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Ephrin-B1 plays a critical role at slit diaphragm. Partitioning-defective (Par)-6 is down-regulated in
podocyte of ephrin-B1 knockout mouse, suggesting that Par-6 is associated with ephrin-B1. Par polarity
complex, consisting of Par-6, Par-3, and atypical protein kinase C, is essential for tight junction formation. In this study, the expression of Par-6 was analyzed in the normal and nephrotic syndrome
model rats, and the molecular association of Par-6, Par-3, ephrin-B1, and nephrin was assessed with the
human embryonic kidney 293 cell expression system. Par-6 was concentrated at slit diaphragm. Par 6
interacted with ephrin-B1 but not with nephrin, and Par-3 interacted with nephrin but not with ephrinB1. The complexes of Par-6eephrin-B1 and Par-3enephrin were linked via extracellular sites of ephrinB1 and nephrin. The Par-6eephrin-B1 complex was delinked from the Par-3enephrin complex, and Par6 and ephrin-B1 were clearly down-regulated already at early phase of nephrotic model. The alteration
of Par-6/ephrin-B1 advanced that of Par-3/nephrin. Stimulation to nephrin phosphorylated not only
nephrin but also ephrin-B1, and consequently inhibited the interaction between ephrin-B1 and Par-6.
Par-6 appeared at presumptive podocyte of early developmental stage and moved to basal area at
capillary loop stage to participate in slit diaphragm formation at the ﬁnal stage. Par-6eephrin-B1
interaction is crucial for formation and maintenance of slit diaphragm of podocyte. (Am J Pathol 2020,
190: 333e346; https://doi.org/10.1016/j.ajpath.2019.10.015)

A slit diaphragm connecting neighboring foot processes of
podocyte is a unique cell-to-cell junction and functions as a
ﬁnal barrier preventing the leak of plasma proteins into primary urine. Proteinuria in several glomerular diseases results
from the dysfunction of slit diaphragm, such as minimal
change nephrotic syndrome (MCNS), focal segmental glomerulosclerosis (FSGS), and membranous nephropathy.1e3
Some proteins have been identiﬁed as essential molecules
of the slit diaphragm, such as nephrin, klin of IRRE-like
protein 1 (NEPH1), and podocin.4e6 However, the precise
molecular composition of the slit diaphragm and the pathogenic mechanism of the slit diaphragm injury are not well
understood.
Ephrin and Eph are membrane-bound proteins that
function as receptor-ligand pairs. B-type ephrins have a

transmembrane domain, followed by a short cytoplasmic
region containing four tyrosine residues and a postsynaptic
density protein-95/Drosophila discs large/zonula occludens1 (PDZ) domain-binding motif. Ephrin Bs are expressed in
several tissues, and ephrin-B plays a critical role in
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maintaining tissue function in several major organs.7e9 It
was reported that the overexpression of ephrin-B1 triggered
a change in the level of cell-cell adhesion in a study using
Madin-Darby canine kidney cells.10 Another report showed
that the Epheephrin-B family affects the cytoarchitecture of
tubular epithelial cells and regulates their paracellular
permeability.11 Ephrin-B1 is restrictedly expressed at the slit
diaphragm of podocyte in glomeruli.12 Podocyte-speciﬁc
ephrin-B1 conditional knockout (CKO) mice display the
alteration of podocyte morphology, disarrangement of the
slit diaphragm molecules, and proteinuria.13 The report also
showed that ephrin-B1 interacts with nephrin, a key molecule of the slit diaphragm, via their extracellular domains.
These ﬁndings showed that ephrin-B is essential for maintenance of the slit diaphragm. However, the precise function
of ephrin-B1 in podocyte is not fully understood yet.
To better understand the function of ephrin-B1 at the
slit diaphragm, we identiﬁed the molecules associated
with ephrin-B1 in podocyte. Partitioning-defective (Par)-6
was clearly down-regulated in glomeruli of the podocytespeciﬁc ephrin-B1 CKO mice. Cytoskeletal structure was
altered in the cultured podocyte in which Par-6 expression
was knocked down. It is reported that ephrin-B regulates
tight junctions through the Par complex.14 These ﬁndings
suggested that Par-6 is associated with ephrin-B1 and that
Par-6 participates in maintaining podocyte function. Par
complex, constituted of Par-6, Par-3, atypical protein kinase C (aPKC), and cell division cycle 42 (Cdc42), is
essential for the establishment of cell polarity and the
formation of tight junctions.15e17 It is reported that Par-3
is expressed at the slit diaphragm and interacts with the
slit diaphragm components.18,19 The studies with KO mice
showed that aPKCl plays an essential role for maintenance of the slit diaphragm.20e22 Par-6 plays a central role
for the formation and the stabilization of the Par complex.15,16 However, the expression and function of Par-6
in podocytes are not well elucidated. No studies
analyzing the interaction of the Par complex with ephrinB1 in podocytes are reported.
This study showed that Par-6 was concentrated at slit
diaphragm. Par-6 interacted with ephrin-B1 but not with
nephrin, and Par-3 interacted with nephrin but not with
ephrin-B1. Ephrin-B1 interacts with nephrin via their
extracellular site.13 Par-6 interacts with Par-3 at cytoplasm.15,16 The molecular complex consisting of these four
molecules may play a critical role in maintaining slit diaphragm. Herein, we demonstrated that Par-6 and ephrin-B1
were clearly down-regulated already at early phase of
nephrotic models. The alteration of Par-6/ephrin-B1
advanced that of Par-3/nephrin. Stimulation to nephrin
phosphorylated not only nephrin but also ephrin-B1, and
consequently inhibited the interaction of ephrin-B1 with
Par-6. Developmental analyses showed that Par-6 moved to
basal area of podocyte at the capillary loop stage and participates in slit diaphragm formation at the ﬁnal stage. It is
conceivable that Par-6eephrin-B1 interaction is crucial for
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the formation and maintenance of slit diaphragm of
podocytes.

