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The Role of the MAGUK Protein CASK in Neural Development and

Synaptic Function
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Abstract: CASK, which belongs to the family of membrane-associated guanylate kinase (MAGUK) proteins, is
recognized as a multidomain scaffolding protein highly expressed in the mammalian nervous system. MAGUK proteins
generally target to neuronal synapses and regulate trafficking, targeting, and signaling of ion channels. However, CASK is
a unique MAGUK protein in several respects. It not only plays a role in synaptic protein targeting but also contributes to
neural development and regulation of gene expression. Several CASK-interacting proteins have been identified from yeast
two-hybrid screening and biochemical isolation. These proteins, whose interactions with CASK are reviewed here,
include the Parkinson’s disease molecule parkin, the adhesion molecule neurexin, syndecans, calcium channel proteins,
the cytoplasmic adaptor protein Mintl, Veli/mLIN-7/MALS, SAP97, caskin and CIP98, transcription factor Tbr-1, and
nucleosome assembly protein CINAP. More important, CASK may form different complexes with different binding
partners and perform different functions. Among these interactions, CASK, Tbr-1, and CINAP can form a transcriptional
complex regulating gene expression. Reelin and NMDAR subunit 2b (NR2b) genes have been identified as Tbr-1 target
genes. Reelin is critical for neural development. NR2b is an important subunit of NMDAR, which plays important roles in
neural function and neurological diseases. Regulation of reelin and NR2b expression suggests the potential roles of the
Tbr-1-CASK-CINAP complex in neural activity, development, and disease. The functions of these CASK protein

complexes are also discussed in detail in this review.
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1. INTRODUCTION

MAGUK proteins play important roles in targeting,
anchoring, and signaling of ion channels at synapses and in
regulation of neural activity. The most well-studied
MAGUK proteins belong to the PSD-95 subfamily, and
detailed information about this subfamily can be found in
previous reviews [1, 2]. The current review focuses on
CASK, which belongs to the p55 subfamily of MAGUK
proteins. CASK was originally identified by yeast two-
hybrid screening of a rat brain library using the C-terminal
region of neurexin as bait [3]. Unlike PSD-95, a neuronal-
specific MAGUK protein, CASK is expressed in but not
restricted to neurons, though the expression levels of CASK
are 3-5-fold higher in brain than in other organs [3, 4]. In
addition to playing an important role in the nervous system,
CASK has also been suggested as having a role in
establishing epithelial cell polarity in mammals [reviewed by
5]. In C. elegans, the CASK homolog LIN-2 is also critical
for vulval induction from epithelial cells [6]. These studies
imply the importance of CASK in epithelial cells.

Although CASK stands for calcium/calmodulin-depend-
ent serine protein kinase and it contains a CaMK-like dom-
ain, it does not possess calcium/calmodulin-dependent
kinase activity; the important residues at the active site of the
CaMK-like domain are mutated [4]. Like other MAGUK
proteins, CASK functions as a multidomain scaffolding
protein. However, unlike members of the PSD-95 subfamily,
CASK not only contributes to ion channel trafficking and
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transmembrane protein anchoring at synapses but also enters
the nuclei of neurons and regulates gene expression. In
addition, targeted mutation of PSD-95 or PSD-93 does not
affect mouse development; both knockout mice are healthy
[7, 8]. In contrast, CASK is an essential gene. Both
insertional mutation in the CASK gene [9] and targeted
knockout of the CASK gene [10] result in lethality in mice
within 1-2 days after birth. Although the reason for lethality
is not clear, cleft palate occurs in both types of mutant mice.
These findings suggest that CASK is important in
development.

Because CASK acts as a multidomain adaptor protein, to
elucidate the biological significance of CASK, I first review
the protein domain structure of CASK, summarize the
interacting proteins of CASK, and extend our understanding
about CASK function from its protein-protein interaction in
this review. Although CASK is widely distributed in
different tissues, I then focus on the function of CASK in the
nervous system because the bulk of information regarding
CASK comes from studies of the nervous system.

