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The kidney and brain protein (KIBRA) is a scaffold or an
adaptor-like protein with WW, C2-like and atypical protein
kinase C (aPKC)-binding domains. Genetic studies in Droso-
phila revealed that KIBRA is an upstream regulator of the
conserved Hippo pathway, which is implicated in organ size
determination. In addition, genome-wide studies revealed an
association between the single nucleotide polymorphism
in the KIBRA gene locus and human episodic memory perfor-
mance. However, the mechanism of action through which
KIBRA is linked to these functions remains poorly understood.
Recent studies on the biochemical and cellular properties of
KIBRA reveal the role of KIBRA as a regulator of membrane
trafficking. Further, KIBRA directly inhibits the activity of the
cell polarity regulator, aPKC, which is required for apical
protein exocytosis. Here, we discuss how this KIBRA-aPKC
connection, a potential regulator of membrane trafficking
and cell polarity, can contribute to the recently discovered
functions of KIBRA.

KIBRA is a scaffold or adaptor-like protein implicated in a variety
of cellular processes and functions that include regulation of the
cytoskeleton,"* mitogen-activated protein kinase (MAPK) activa-
tion,® and directional cell migration.>* Recent genetic studies in
Drosophila revealed an unexpected role of KIBRA in the control
of body organ size; KIBRA was reported to be involved in cell
growth and apoptosis, acting as an upstream regulator of the
Hippo pathway’” (For a review see refs. 8, 9). Importantly, this
function of KIBRA seems to be conserved in mammals.'®'" In a
completely different context, a whole-genome association study
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using single nucleotide polymorphisms (SNPs) has established
an association of the KIBRA gene locus with human episodic
memory performance.'? The T-allele of the C/T polymorphism in
the ninth intron of the KIBRA gene (rs17070145) has been
linked to increased episodic memory (For a review see ref. 13).
Although the mechanism by which the SNPs influence the
memory formation remains unclear, a recent study using
KIBRA-knockout mice showed that KIBRA is necessary for the
contextual and trace fear memory in adult mice.'"* At the cellular
level, accumulating evidence suggests that the involvement of
KIBRA in plasma membrane trafficking in several contexts.'*'®
Furthermore, at the molecular level, KIBRA associates with aPKC
and inhibits its kinase activity.'”” In this minireview, we briefly
summarize our current knowledge on molecular and cellular
functions of KIBRA and discuss how these functions of KIBRA
are linked to each other, especially from the point of view of the
role played by the KIBRA-aPKC interaction in membrane
trafficking and cell polarity.

Genes, Protein Sequences and Binding Partners

Before discussing cellular functions, it is important to overview
the basic properties of KIBRA. KIBRA is a member of the WWC
family of proteins, which contain two WW domains and a
C2-like domain (Fig. 1). The WW domains are composed of 34
amino acids including two tryptophans (WW) and can recognize
proline-rich motifs, such as PPxY and PPxP. The C2 domain is
composed of approximately 130 amino acid residues that bind to
two or three calcium ions and to phospholipids for targeting
proteins to the plasma membrane. In addition to the WW and
C2-like domains, WWC proteins share potential coiled-coil
domains, an aPKC-binding region and a PDZ-binding motif
(Fig. 1). There are two paralogs of KIBRA in humans: WWC2,
which has a 49% total sequence identity with KIBRA, and
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Figure 1. KIBRA homologs and binding partners. The sequence similarity of each domain to human KIBRA is shown as a percentage. The arrowhead
indicates the site of the serine residue that can be phosphorylated by aurora kinase.

WWC3, which has a 39% total sequence identity with KIBRA,
but lacks the WW domains. Not all species have all three paralogs
of KIBRA: no ortholog of KIBRA has been identified in
Caenorbabditis elegans, only one ortholog of KIBRA (Kibra) has
been identified in Drosophila, only KIBRA and WWC3 are
present in fish, and only KIBRA and WWC2 in mice.