Materials and Methods
Animal Experiments
All animal experiments conformed to the NIH Guide for the
Care and Use of Laboratory Animals.23 All procedures in this
study were approved by the Animal Committee at Niigata
University (Niigata, Japan; permit numbers SA00058 and
SA00069). Podocyte-speciﬁc conditional knockout mice
were prepared, as previously described.13 For the experiments
with rat, speciﬁc pathogen-free, 6-weekeold Wister rats were
used. For the analyses of developmental expression, kidneys
of neonatal Wistar rats were used. Anti-nephrin
antibodyeinduced nephropathy was achieved by a single
i.v. injection with 10 mg/rat of anti-nephrin monoclonal
antibody (5-1-6).24e26 A total of 12 rats were injected with the
antibody, and six rats each were killed 1 hour and 5 days after
injection. Puromycin aminonucleoside (PAN) nephropathy, a
mimic of MCNS, was induced by a single i.v. injection of
PAN (100 mg/kg body weight).27 Adriamycin (ADR) nephropathy, a mimic of FSGS, was induced by an injection of
ADR (6 mg/kg body weight).28

Immunohistochemical Analysis
Immunoﬂuorescence and immunoelectron microscopy were
performed basically according to the method previously
reported.12,13,26,29,30 The primary antibodies used for
immunohistochemical analyses were as follows: rabbit
antiePar-6 antibody (Santa Cruz Biotechnology, Dallas,
TX), rabbit antiePar-3 antibody (Merck, Darmstadt, Germany), goat antieephrin-B1 antibody (R&D Systems,
Minneapolis, MN), mouse antiezonula occludens protein 1
antibody (Thermo Fisher Scientiﬁc, Waltham, MA), mouse
anti-nephrin antibody (monoclonal antibody 5-1-6; prepared
in our laboratory),24 and rabbit anti-nephrin antibody (prepared in our laboratory).25 The immunoﬂuorescence staining in glomeruli was semiquantiﬁed basically, according to
the method previously reported (score 0 indicates
completely absent; 1, signal covering 0% to 25% of the
glomerular tuft area; 2, signal covering 25% to 50% of
the glomerular tuft area; 3, signal covering 50% to 75% of
the glomerular tuft area; and 4, signal covering 75% to
100% of the glomerular tuft area).31 More than 30 glomeruli
of each rat were analyzed.

Immunoprecipitation Assay with Glomerular Lysates
Immunoprecipitation assay with rat glomerular lysate was
performed basically, according to the method reported
previously,12 with rabbit anti-nephrin antibody,25 antie
ephrin-B1 (R&D Systems), antiePar-3 antibody (Merck), or
antiePar-6 antibody (Santa Cruz Biotechnology). Alkaline
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Par-6 expression in the glomeruli of the ephrin-B1 conditional knockout (CKO) mice and ﬁnding of Par-6 knockdown cultured podocyte. A: Realtime PCR analyses: The glomerular mRNA expression of Par-6 decreases in ephrin-B1 CKO mice (20%  11%; two-tailed t-test). B: Immunoﬂuorescence (IF)
analyses: Par-6 staining clearly decreases in ephrin-B1 CKO mice (U-test). C: mRNA expression of Par-6 in the cultured podocytes treated with siRNA for 48
hours. The data are shown as the ratio (%) relative to the control siRNAetreated cells. The expression of Par-6 decreases to 55.8% (two-tailed t-test). D:
F-actin structure, detected with rhodamine-phalloidin, is clearly altered in the cells treated with siRNA for Par-6 (arrow) (U-test). *P < 0.05, **P < 0.01
versus control. Scale bars: 20 mm (B); 100 mm (D).

Figure 1

phosphataseeconjugated anti-rabbit IgG (Thermo Fisher
Scientiﬁc) and alkaline phosphataseeconjugated anti-goat
IgG (Santa Cruz) were used as secondary antibodies. The
reaction was developed with an alkaline phosphatase
chromogen kit (Kirkegaard & Perry Laboratories, Inc.,
Gaithersburg, MD).

Assays with HEK293 Cell Transfection
Assays with human embryonic kidney (HEK) 293 cell
transfection were performed, as previously described.13
HEK293 cells were transfected with pk-myc-tagged Par-6
(Addgene, Cambridge, MA; plasmid number 15473),
pk-myc-tagged Par-3 (Addgene; plasmid number 19388),
HA-tagged ephrin-B1, or FLAG-tagged nephrin by calcium
phosphate method. pk-myc-Par-6 and pk-myc-Par-3 were
gifts from Dr. Ian Macara (University of Virginia Health
Sciences Center, Charlottesville, VA).15 HA-ephrin-B1 and
FLAG-nephrin were prepared, as previously described.13
After the transfection, cells were lysed with 1% Triton in
Tris-HCl buffer with proteinase inhibitors and 1 mmol/L
sodium vanadate. The lysates were incubated with rabbit
anti-FLAG antibody (Sigma-Aldrich, St. Louis, MO),
mouse anti-FLAG antibody (Sigma-Aldrich), rabbit anti-HA
antibody (Bethyl Laboratories, Montgomery, TX), mouse