2. CASK AND OTHER MAGUKS
2.1. Domain Structures of the MAGUK Protein Family

MAGUK proteins consist of several modular protein-
protein interacting domains (Fig. 1). The PDZ, Src homolog
3 (SH3), and guanylate kinase (GK) domains are the
characteristic protein domains shared in all MAGUK
proteins. Based on sequence similarity and organization of
the protein domain, the proteins are classified into the PSD-
95 and p55 subfamilies. Some MAGUK proteins, such as
MAGI-1 [11] and CARMAI1 [12], possess special domain
organization or unique protein domains and therefore cannot

© 2006 Bentham Science Publishers Ltd.
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Fig. (1). Schematic domain organization of MAGUK proteins.
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be classified into these two subfamilies. In the PSD-95
subfamily, three PDZ domains are clustered at the N-
terminal half followed by the SH3 and guanylate kinase
domains (Fig. 1). In addition to the PDZ, SH3, and GK
domains, the members of the p55 subfamily contain one or
two L27 domain preceding the single PDZ domain (Fig. 1).
CASK is a special member of the pS5 subfamily because an
additional CaMK-like domain is present at its N-terminal
region (Fig. 1). CASK is an evolutionarily conserved gene.
Rat CASK protein shares 99% amino acid sequence
similarity with mouse, 98% with human, 97% with Xenopus,
and 94% with zebrafish. Even the Drosophila and C. elegans
CASK homologs, respectively camguk and LIN-2, share
74% and 63% similarity with the rat CASK protein,
respectively. The features of each domain of the CASK
protein are described below.

2.2. The CASK CaMK-Like Domain

The CaMK-like domain of the CASK protein shares
~66% similarity with CaMKII in the amino acid sequence.
Because the important residues at the active site are mutated,
the CaMK-like domain of CASK is not expected to have
kinase activity [4]. Instead, the CASK CaMK-like domain
functions as a protein-protein interacting domain, which
binds to several cellular proteins, such as Mint1/X11 [13, 14],
Caskin 1 [15], CIP98 [16], and Carom [17]. The function of
the interaction between CASK and CIP98 or Carom is
unclear. The biological significance of the interaction
between Mintl and CASK will be further illustrated in the
following section. Caskin 1 is also expected to act as an
adaptor protein because it contains six N-terminal ankyrin
repeats and a single SH3 domain [15]. Interestingly, Caskin

1 competes with Mintl to interact with the CaMK domain of
CASK [15], suggesting that CASK forms two distinct
protein complexes with Mintl and Caskin 1. Thus far, it is
unclear whether or not Carom or CIP98 also competes with
Mint] to bind CASK.

Although CASK does not possess kinase activity,
Drosophila camguk complexes to CaMKII in the presence of
calcium/calmodulin [18]. This finding suggests the possibi-
lity that the active postsynaptic pool of CaMKII can be
controlled locally to differentiate active and inactive syna-
pses via interaction with camguk. In mammals, it is not clear
if CASK also binds to CaMKII and localizes the activity of
CaMKII. In addition to interacting with CaMKII, Drosophila
camguk has been shown to play a critical role in regulation
of neurotransmitter vesicle release [19] and modulation of
surface expression and phosphorylation of potassium
channel [20]. In mammal, CASK is also implied in regula-
tion of neurotransmission (see details in Section 4).