The WW domains in KIBRA can recognize the PPxY motif'
and are highly conserved (> 50% similarity) from Drosophila to
humans. The WW domains of KIBRA interact with components
of the Hippo pathway, such as neurofibromin 2 (NF2)/Merlin
(belonging to the FERM protein family) and the nuclear Dbf2-
related kinase Lats2, thereby leading to KIBRA-induced activation
of this pathway to suppress the transcriptional activity of Yes-
associated protein (YAP).>”'" KIBRA also binds to the discoidin
domain receptor 1 (DDRI) through the WW domains to mediate
MAPK activation in response to collagen in mammary epithelial
cells.” The WW domains also bind to cytoskeletal-associated pro-
teins, such as dendrin' and synaptopodin,” suggesting the impor-
tance of the interaction between KIBRA and the cytoskeleton.
The C2-like domain of KIBRA can mediate its homodimeriza-
tion." Further, critical residues for lipid and calcium binding
are conserved, and the crystal structure of the C2-like domain
of KIBRA (DOI:10.2210/pdb2z0u/pdb) is very similar to the
C2 domain of synaptotagmin, rabphilin and conventional protein
kinase C (PKC)-B, suggesting that the C2-like domain of KIBRA
may be involved in calcium/lipid-dependent signaling. Although
the intermediate region between the WW and C2 domains is not
so conserved, this region commonly contains potential coiled-coil
sequences and has several important binding partners. Examples
of these binding partners include a component of the exocyst
complex, Sec3, to regulate directional cell migration,* and protein
interacting with C kinase 1 (PICK1) to regulate the trafficking
of a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA)
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receptors, the major excitatory neurotransmitter receptors in the
brain.’* The intermediate sequence between the WW and C2
domains of KIBRA also contains a conserved motif with a serine
residue (§539), whose phosphorylation status is regulated by
aurora kinase and protein phosphatase 1.'° Phosphorylation of
$539 results in the dissociation of NF2/Merlin from KIBRA.'
The C-terminal region of KIBRA seems to be important for the
interaction of KIBRA with cell polarity regulators such as the
partitioning defective (PAR) proteins: the aPKC-binding region
associates with a core polarity regulator known as the PAR3-
aPKC-PARG complex (PAR complex) to regulate apical vesicle
trafficking,”” and the C-terminal type III PDZ- binding motif
(ADDV) binds to a cell polarity regulator called protein associated
with tight junction (PAT]) to regulate the directional migration of
podocytes.” In Drosophila, the C-terminal PDZ-binding motif
seems to be conserved as a type II PDZ-binding motif (GVEV).'®
Considering that the aPKC-binding region and the PDZ bind-
ing motif are highly conserved between species, the interaction
between KIBRA and the polarity complex may be of fundamental
importance to these organisms.

Involvement of KIBRA in Membrane/Vesicular
Trafficking through Early/Recycling Endosomes

Recent discoveries about the cellular functions of KIBRA suggest
that KIBRA plays an important role in membrane homeostasis via
the regulation of vesicular transport. Analysis using the Madin-
Darby canine kidney (MDCK) cells, which are cultured epithel-
ial cells derived from the canine kidney, revealed the function
of KIBRA in apical plasma membrane trafficking in epithelial
cells.”” Epithelial cells maintain their apical-basolateral membrane
polarity by regulating the polarized trafficking machinery, which
transports different plasma membrane proteins to the apical and
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basolateral membrane domains.'”” In the absence of cell-cell
contact, large intracellular vacuoles called vacuolar apical com-
partments (VACs) appear,® which are thought to be normal
intermediates in the biogenesis of apical surface and often result
from the fusion of apical transport vesicles under conditions of
reduced delivery form the apical recycling/early endosome to
the apical plasma membrane.” Even in the absence of cell-cell
contact, however, KIBRA-depleted MDCK cells did not exhibit
the formation of VACs."> Furthermore, KIBRA knockdown

accelerates the exocytosis of the apical protein, p75, to the cell
surface under these conditions, suggesting that KIBRA exerts
an inhibitory action on vesicular trafficking from the endosome
to the plasma membrane (exocytosis) (Fig.2A)."” The knock-
down of KIBRA does not have any effect on apical protein
internalization induced by collagen overlay, suggesting that the
endocytic pathway is not affected by KIBRA." The involvement
of KIBRA in exocytosis, but not in endocytosis, seems to be a
conserved property observed in a different biological context. In
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Figure 2. Models of the molecular mechanism of KIBRA in regulating membrane trafficking. (A) In epithelial cells, KIBRA suppresses the kinase activity of
aPKG, resulting in suppression of the trafficking of apical-containing vesicles to the cell surface or cell-cell contact site. Association between KIBRA and
the exocyst complex can influence this process. (B) In neurons, KIBRA associates with PICK1 and suppresses recycling of the AMPA receptor subunit,
GIuR2, to the cell surface. PKM{ enhances GIuR2 surface expression via regulating the NSF-mediated release of GIuR2 from PICK1. KIBRA may inhibit
the kinase activity of PKM(, leading to suppression of GIuR2 recycling. (C) In endosomal trafficking of TfnR, KIBRA does not affect internalization,