The American Journal of Pathology

-

ajp.amjpathol.org

anti-HA antibody (Santa Cruz Biotechnology), rabbit antimyc antibody (MBL, Woburn, MA), mouse anti-myc antibody (Santa Cruz Biotechnology), or anti-Par3 antibody
(Merck) at 4 C overnight and precipitated with Dynabeads
Protein G (Invitrogen, Carlsbad, CA).
For in vitro phosphorylation assay, the transfected
HEK293 cells were treated with 50 mmol/L pervanadate
(protein tyrosine phosphatase inhibitors) for 10 minutes. After
treatments, cells were stimulated with 50 mg/mL of mouse
anti-nephrin antibody24 or 2 mg/mL of EphB2-Fc (R&D
Systems) for 10 minutes. After the stimulation, cells were
lysed with lysing buffer with 1 mmol/L sodium vanadate.

Real-Time RT-PCR
Real-time RT-PCR analyses were performed according to the
method described previously.13,30,32 The glomeruli of ephrinB1 CKO mice were isolated, according to the method previously reported.33 The glomeruli were homogenized, and then
total RNA was extracted. PCR was performed with the
following mouse Par-6 primers: sense, 50 -TGGGCACCATGGTGAAGAG-30 ;
antisense,
50 -TCCTGAT0
CAGGGTGTCCGTGC-3 . The data are shown as ratios
relative to control ﬁndings and expressed as means  SD of
four independent experiments.
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showed that mRNA expression of Par-6 of the podocytespeciﬁc ephrin-B1 CKO mice was down-regulated to almost
50% comparing with wild-type control mice, the expression
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Figure 2 Localization of Par-6 and Par-3 in glomeruli. A: Par-6 staining
is detected along the capillary loop in rat and human glomeruli. Par-6
staining is detected at periphery of the mouse cultured podocytes
(arrows). B: Dual-labeling ﬁndings of Par-6 and Par3. Par-6 staining is
detected more broadly than Par-3 (arrows). C: Dual-labeling ﬁndings of
Par-6 and Par-3 with ephrin-B1, nephrin, and zonula occludens protein 1
(ZO-1). Par-6 colocalizes with ephrin-B1 almost completely. Some portions
of the Par-6 staining are apart from nephrin and ZO-1 (arrows in ZO-1). Par3 colocalizes with nephrin, and some portions of the Par-3 staining are
apart from ephrin-B1 (arrows in ephrin-B1). Par-3 colocalizes with ZO-1.
Negative ﬁndings with normal rabbit serum (NRS), normal mouse serum
(NMS), and normal goat serum (NGS) are shown at the bottom. Boxed areas
are shown at higher magniﬁcation in the corresponding panel below
(C1eC3). D: Immunoelectron microscopic ﬁnding of Par-6. Gold particles
for Par-6 are mainly detected at the slit diaphragm (arrows), and some
particles are detected just above the slit diaphragm (arrow heads). Almost
negative ﬁnding is detected with NRS. Scale bars: 20 mm (AeC); 1 mm (D).
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of Par-6 in the CKO mice was analyzed. Real-time PCR
analysis showed that the mRNA expression of Par-6
decreased to 20.0%  11.0% for control mice (P < 0.01,
two-tailed t-test) (Figure 1A). The immunohistochemical
analysis also showed that the expression of Par-6 was
clearly decreased in the CKO mice (staining score for CKO
mice versus control mice, 2.47  0.60 versus 3.84  0.24;
P < 0.05; U-test) (Figure 1B). These ﬁndings suggested that
Par-6 was associated with ephrin-B1 in podocytes. To presume the role of Par-6 in podocytes, the phenotype of the
cultured podocyte in which the expression of Par-6 was

knocked down by siRNA treatment was analyzed. The efﬁciency of siRNA treatment is conﬁrmed by real-time PCR
analysis (average value of decrease, 55.8%; P < 0.05)
(Figure 1C). Par-6 staining in cultured podocytes was
evaluated with ImageJ (versus control siRNA: 0.50  0.21
versus 1.00  0.22) (Figure 1D). F-actin structure, detected
with rhodamine-phalloidin, was clearly altered in the cells
treated with siRNA for Par-6 (category of F-actin distribution for Par-6 siRNA versus control siRNA, 3.41  0.29
versus 2.06  0.54; P < 0.05) (Figure 1D). The result
suggested that Par-6 participates in the maintenance of the
specialized podocyte morphology.

A

Par-6 Colocalizes with Ephrin-B1 at Slit Diaphragm,
and Par-3 Colocalizes with Nephrin