2.3. The CASK L27 Domains

The L27 domain was originally identified from LIN-
2/CASK and LIN-7/Veli/Mals, which is a novel protein-
protein interacting domain with approximately 50-60 amino
acid residues [reviewed by 21]. VeliiMALS/LIN-7 is a small
polypeptide containing one L27 domain followed by one
class I PDZ domain. In CASK/LIN-2, there are two L27
domains localized between the CaMK-like and PDZ domain
(Fig. 1). The first L27 domain, namely the L27A or L27N
domain, interacts with the unique L27 domain of SAP97 [22],
another MAGUK protein belonging to the PSD-95 subfamily
(Fig. 1). The second L27 domain, namely the L27B or L27C
domain, interacts with the N-terminal L27 domain of
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Veli/MALS/LIN-7 [13, 14, 21, 23]. Formation of the
heteromeric L27 complexes is highly specific. The CASK
L27N domain only interacts with SAP97 but not with
Veli/Mals/mLIN-7. Conversely, the CASK L27C domain
specifically recognizes Veli/Mals/mLIN-7 but not SAP97.
High-resolution NMR analysis further demonstrated that L27
domains form a heterotetrameric complex [24, 25]. Each L27
domain contains three o helices. The first two helices of
CASK L27A and SAP97 L27 domains are packed together
to form a four-helical bundle in the heterodimer. The third
helix forms another four-helical bundle that assembles two
heterodimers into a tetramer [24]. The CASK L27B and Veli
L27 domain form a similar structure [25]. The specificity of
L27 complex formation is determined by the third o helix
[25].

2.4. The CASK PDZ Domain

The PDZ domains, consisting of approximately 90 amino
acid residues, are specialized for binding to short peptide
motifs at the extreme C-terminal tail of their binding partners
[reviewed by 26], although other modes of interaction also
occur [reviewed by 27]. PDZ stands for the first three
identified PDZ proteins: PSD-95 (postsynaptic density-95),
Dlg (Disc large), and ZO-1 (zonula occludens-1). Three
types of PDZ domains have been classified based on their
preference of binding sequence. The consensus sequence for
the recognition of class I PDZ domains is X-S/T-X-V or X-
S/T-X-L. X can be any amino acid residue. The PDZ
domains of the PSD-95 subfamily all belong to this class.
The class II PDZ domains prefer to bind to the consensus
sequence X-®-X-V/A/l. @ represents a hydrophobic amino
acid, such as Tyr, Phe, Val, or Ile. The PDZ domains of the
p55 subfamily belong to class II. The class III PDZ domain
interacts with the sequence X-D-X-V. The PDZ domain of
nNOS is a class III PDZ protein.

The structure of the third PDZ domain of PSD-95 has
been determined using X-ray crystallography approaches
[28]. This work revealed that the PDZ domain forms a
hydrophobic pocket, which allows the free C-terminal
residue to fit in and form a stable interaction. The PDZ
ligand engages the PDZ domain via antiparallel main chain
interactions with a B sheet of the domain. The specific side-
chain interactions determine the selective recognition of the
C-terminal consensus sequence. The structure of the CASK
PDZ domain has also been solved [29]. The result showed
that class II PDZ domains differ from class I domains by
formation of a second hydrophobic binding pocket, which
interacts with the hydrophobic side chain of the -2 residue of
the class I PDZ ligands.

For CASK, several cellular proteins have been identified
as binding partners via the PDZ domain, including neurexin
(C-terminus: -E-Y-Y-V [3]), syndecans (C-terminus: -E-F-
Y-A [30], parkin (C-terminus: -W-F-D-V [31], and
SynCAM (C-terminus: -E-Y-F-I [32]). The biological
significance of these interactions will be discussed in Section
4.

2.5. The CASK SH3 Domain

The Src homolog 3 (SH3) domain originally identified
from Src protein typically interacts with a proline-rich
sequence. It has been shown that the CASK SH3 domain
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interacts with a strong class I SH3 domain-binding
consensus R-Q-L-P-Q-T-P-L-T-P-R-P present in the op;
subunit of the N-type Ca’" channel [33, 34]. The o5 subunit
of the N-type Ca®" channel not only interacts with the CASK
SH3 domain via its proline-rich motif but also binds to the
first PDZ domain of Mintl through its C-terminal tail of the
D-H-W-C sequence [34]. The recombinant CASK and Mintl
colocalize with N-type Ca®" channels at synapses. Moreover,
mutation on the CASK or Mintl binding site impairs the
synaptic distribution of the N-type Ca’' channel. These
findings support the idea that interactions between the N-
type Ca’" channel and CASK/Mint] are critical for synaptic
targeting of the N-type channel (Fig. 2b) [33].

