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the parallel experiments on nephrin-expressing cul-
tured epithelial cells with direct evaluation of exocyt-
osis of mnewly synthesized nephrin. Finally, the
involvement of aPKC) in the exocytosis of nephrin
was confirmed in vivo using aPKCA ¢KO mice.

Reduced expression and abnormal distribution of
SD components are observed in several nephrotic syn-
dromes in humans, including minimal change neph-
rotic syndrome, focal and segmental
glomerulosclerosis, lupus nephritis, diabetic nephropa-
thy and membranous nephropathy (8—12) and also in
various disease models (/5—18). However, little is
known about the trafficking of SD components in
the intact SD (52, 53). Our present findings indicating
the importance of the rapid turnover of SD compo-
nents to the cell surface are consistent with these pre-
vious observations, highlighting the importance of
endocytosis of SD components in the maintenance of
SD integrity. Taken together with previous observa-
tions, our present results suggest that the balance be-
tween exocytosis and endocytosis is tightly associated
not only with the maintenance of SD integrity, but also
with the pathogenesis of glomerular diseases. To elu-
cidate the alteration of the high turnover rate of cell-
surface SD components under disease conditions
would provide a new pathophysiologic basis of pro-
teinuria in glomerular diseases.

What is the physiological reason for rapid turnover
of cell-surface SD components? It is suggested that this
model can explain how podocytes replace clogged SD
components with new ones to prevent overall SD clog-
ging and minimize the unnecessary breakdown of SD
structure (50). In addition, the high turnover of cell-
surface SD components further enables the re-
modelling of SD architecture in response to various
physiological parameters such as blood flow-depend-
ent change of glomerular capillary diameter (22).

The molecular mechanisms regulating the turnover of
SD components at the cell surface: the role of aPKC
Although we and other groups have shown that aPKC
plays an essential role in the maintenance of SD integ-
rity (30, 31), the precise role of aPKC has been largely
unknown. In this study, we demonstrated that aPKC
plays a critical role in the cell-surface localization of
SD components, including nephrin, possibly through
the exocytosis of newly synthesized ones. Furthermore,
our results suggest that Par3, a component of the
aPK C-Par complex, is also required for the cell-surface
localization of proteins including nephrin. As previ-
ously demonstrated in columnar epithelial cells,
aPKC forms a complex with Par3 in podocytes (30).
Therefore, these observations suggest that aPKC and
Par3 might jointly regulate the cell-surface localization
of SD components.

Previous studies suggested that podocin is necessary
for the cell-surface localization of nephrin i vitro (6, 7).
However, we show that nephrin can be targeted to the
plasma membrane without podocin since HCT116-
nephrin cells do not express it. Moreover, aPKC is
required for the cell-surface localization of both nephrin
and nephl in kidneys and isolated glomeruli. These
observations suggest that aPKC can regulate the

aPKC maintains glomerular filtration via nephrin trafficking

cell-surface localization of nephrin independently of
podocin. The molecular mechanisms regulating the exo-
cytosis of nephrin through aPKC are currently uncer-
tain. One possible mechanism is that aPKC regulates
the exocytosis of nephrin through the modulation of
the exocyst complex, the octameric complex that tethers
transport vesicle to the plasma membrane (54). Since
several studies have suggested that aPKC associates
with the exocyst complex (35, 55), the kinase activity
of aPKC might regulate the formation or appropriate
localization of the exocyst complex for the exocytosis of
nephrin. In podocytes, it is suggest that aPKC form a
complex with Par3 and nephrin at the plasma mem-
brane (30). Furthermore, it has been reported that com-
bined deletion of aPKCA and aPKC{ isoforms in
podocytes associates with incorrectly positioned Golgi
apparatus (56). Based on these observations and our
results, aPKC might regulate multiple steps in the
exocytosis of nephrin; transport from ER to Golgi ap-
paratus and from Golgi apparatus to plasma
membrane.

The activation of aPKC is regulated by multiple
mechanisms including the phosphatidylinositol
3-kinase (PI3K)-dependent pathway (57), and aPKC
under control of PI3K has been implicated in insulin-
stimulated surface mobilization of GLUT4 (44).
Because nephrin interacts with PI3K in a tyrosine
phosphorylation-dependent manner and activates
PI3K signalling (58), it is plausible that aPKC is acti-
vated downstream of nephrin through PI3K. In add-
ition, it has been demonstrated that the tyrosine
phosphorylation of nephrin by Src family kinases trig-
gers endocytosis of nephrin (79). Based on these pre-
vious observations and our current findings, we
propose a model of negative feedback mechanisms to
maintain cell-surface localization of nephrin. First,
cell-surface nephrin that is tyrosine-phosphorylated
by Src family kinases leads to the binding and activa-
tion of PI3K and endocytosis. In turn, activated PI3K
leads to the activation of downstream effector aPKC,
which leads to the exocytosis of newly synthesized
nephrin to cell surface.

The correlation between the alteration of the kinase
activity of aPKC and the pathological conditions pre-
sent in glomerular diseases is still unclear. It has been
suggested that the kinase activity of aPKC is regulated
by both insulin and epidermal growth factor through
PI3K (57, 59), and that these observations imply that
the change in the composition of serum circulating fac-
tors may alter the kinase activity of aPKC in patho-
logical conditions. To investigate the expression,
localization or kinase activity of aPKC and the up-
stream factors in the pathogenesis or recovery phase
of proteinuria will provide novel insights into the
pathophysiological basis, and a potential therapeutic
target, for glomerular diseases.

Taken together, we present a novel model for the
maintenance of SD integrity, where the cell-surface lo-
calization of SD components is dynamically regulated
by persistent and rapid turnover of these proteins at
the cell surface. Furthermore, the cell polarity regula-
tor aPKC plays a critical role in the cell-surface local-
ization of SD components through the regulation of
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exocytosis. As mentioned above, the disturbance in the
cell-surface localization of SD components is tightly
associated with the pathogenesis and progression of
proteinuria. Therefore, the signalling leading to the in-
hibition of aPKC activity would be one of the thera-
peutic targets for proteinuria. These results provide a
new insight into the pathophysiological basis for glom-
erular diseases and shed light on the exocytosis path-
way as a potential therapeutic target for proteinuria.
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