WB:
anti-Par-6

IP
Lysate

NRS

IP
WB:
anti-Par-3 Lysate

Anti–
ephrin-B1

NRS

250 kDa

150 kDa

150 kDa

100 kDa

100 kDa

75 kDa

75 kDa

50 kDa

50 kDa

IP
Lysate
y

NRS

IP
Anti–
nephrin
p

Lysate

WB:
anti-Par-6

B

Anti–
ephrin-B1

250 kDa

50 kDa

NRS

Anti–
nephrin
250 kDa

WB:
anti-Par-3

150 kDa

Par-6-myc / Ephrin-B1-HA
IP

IP
Anti-HA

NRS

Anti-myc

Lysate

WB:
anti-myc

50 kDa
50 kDa

WB:
anti-HA

NMS

Lysate
50 kDa

WB:
anti-HA
WB:
anti-myc

50 kDa

Par-6-myc / Nephrin-FLAG
IP
Anti-FLAG NRS

IP
Anti-myc NMS

Lysate

WB:
anti-myc

50 kDa

Lysate
250 kDa

WB:
anti-FLAG

250 kDa
WB:
anti-FLAG

150 kDa

C

WB:
anti-myc

50 kDa

Par-3-myc / Ephrin-B1-HA
IP
Anti–par-3 NRS

IP
Anti-HA

NMS

Lysate
250 kDa

WB:
anti-Par-3

Lysate
50 kDa

WB:
anti-HA

150 kDa
50 kDa

WB:
anti-HA

250 kDa

WB:
anti-Par-3

150 kDa

Par-3-myc / Nephrin-FLAG
IP

IP
Anti-FLAG NMS

Lysate

WB:
anti-Par-3

Anti–par-3

WB:
anti-FLAG

NRS

Lysate

250 kDa

250 kDa
150 kDa
250 kDa

WB:
anti-FLAG
250 kDa
WB:
anti-Par-3

150 kDa

Par-3-myc / Ephrin-B1-HA
IP: anti-HA

Lysate

Control Par-6 Control Par-6
siRNA siRNA siRNA siRNA
WB:
anti-Par-3
WB:
anti-HA

Next, the localization of Par-6 in glomeruli was analyzed.
Par-6 was detected along glomerular capillary wall in
normal rat and human kidney sections (Figure 2A). In
normal rat kidney section, Par-6 was detected more broadly
than Par-3 (Figure 2B). Par-6 was almost completely costained with ephrin-B1. On the other hand, Par-3 was almost
completely costained with nephrin. The localizations of Par6 and Par-3 were compared with that of zonula occludens
protein 1. Par-6 located slightly aside from zonula occludens
protein 1, whereas the staining of Par-3 almost completely
coincided with zonula occludens protein 1 (Figure 2C).
Immunoelectron microscopic analysis showed Par-6 was
mainly expressed at slit diaphragm and was also detected at
cell surface just above slit diaphragm (Figure 2D).
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Figure 3 Par-6 interacts with ephrin-B1 but not with nephrin, and
Par-3 interacts with nephrin but not with ephrin-B1. A: Interaction
assays with rat glomerular lysates. A speciﬁc Par-6 band of approximately 50 kDa is detected in the precipitates with antieephrin-B1
antibody (arrow, left panel), and a speciﬁc Par-3 band of approximate
180 kDa is detected in the precipitates with antieephrin-B1 antibody
(arrow, right panel). B: Interaction assays of Par-6 with ephrin-B1 and
nephrin with the lysates of human embryonic kidney (HEK) 293 cells
cotransfected with Par-6-myc and ephrin-B1-HA (top panel) and with
Par-6-myc and nephrin-FLAG (bottom panel). The Par-6 band is
detected in the precipitates with the anti-HA antibody, and the ephrinB1 band is detected in precipitates with anti-myc antibody. The Par-6
band is not detected in the precipitates with anti-FLAG antibody, and
the nephrin band is not detected in the precipitates with anti-myc
antibody. C: Top panel: Interaction assays of Par-3 with ephrin-B1
and nephrin. The assay with the lysates of HEK293 cells cotransfected
with Par-3-myc and ephrin-B1-HA. The Par-3 band is detected in the
precipitate with anti-HA. The ephrin-B1 band is detected in the precipitate with antiePar-3. Middle panel: The assay with the lysates of
HEK293 cells cotransfected with Par-3-myc and nephrin-FLAG. The Par-3
band is detected in the precipitate with anti-FLAG. The nephrin band is
detected in the precipitates with antiePar-3 antibody. Bottom panel:
Interaction assays of Par-3 with ephrin-B1 with HEK293 cells treated
with siRNA for Par-6. In the lysates of the HEK293 cells treated with
siRNA for Par-6, the Par-3 band was not detected in the precipitates
with anti-HA antibody and the ephrin-B1 band was not detected in the
precipitates with antiePar-3 antibody. IP, immunoprecipitation; NMS,
normal mouse serum; NRS, normal rabbit serum; WB, Western blot.
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Par-6 Interacts with Ephrin-B1 but Not with Nephrin,
and Par-3 Interacts with Nephrin but Not with Ephrin-B1
In the immunoprecipitation assay with normal rat glomerular
lysate, both Par-6 and Par-3 bands were detected in the precipitate with antieephrin-B1 antibody. Both Par-6 and Par-3
bands were detected also in the precipitate with anti-nephrin
antibody (Figure 3A). The assay with the HEK cell expression
system showed that Par-6 interacted with ephrin-B1, but not
with nephrin (Figure 3B). The assay also showed that Par-3
interacted with both ephrin-B1 and nephrin (Figure 3C).
However, because HEK293 cells highly expressed Par-6, it
was veriﬁed whether the binding of Par-3 with ephrin-B1 was
mediated with endogenous Par-6 of HEK293 cells. The interaction of Par-3 with ephrin-B1 was analyzed in the HEK293
cells in which endogenous Par-6 was knocked down with
siRNA. The interaction of Par-3 and ephrin-B1 was not
detected in the Par-6 knockdown HEK293 cells (Figure 3C).
These results showed that Par-6 interacts with ephrin-B1 and
that Par-3 interacts with nephrin. Ephrin-B1 was also shown to
interact with nephrin. It is conceivable that the Par-6eephrinB1 complex linked to the Par-3enephrin complex via ephrinB1enephrin interaction, and that the complex consisting of
these four molecules is a critical structure of slit diaphragm.
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Figure 5 Dual-labeling immunoﬂuorescence ﬁndings of Par-6 and Par-3 with ephrin-B1 and nephrin in the anti-nephrin antibodyeinduced nephropathy
(ANA). A: Par-6 almost completely colocalizes with ephrin-B1, and Par-3 colocalizes with nephrin in normal rat glomeruli. B: At 1 hour in ANA, Par-6 and
ephrin-B1 staining is clearly lowered. The remaining Par-6 staining is clearly apart from the nephrin staining (arrows). The staining of Par-3 and nephrin is not
evidently altered, and they colocalize. C: On day 5, Par-6 and ephrin-B1 staining recovers, and Par-6 colocalizes with ephrin-B1. Par-3 and nephrin staining are
clearly lowered, and the remaining Par-3 is apart from ephrin-B1 (arrows) and nephrin (arrows). D: On day 5, Par-6 staining is apart from the remaining Par-3
(arrows). Scale bar Z 20 mm (AeD).
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1.02  0.04 versus 3.92  0.08; P < 0.05) (Figure 4A). The
ephrin-B1 staining clearly decreased at 1 hour (2.21  0.55
versus 3.82  0.07; P < 0.05) (Figure 4A), and it recovered
on day 5. By contrast, the alterations in nephrin staining are
not clear at 1 hour, and the staining intensity of nephrin clearly
decreased on day 5 (0.68  0.57 versus 3.8  0.13; P < 0.01)
(Figure 4B). The ﬁndings indicated that the alteration of Par-6
was parallel to that of ephrin-B1, the alteration of Par-3 was
parallel to that of nephrin, and the alteration of Par-6/ephrinB1 advanced that of Par-3/nephrin.