In addition to interaction with the proline-rich motif, the
CASK SH3 domain mediates interaction with the GK
domain [35]. This interaction can occur intra- or inter-
molecularly. CASK protein can therefore form a homodimer
via the inter-molecular SH3-GK interaction. Because the
CASK SH3 domain also recognizes the GK domain of other
MAGUK proteins, such as p55, CASK also forms
heterodimers with other MAGUK proteins via an inter-
molecular SH3-GK interaction [35]. This kind of SH3-GK
interaction is not restricted to the p55 subfamily. It also
happens in the PSD-95 subfamily, including PSD-95,
Chapsyn-110, and SAP97 [36, 37]. Therefore, it has been
hypothesized that MAGUK proteins may form their large
scaffold complexes via their SH3-GK interaction [35].

2.6. The Hook (Protein 4.1 Binding) Motif

The protein 4.1 binding motif or so-called “Hook motif,”
a lysine-rich short stretch, is present in some MAGUK
proteins, including CASK, p55, and SAP-97 (Fig. 1) [4, 38,
39]. In CASK, the protein 4.1 binding motif is in the amino
acid sequence K-K-K-K-Q-Y-K-D-K. The in vitro pull-
down and overlay assay demonstrated that this short
sequence interacts with protein 4.1 [4]. The function of
protein 4.1 is to interact with actin molecules and promote
formation of actin/spectrin microfilaments. A biochemical
reconstitution assay has demonstrated that CASK binds a
brain-enriched isoform of protein 4.1 and nucleates local
assembly of actin/spectrin filaments. This complex also
recruits a CASK-binding membrane protein, neurexin [40].
The evidence suggests that CASK acts as an adaptor protein
linking transmembrane proteins to cytoskeleton.

2.7. The CASK GK Domain

Guanylate kinase catalyzes the reversible phosphoryl
transfer from ATP to GMP in the presence of Mg*" [41]. It
plays an important role in the synthesis of the nucleotide
precursors for nucleic acids. Although the rat CASK GK
domain shares 51% similarity with rat guanylate kinasel in
the amino acid sequence, thus far, there is no evidence
indicating that the CASK GK domain carries the phosphoryl
transfer activity. Instead, like other CASK domains, the GK
domain also functions as protein-protein interaction domain.
By yeast two-hybrid screening, several GK domain
interacting proteins have been identified, including T-box
transcription factor Tbr-1 (T-brain-1) [42], nucleosome
assembly protein CINAP (CASK Interacting Nucleosome
Assembly Protein)[43], and a =zinc finger protein,
Bcll1A/Evi9/CTIP1 [44]. Interestingly, all the identified
CASK GK interacting proteins are nuclear proteins. This
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Fig. (2). The CASK protein complex in protein trafficking and synaptic targeting.
(a) The CASK-Mintl-Veli complex is involved in NMDAR trafficking from soma to synapse. Via the interaction between the Veli PDZ
domain and the C-terminal tail of NR2b and the binding between the Mintl PDZ domain and the C-terminal tail of KIF17, the CASK-Mint1-
Veli complex links NMDAR to vesicle transport cargo. (b) Synaptic targeting of the N-type calcium channel is mediated by both Mintl and
CASK. The N-type calcium channel interacts with both Mintl and CASK through different motifs. Abolishment of the interactions with
CASK and Mintl inhibits the synaptic distribution of the N-type calcium channel.

property of CASK is very different from that of PSD-95,
which interacts with another adaptor protein, GKAP [45],
and the signaling molecule SPAR [46]. The interaction
between PSD-95 and GKAP further links PSD-95 to another
adaptor protein, Shank [47]. The interaction between PSD-
95 and SPAR couples PSD-95 to a signaling pathway
important for dendritic spine formation [48]. CASK’s
distinct property of interacting with nuclear proteins suggests
a function of CASK in the nucleus. The detail nuclear
function of CASK will be discussed in Section 4.

