abnormal distribution of podocin in NS children, who
presented with heavy proteinuria clinically and in whom
foot process effacement in glomeruli was identified by
electron microscopy. In patients with hematuria, without
proteinuria and foot process effacement, no significant
change of podocin was observed, suggesting the associa-
tion of podocin abnormality with podocyte structural
change. However, we cannot rule out the possibility that
the decreased expression of podocin in some steroid-
resistant NS children may be attributed to mutations of
NPHS2. As an integral membrane protein, podocin can
interact with the cytoskeleton and nephrin, but it also
may be a molecular organizer. Hence the decrease and
change in distribution can influence both the cytoskele-
ton and slit diaphragm. In this study, in 12 of 19 children
with NS, the abnormality of podocin was accompanied
by a change in distribution of nephrin and α-actinin.
This was also reported in studies of cell lines. Doublier
et al. [29] found that stimulation of the cytoskeleton 
may cause the redistribution and decrease of nephrin.
Saleem et al. [28] found that disruption of the podocyte
cytoskeleton can cause the redistribution of nephrin and
podocin. Although we cannot conclude whether the
changes of these molecules are the cause or the result 
of proteinuria, the abnormal distribution of nephrin, 
podocin, and α-actinin was related to the development 
of proteinuria. Our results suggest that the expression
and distribution of these molecules contribute to the 
development of proteinuria.

In NS children, we compared the expression of pod-
ocin among different histological groups and found it to
be decreased more in MCNS than in IgA nephropathy.
No significant decrease of podocin was found in
MsPGN. There was no significant difference in podocin
expression between steroid-sensitive NS and steroid-
resistant NS. No significant correlation between the uri-
nary protein and expression level of podocin was found,
but an inverse correlation was revealed. More studies are
needed to evaluate the effect of the treatment on the dis-
tribution and expression of these molecules, and to in-
vestigate the relationship between the severity of pro-
teinuria and expression of these molecules.

To date, studies on the expression of nephrin have not
reached one conclusion. We studied the expression of
nephrin in 73 children with heavy proteinuria using im-
munohistochemistry and found no significant changes in
nephrin expression level [30]. Patrakka et al. [31] stud-
ied 56 patients with renal diseases by using immunofluo-
rescence and in situ hybridization and also found no sig-
nificant differences. However, Furness et al. [32] found 
a decrease of nephrin mRNA in three patients with
MCNS. Doublier et al. [29] found a decrease and abnor-
mal distribution of nephrin in 30 patients with protein-
uria using immunofluorescence. Kim et al. [33] found
that the expression pattern of nephrin in proteinuric dis-
eases was different depending on the specific glomerular

disease or the severity of glomerular damage. In this
study, we found no difference in the level of nephrin ex-
pression using immunofluorescence and confocal micros-
copy, which was the same as our previous data. The un-
even distribution of nephrin in the glomeruli of patients
with NS was demonstrated. The staining of nephrin was
weak in some areas but was clump-like in other areas.

In summary, a dramatic decrease and abnormal distri-
bution of podocin expression were found in glomeruli of
children with NS. Most importantly, in some NS chil-
dren, the abnormal distribution of nephrin, podocin, and
α-actinin was observed simultaneously, emphasizing the
essential role of their interactions for the function of the
glomerular filtration barrier. The mechanisms underlying
this phenomenon need further study.
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