Complex Consisting of Par-6, Par-3, Ephrin-B1, and
Nephrin Breaks in Anti-Nephrin AntibodyeInduced
Nephropathy
In normal rat kidney section, Par-6 was almost completely
colocalized with ephrin-B1, and Par-3 was colocalized with
nephrin (Figure 5A). Par-6 and ephrin-B1 staining was
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Par-6 Does Not Interact with the Phosphorylated
Ephrin-B1, and Par-3 Does Not Interact with the
Phosphorylated Nephrin
Nephrin and ephrin-B1 in glomeruli were phosphorylated in
the
anti-nephrin
antibodyeinduced
nephropathy
(Figure 6A). Next, it was analyzed whether the phosphorylation of ephrin-B1 and/or nephrin affects their interactions
with Par-6 and Par-3. The analyses with the HEK cells dual
transfected with Par-6 and ephrin-B1 showed that Par-6 did
not interact with the ephrin-B1 phosphorylated by the

Phosphorylated
nephrin

Normal

clearly lowered at 1 hour in the anti-nephrin
antibodyeinduced nephropathy. Dual-labeling immunoﬂuorescence analysis showed the remaining Par-6 was clearly
apart from nephrin, although the Par-6 was observed to be
colocalized with ephrin-B1 (Figure 5B). On day 5, the Par-6
and ephrin-B1 staining recovered. Although the expression
of Par-3 and nephrin was not evidently altered at 1 hour, the
expression was clearly lowered on day 5. The remaining
Par-3 was apart from the remaining nephrin (Figure 5C). On
day 5, major parts of Par-6 staining were apart from Par-3
staining (Figure 5D). The results imply that the Par-6/
ephrin-B1 complex and the Par-3/nephrin complex were
delinked already at the initiation phase of the nephrotic
model and that the molecular complex consisting of four
molecules breaks at the nephrotic phase.

Lysate

Par-6 does not interact with phosphorylated ephrin-B1, and
Par-3 does not interact with phosphorylated nephrin. A: Immunoﬂuorescence ﬁndings of the phosphorylated nephrin and the phosphorylated
ephrin-B1 in the rat kidney sections of the anti-nephrin antibodyeinduced
nephropathy (ANA). The phosphorylation of nephrin and ephrin-B1 is
already detected at 1 hour, and the staining with phosphorylated nephrin
and phosphorylated ephrin-B antibodies is still positive on day 5. B: Human
embryonic kidney (HEK) 293 cells cotransfected with Par-6-myc and ephrinB1-HA were treated with EphB2-Fc. Ephrin-B1 was phosphorylated by the
EphB2-Fc treatment (Tx). Par-6 band is detected in the precipitate with
anti-HA antibody from the lysates of the HEK293 cell without treatment of
EphB2-Fc, but Par-6 band is not detected from the lysates of the HEK cell
treated with EphB2-Fc. C: HEK293 cells cotransfected with Par-6-myc and
nephrin-FLAG were treated with the anti-nephrin antibody. Nephrin was
phosphorylated by the treatment with the anti-nephrin antibody. Par-6
band is not detected in the precipitates with anti-FLAG antibody of the
HEK293 cell lysates without treatment of anti-nephrin antibody. The Par-6
band is not detected in HEK293 cell lysates treated with anti-nephrin
antibody either. D: HEK293 cells cotransfected with Par-3-myc and
nephrin-FLAG were treated with the anti-nephrin antibody. Par-3 band is
detected in the precipitate with anti-FLAG antibody of the lysates of the
HEK cell without treatment of the anti-nephrin antibody. The Par-3 band is
not detected in the precipitate of the lysates of the HEK cell treated with
the anti-nephrin antibody. E: HEK293 cells cotransfected with Par-6-myc,
ephrin-B1-HA, and nephrin-FLAG were treated with anti-nephrin antibody.
Both nephrin and ephrin-B1 are phosphorylated by the anti-nephrin antibody treatment. The Par-6 band and the nephrin band are detected in the
precipitate with the anti-HA antibody of the lysates of the HEK cell without
treatment of anti-nephrin antibody. Neither Par-6 nor nephrin bands are
detected in the precipitate with the anti-HA antibody of the lysates of the
HEK cell treated with the anti-nephrin antibody. Scale bars Z 20 mm (A).
IP, immunoprecipitation; phospho, phosphorylated; WB, Western blot.
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stimulation with EphB2 (Figure 6B). Par-6 did not interact
with nephrin, even if nephrin was phosphorylated
(Figure 6C). Par-3 interacted with nephrin, which was not
stimulated with anti-nephrin antibody. But if nephrin was
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The developmental expression of Par-6 in glomeruli was
analyzed with neonatal rat kidney sections. Par-6 was
expressed in presumptive podocytes of early S-shaped
body stage, when nephrin did not appear yet and ephrinB1 staining was faint. At this stage, Par-6 was mainly
detected at apical area. Par-3 also appeared in podocyte of
early S-shaped body stage. At this stage, Par-3 was mainly
detected at basal area of presumptive podocytes and was
not costained with Par-6 (Figure 7A). At late S-shaped
body stage, ephrin-B1 and nephrin were detected at
basolateral surface of podocytes, and Par-6 was broadly
detected along cell surface. At this stage, Par-3 was costained with nephrin (Figure 7B). At capillary loop stage,
Par-6 was restrictedly detected at basal area, and major
parts of Par-6 were costained with ephrin-B1, nephrin, and
Par-3 (Figure 7C). These ﬁndings implied that Par-6
moved to basal area and met ephrin-B1, nephrin, and
Par-3 at capillary loop stage.