but affects trafficking from the endosome sorting compartment to the endosomal recycling compartment. (D) In directional migration, KIBRA can affect
vesicular trafficking through interaction with the exocyst complex and aPKC.
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hippocampal neurons, KIBRA has been shown to be involved in
the suppression of AMPA receptor trafficking to the cell surface;
the knockdown of KIBRA did not affect internalization of the
GluR2 subunit of AMPA receptor, but accelerated the recycling
speed to the cell surface' (Fig. 2B). In another study, Traer and
colleagues'® showed that KIBRA is required for the sorting of the
transferrin receptor (TfnR). Knockdown of KIBRA in HeLa cells
disrupted the endosomal recycling compartment, possibly due
to inhibition of the trafficking between the endosomal sorting
compartment to the endosomal recycling compartment (Fig. 2C).
Importantly, there were no effects on the internalization of TfnR.
Although this report did not examine whether the recycling of
TR is affected by the knockdown of KIBRA, it supports the
idea that KIBRA plays important roles in endosomal trafficking
in various types of cells.

Potential Importance of KIBRA-aPKC Pathway
in Membrane Trafficking

How can these phenotypes in membrane trafficking be explained
at the molecular level? The subcellular localization of endo-
genously expressed KIBRA seems to depend on the cell type;
however, it matches with the localization of cell polarity regu-
lators. In cultured hippocampal neurons, KIBRA colocalizes with
MAP?2 at shaft regions and also with postsynaptic marker pro-
teins.'” Biochemically, KIBRA was enriched in the synaptosome
and postsynaptic density fraction,'*!”
tion pattern obtained by immunofluorescence. KIBRA localizes

which supports the localiza-

in the apical domain and at cell-cell junctions in cultured
epithelial cells (MDCK cells).” This localization is conserved
in vivo, such as in the distal tubular epithelial cells in mouse
kidney" and in the follicular epithelial cells in Drosophila.”” In
migrating cells, KIBRA accumulates in the leading edge.”* The
PAR complex localizes in the synaptic region of cultured
hippocampal neurons and in the apical domain of epithelial
cells.?’** Furthermore, aPKC, PAR3 and PAT]J localize in the
leading edge of migrating cells.”* These findings suggest that
KIBRA functions together with polarity proteins in many
biological contexts.

KIBRA can be phosphorylated by aPKC,* but can also directly
inhibit the kinase activity of aPKC in a competitive manner."”
Because the kinase activity of aPKC is required for the exocyto-
sis of VACs,?® the inhibitory function of KIBRA can explain
the phenotype of KIBRA-depleted MDCK cells in which the
knockdown of KIBRA increases the kinase activity of aPKC,
resulting in enhanced apical exocytosis (Fig. 2A). Consistent with
these results, the treatment with an aPKC inhibitor rescues the
formation of VACs in KIBRA-knockdown cells."”” Furthermore,
overexpression of the aPKC-binding region, which possesses an
inhibitory activity against aPKC in vitro, induced the formation
of VACs in wild-type MDCK cells.”” These results indicate that
the interaction between KIBRA and aPKC as well as the KIBRA-
mediated inhibition of the kinase activity of aPKC are important
for the regulation of membrane trafficking to the cell surface.

Taken together with the recent discovery by Makuch et al.,"
the inhibitory function of KIBRA against aPKC in membrane
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trafficking can explain how KIBRA influences memory formation
at the molecular level (Fig. 2B). Protein kinase M (PKM) C is a
brain-specific, constitutively active form of aPKC that is trans-
cribed from an alternative promoter’”*® and is necessary and
sufficient for preserving late-long-term potentiation, presenting
a cellular model of synaptic plasticity.” Expression of PKM{
increases the surface localization of AMPA receptors.”® This
process is involved in N-ethylmaleimide-sensitive factor-mediated
dissociation of PICK1 from the GluR2 subunit.”’ KIBRA binds
to and inhibits the activity of not only aPKC, but also of PKMC
(unpublished results). Importantly, as mentioned above, KIBRA
suppresses recycling of the AMPA receptors to the cell surface,
possibly through the interaction with PICK1.'" Based on these
results, we propose a model that KIBRA, through an interaction
with PICK1, inhibits the kinase activity of constitutively active
PKM( (Fig.2B). KIBRA may be phosphorylated by PKM( in
the regulation of AMPA receptor trafficking, as suggested by
Makuch et al.'* However, the knockdown of KIBRA accelerates
the surface expression of AMPA receptors,'* which is similar to
the overexpression of PKMU{.*® Thus, it is highly possible that
KIBRA inhibits the kinase activity of PKMC during AMPA
receptor trafficking similar to that in apical membrane traffick-
ing in epithelial cells. Interestingly, it has been reported that the
mRNA level of PKMC decreases, whereas that of KIBRA increases
in several Alzheimer patients.'***** Considering the antagonistic
relationship between PKM( and KIBRA, it is tempting to
speculate that the kinase activity of PKMC is dramatically
decreased by the overexpression of KIBRA leading to severe
defects in AMPA receptor surface trafficking. It will be interest-
ing to test whether the interaction between PKM{ and KIBRA
is regulated by neuronal activity.