Down-Regulation of Par-6 Is Prolonged in the
Nephrotic Models, Mimics of MCNS and FSGS
Proteinuria in PAN nephropathy caused by a single injection
with PAN occurs on day 3 to 5, peaks on around day 10
(day 10, 313  105 mg/day), and then decreases to normal
level within 1 month.28 PAN nephropathy is accepted to be
an experimental model of human MCNS because the
Figure 7 Developmental expression of Par-6 in glomeruli. A: Early Sshaped body stage: Nephrin staining is not detected, and ephrin-B1
staining is faint. Par-6 is mainly expressed at apical surface (arrows).
Par-3 is detected at the basal area of the presumptive podocytes (arrowheads). Par-6 does not colocalize with Par-3. B: Late S-shaped body stage:
Ephrin-B1 and nephrin are detected at basolateral surface. Par-6 is
detected broadly along almost whole cell surface. Although Par-6 at
basolateral area colocalizes with nephrin, ephrin-B1, and Par-3, Par-6 is
detected also at apical area (arrows). At this stage, Par-3 almost
completely costains with nephrin (arrowheads). C: Capillary loop stage: Par
6 is restrictedly detected at basal area along capillary loop, and major parts
of Par-6 are costained with ephrin-B1, nephrin, and Par-3. Scale bars Z 20
mm (AeC).

Par-3

Capillary loop stage

phosphorylated by the stimulation with anti-nephrin antibody, Par-3 did not interact with nephrin (Figure 6D). The
analyses with the HEK cells triple transfected with Par-6,
ephrin-B1, and nephrin showed that the anti-nephrin antibody binding phosphorylated not only nephrin but also
ephrin-B1. The phosphorylated ephrin-B1 did not interact
with Par-6 or nephrin (Figure 6E). These ﬁndings implied
that stimulation to nephrin phosphorylated not only nephrin
but also ephrin-B1, and consequently inhibited the interaction of ephrin-B1 with Par-6 and nephrin.
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Expression of Par-6 in puromycin
aminonucleoside (PAN) and adriamycin (ADR)
nephropathy. Representative immunoﬂuorescence
(IF) ﬁndings and the data from semiquantitative
analysis of the staining. Par-6 staining is clearly
decreased at the early phase of PAN (1 hour) and
ADR nephropathy (day 7). Par-6 staining does not
recover at the proteinuric phase in PAN and ADR
nephropathy. *P < 0.05, **P < 0.01 versus
normal (U-test). Scale bars Z 20 mm.
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nephropathy was accompanied with severe foot process
effacement.39 Proteinuria in ADR nephropathy is ﬁrst
detected around day 10 and increases with time (on day 28,
146  37.5 mg/day).28,40 Several morphologic alterations,
such as mesangial matrix expansion, foot process effacement, and thickening of glomerular basement membrane,
were detected on day 28 in ADR nephropathy.28,40 ADR
nephropathy is accepted to be an experimental model of
FSGS. Decrease in the immunostaining of Par-6 at the
initiation phase was also detected in PAN nephropathy
(staining score versus control, 2.17  1.1. versus
3.75  0.21; P < 0.01; U-test) and in ADR nephropathy
(1.58  0.79; P < 0.05) (Figure 8). The ﬁndings implied
that the decrease in the expression of Par-6 could be an early
sensitive marker to detect slit diaphragm injury. The
decrease of Par-6 staining was still evident on day 10 of
PAN nephropathy (staining score, 1.04  0.77; P < 0.05)
and on day 28 of ADR nephropathy (2.02  0.68;
P < 0.01), although the Par-6 staining was recovered on day
5 in the anti-nephrin antibodyeinduced nephropathy
(Figure 4), The observation suggested that monitoring of
Par-6 expression may be a useful tool to understand the type
and degree of podocyte injury.

Discussion
In this study, it was ﬁrst demonstrated that Par-6 is mainly
expressed at slit diaphragm and is also expressed at cell
surface just above the slit diaphragm (Figure 2). Par-6
almost completely colocalized with ephrin-B1, and was
slightly apart from nephrin. On the other hand, Par-3 was
almost completely colocalized with nephrin and some portions of Par-3 were apart from ephrin-B1. The interactions
of Par-6 and Par-3 with ephrin-B1 and nephrin were then
analyzed. In the assay with glomerular lysate, both Par-6
and Par-3 bands were detected in the precipitate with antie
ephrin-B1 antibody, and both Par-6 and Par-3 bands were
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detected also in the precipitate with anti-nephrin antibody
(Figure 3). The results clearly showed that Par-6 as well as
Par-3 is a member of the slit diaphragm complex. The
analyses with the HEK cell expression system revealed that
Par-6 interacts with ephrin-B1 but not with nephrin, and that
Par-3 interacts with nephrin but not with ephrin-B1. EphrinB1 interacts with nephrin via their extracellular portions.13
Par-6 interacts with Par-3 via their PDZ domains.15 Taken
together, it can be concluded that the Par-6eephrin-B1
complex links to the Par-3enephrin complex via both
extracellular and intracellular sites. It is likely that the
complex consisting of these four molecules plays a critical
role in maintaining slit diaphragm.
The expression of Par-6 and Par-3 and their interaction with
ephrin-B1 and nephrin were analyzed in a rat nephrotic model
induced by the anti-nephrin antibody injection. Proteinuria in
this model is caused by disarrangement of the slit diaphragm
components.25,37,38 In this nephrotic model, the expressions
of Par-6 and ephrin-B1 decreased quickly just after the disease
induction (1 hour). By contrast, no alterations of Par-3 or
nephrin were detected in the initiation phase (Figure 4). On
day 5, when abnormal proteinuria was still detected, the expressions of Par-6 and ephrin-B1 recovered. On the other
hand, the expression of Par-3 and nephrin were clearly
decreased on day 5. The observations indicated that the
change of Par-6 expression accords with that of ephrin-B1,
and the change of Par-3 accords with nephrin. The analyses
with the nephrotic model also showed that Par-6 is highly
associated with ephrin-B1, and Par-3 is highly associated with
nephrin. Another important ﬁnding, which feels a little
strange but is interesting, is that the alteration of Par6eephrin-B1 advanced the alteration of Par-3enephrin in the
nephrotic model that was induced by the stimulation to
nephrin. Dual-labeling analyses in this study showed that the
remaining Par-6 on podocyte at 1 hour of this nephrotic model
still had close proximity with ephrin-B1, but it was clearly
aside from nephrin and Par-3 (Figure 5). These ﬁndings
suggest that the down-regulation of Par-6 and ephrin-B1 and
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Figure 9

Schematic diagram showing the proposed pathogenic mechanism of disruption of Par-6/ephrin-B1 and Par-3/nephrin complex. A: Par6 interacts with ephrin-B1 but not with nephrin, and Par-3 interacts with
nephrin but not with ephrin-B1. Ephrin-B1 interacts with nephrin via their
extracellular portions, and Par-6 interacts with Par-3. Atypical protein kinase C (aPKC) interacts with both Par-6 and Par-3. The molecular complex
plays a critical role in maintaining the slit diaphragm function. B: If the
extracellular domain of nephrin is stimulated, ephrin-B1 as well as nephrin
is phosphorylated, and the interaction between ephrin-B1 and nephrin was
disrupted. C: The phosphorylated nephrin dissociates from Par-3. The
phosphorylated ephrin-B1 dissociates from Par-6. Cell division cycle 42
(Cdc42) replaces ephrin-B1 and binds to Par-6. The binding of Cdc42 to
Par-6 increases aPKC activity, the increase of aPKC activity enhances the
phosphorylation of Par-3, and the phosphorylated Par-3 departs from Par-6.