Genome-wide screening in C.elegans showed that the PAR
complex seems to be involved in endosomal trafficking.** This
study showed that the suppression of PAR complex by dominant-
negative Cdc42 or dominant-negative PARG inhibited internali-
zation of TfnR in Hela cells, but did not affect its recycling.
Trafficking of TfnR depends on clathrin, but interestingly, in
the case of clathrin-independent pathways such as the major
histocompatibility complex (MHC) class I endocytosis and
recycling, inhibition of the PAR complex does not affect MHC
class T internalization, but rather suppresses its recycling to the
cell surface. Considering that KIBRA does not affect the inter-
nalization of TfnR,'® we cannot explain currently how KIBRA
and the PAR complex cooperate to regulate TfnR trafficking. We
speculate that KIBRA and the PAR complex can independently
regulate TR trafficking. It would be interesting to investigate
whether KIBRA cooperates with the PAR complex to regulate
the clathrin-independent pathway of exocytosis. If a cooperation
between KIBRA and the PAR complex exists, then the knock-
down of KIBRA may enhance the recycling of MHC class 1
molecules to the cell surface due to the increased activity of the
PAR complex.

The importance of the KIBRA-aPKC pathway seems to be
conserved in directional migration (Fig.2D). Duning et al.”
that the knockdown of KIBRA in cultured

podocytes increased the migrating speed, but caused a frequent

demonstrated
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change in the direction of migration, resulting in inefficient
directional migration. Cell migration requires vesicular transport,
endocytosis of the plasma membrane at the lagging edge, and
exocytosis at the leading edge. The knockdown of KIBRA may
enhance the exocytosis at the leading edge, resulting in hastened
dysregulation of cell migration. Indeed, Rosse and colleagues*
showed that KIBRA binds not only to aPKC, but also to a
component of the exocyst complex, Sec3, which is required for
vesicle tethering and targeting in exocytosis, and the knockdown
of KIBRA in normal rat kidney epithelial cells results in
mislocalization of aPKC, leading to suppression of cell migration
in a wound healing assay. These findings raise the possibility that
KIBRA plays a critical role in cell migration by regulating
vesicular trafficking through its interaction with aPKC.

Conclusions and Future Directions
As reviewed above, KIBRA seems to play important roles in

plasma membrane homeostasis through the regulation of exo-
cytosis from the endosome to the cell surface. However, we do not

know the precise step in membrane trafficking in which KIBRA
participates, such as vesicle fusion and membrane budding.
Furthermore, we know very litcle about how KIBRA, in con-
junction with aPKC, affects membrane regulatory machineries,
such as the SNARE complex. Importantly, KIBRA binds to a
component of the exocyst complex, Sec3, which regulates
vesicular targeting and tethering during exocytosis. During apical
membrane exocytosis, the components of the exocyst complex,
Sec8, Secl0 and Secl5a, mediate the activity of Rablla and
Rab8 to target apical-containing vesicles to the PAR3-localizing
cell-cell contact site (Fig.2A).> Furthermore, PKC phosphory-
lates the exocyst complex and regulates vesicular exocytosis.*®
Taken together, the exocyst complex seems to be the key in
clarifying the nature of the KIBRA-aPKC connection. Further-
more, identification of unknown aPKC targets, whose phosphor-
ylation is regulated by KIBRA, will give us novel insights in this
area. Finally, how the cellular functions of KIBRA described
here are related to other functions of KIBRA, including the
regulation of the Hippo pathway, remains an intriguing question
to be answered in the future.
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