the delinking of the Par-6/ephrin-B1 complex from the Par-3/
nephrin complex is an essential initiation event of the slit
diaphragm dysfunction.
Nephrin, a key molecule of the slit diaphragm, has a long
extracellular domain and serves as a signaling molecule to
transmit signals from the slit diaphragm into cytoplasm,
although the role of nephrin phosphorylation in pathogenesis of slit diaphragm injury is not well understood yet.41
This study shows that not only nephrin but also ephrin-B1
was phosphorylated in the nephrotic model, caused by the
injection with the anti-nephrin antibody (Figure 6). The
ﬁnding showed that ephrin-B1 serves as a signaling molecule to transmit the signals nephrin detected. The interaction
of ephrin-B1 with Par-6 was disrupted if ephrin-B1 was
phosphorylated. If ephrin-B1 is phosphorylated, the
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interaction with nephrin is disrupted.13 The assay with the
HEK cell expression system also showed that the interaction
of Par-3 and nephrin was disrupted if nephrin was phosphorylated (Figure 6). These ﬁndings suggest that the
complex consisting of Par-6, ephrin-B1, Par-3, and nephrin
was broken up into separate components in the nephrotic
state. The disruption of the complex induced by the nephrinmediated signal is one of the critical mechanisms of the slit
diaphragm injury.
In the present study, the developmental expression of Par-6
was also investigated. This is the ﬁrst report of the developmental study of Par-6 in podocytes. The expression of Par-6
was already detected in presumptive podocytes of the early
S-shaped body stage, when nephrin did not appear yet and
ephrin-B1 staining was faint (Figure 7). At this stage, Par-6
was mainly detected at apical surface area. At the late
S-shaped body stage, ephrin-B1 and nephrin staining was
detected at the basolateral area, and Par-6 was broadly
detected along almost whole cell surface. Then, Par-6 became
to be restricted to basolateral area of podocytes at the capillary
loop stage. Par-3 also already appeared in podocytes of the
early S-shaped body stage. Par-3 was mainly expressed at the
basolateral area of podocytes at this stage. Major parts of Par3 colocalized with nephrin already at the late S-shaped body
stage. The ﬁndings on Par-3 observed in this study basically
coincide with those of previous reports.21,42 These observations implied that Par-6 appears in early immature podocytes
independently of Par-3, ephrin-B1, or nephrin, and that Par-6
moved to basal area to participate in the formation of slit
diaphragm at the ﬁnal stage. It is understood that slit diaphragms appear in podocytes and gradually replace tight
junction during the capillary loop stage.43 It is plausible that
the interaction of Par-6 with ephrin-B1 is a ﬁnal critical event
to complete the formation of slit diaphragm.
To further analyze the signiﬁcance of the disruption of the
complex in podocyte injury, the expression of Par-6 was
analyzed in other nephrotic models. The down-regulation of
Par-6 at the early phase when proteinuria did not occur yet
was observed not only in anti-nephrin antibodyeinduced
nephropathy but also in other nephrotic models, PAN nephropathy, a mimic of MCNS, and ADR nephropathy, a
mimic of FSGS (Figure 8). This observation suggests that the
decrease of Par-6 expression could be an early sensitive
marker to detect podocyte injury. Although the expression of
Par-6 already recovered on day 5 when proteinuria was still
massive in the anti-nephrin antibodyeinduced nephropathy,
the decrease of Par-6 expression was still evident in proteinuric phase in PAN nephropathy (Figure 8). Morphologic
alterations, such as foot process effacement and actin cytoskeletal alteration, were more evident in PAN nephropathy
than in the anti-nephrin antibodyeinduced nephropathy.28,39,40 The decrease of Par-6 expression was prolonged
in ADR nephropathy in which persistent proteinuria and
severe morphologic alterations were observed.40 It is
conceivable that the monitoring of Par-6 expression helps us
to understand the type and degree of podocyte injury.
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The Par polarity complex of Par-6, Par-3, and aPKC
plays an essential role for the formation and maintenance
of tight junction of epithelial cells.15e17 A small GTPase,
Cdc42, is involved in the establishment of polarity in a
variety of cell types.16,17,44 Active Cdc42 binds to Par-6
and promotes the aPKC activity, and the binding regulates cell polarity in epithelial cells.45e47 Ephrin-B1 competes with active Cdc42 for binding to Par-6, and this
competition reduces aPKC activity.14 Ephrin-B1 overexpression disrupts tight junctions. The slit diaphragm, a
cell-to-cell interaction of podocytes, is a unique cell-cell
junction. Although it is still controversial whether the slit
diaphragm is a variant of tight junction or of adherence
junction,48 slit diaphragm is thought to be a variant of tight
junction, as it serves both the barrier function and fence
functions.43,49e51 However, slit diaphragm has some
characteristics unlike tight junction (eg, its unique components and a long intercellular distance). Ephrin-B1 is
restrictedly expressed at slit diaphragm of podocyte in
kidney, and a clear positive staining is not detected at tight
junctions of other types of cells in kidney.12 Ephrin-B1 is
essential for maintaining the molecular integrity and the
barrier function of slit diaphragm.12,13 This study showed
that ephrin-B1 was phosphorylated and down-regulated in
the nephrotic models with slit diaphragm dysfunction.
Also, the phosphorylated ephrin-B1 did not interact with
Par-6. Taken together, we propose the pathogenic mechanism of disruption of Par-6/ephrin-B1 and Par-3/nephrin
complex. Schematic diagram of the putative model is
shown in Figure 9. In physiologic state, the extracellular
components of the slit diaphragm, nephrin and ephrin-B1,
are connected to each other via their extracellular domains. The slit diaphragm complex of nephrin and ephrin
B1 interacts with the Par complex composed of Par-3, Par6, and aPKC via their cytoplasmic domain. Nephrin binds
to Par-3, and ephrin-B1 binds to Par-6. The link of the slit
diaphragm complex with the Par complex is essential for
maintaining the barrier function of slit diaphragm. If the
extracellular domain of nephrin is stimulated, both nephrin
and ephrin-B1 are phosphorylated and the interaction between nephrin and ephrin-B1 is disrupted. Par-3 is dissociated from the phosphorylated nephrin, and Par-6 is
dissociated from the phosphorylated ephrin-B1. Cdc42 replaces ephrin-B1 and binds to Par-6. The binding of Cdc42
to Par-6 increases aPKC activity of the Par complex. The
increase of aPKC activity induces the phosphorylation of
Par-3, and the phosphorylated Par-3 is dissociated from
Par-6.
The transition of slit diaphragm to tight junction appears
in many nephrotic conditions.52,53 It is estimated that the
dissociation of Par-6 from ephrin-B1 is an important
pathogenic mechanism resulting in the disruption of slit
diaphragm and the restoration of tight junction. This study
improves our understanding of podocyte biology and the
pathogenesis of nephrotic syndrome. Par-6 stability may be
therapeutically modulated in treating nephrotic syndromes.
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