2.8. Alternative Splicing of CASK

The first paper showing the alternative splicing of CASK
was contributed by Joanna Wilson’s laboratory [9]. They
analyzed the phenotype of a transgenic mouse carrying an
insertional mutation in the CASK gene. Their study revealed
that mutation in the CASK gene, which is X-linked, results
in sex-linked cleft palate. When they analyzed the mRNA of
murine CASK, they found that the murine CASK gene
expresses two splicing forms, mCASK-A and mCASK-B.
The short form, mCASK-A, contains only the CaMK, L27,
and PDZ domains; the long form, mCASK-B, is virtually
identical to rat and human CASK. Another study analyzing

the alternative splicing mediated by Nova in the brain also
showed that CASK is one of the genes in the brain regulated
by alternative splicing [49]. Although the evidence supports
the alternative splicing of CASK in the brain, it is not clear
whether any specific signal or physiological situation
regulates mRNA splicing of CASK in the brain or what the
consequence of CASK alternative splicing is. More detailed
analyses need to be performed to address this issue.

3. REGIONAL AND SUBCELLULAR DISTRIBUTION
OF CASK IN BRAIN

The results of biochemical and immunohistochemical
studies have shown that CASK proteins are widely
distributed in different regions of the rat brain, including the
cerebral cortex, hippocampus, thalamus, cerebellum, and
brain stem [30]. These findings suggest that CASK may play
an essential role in different brain functions. Higher
magnification imaging using confocal and electric
microscope (EM) was also performed to analyze the
subcellular distribution of CASK proteins. In adult rat brain,
CASK proteins are mainly somatodendritic. Confocal
analysis showed a punctate staining pattern of CASK [30],
suggesting a synaptic distribution of CASK proteins.
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Immunogold EM further demonstrated that CASK is present
at both presynaptic sites and associated with postsynaptic
density (PSD) [30]. Biochemical fractionation demonstrated
that CASK proteins are enriched at PSD [30]. At pre- and
post-synaptic sites, CASK may associate with different
molecules (see details in Section 4). Although CASK is
enriched at synapses, a significant amount of CASK is also
present in the cytoplasm [30], indicating that CASK not only
functions as an adaptor protein at the synapse but also plays
arole in the cytoplasm of mature neurons.

Table1. Summary of CASK Interacting Proteins
CASK Interacting Function of the Reference
domain protein interaction
CaMK Mint1/X11 synaptic protein [33,34,55]
domain trafficking and
targeting
Caskinl competes CASK [15]
binding with Mintl
CIP98 unknown [16]
Carom unknown [17]
liprin synaptic vesicle [52]
cycling
L27A SAP97 links to Inward [65, 66]
domain rectifier potassium
channel
liprin synaptic vesicle [52]
cycling
L27B Veli/mLIN- synaptic protein [55]
domain 7/Mals trafficking and
targeting
PDZ Neurexin synaptic interaction [3]
domain
syndecan-2 synaptic interaction [30, 64]
and formation
parkin unknown [31]
SynCAM synaptic interaction [32]
SH3 N-type Ca synaptic targeting [33, 34]
domain channel
GK domain of dimerization [35]
MAGUKs
GK Tbr-1 transcriptional [42,43,75]
domain regulation; brain
development
CINAP transcriptional [43]
regulation; synaptic
response

At the embryonic stage, although the majority (~80%) of
CASK proteins are still present in the cytoplasm, a portion
(~20%) of CASK is detected in the nuclei of embryonic
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neurons [42]. This observation suggests a nuclear function of
CASK in embryonic neurons. Indeed, nuclear CASK in
embryonic neurons interacts with T-box transcription factor
Tbr-1 and enhances the transcriptional activity of Tbr-1 [42].
Tbr-1 is an important transcription factor in cerebral cortex
development. The interaction with Tbr-1 and enhancement
of its transcriptional activity suggest a role for CASK in
development during the embryonic period.

At the postnatal stage (before postnatal day 21), a robust
CASK immunostaining signal is present in axonal pathways,
including the corpus callosum (an axonal pathway
connecting the two hemispheres of the cerebral cortex), the
fimbria and alveus of the hippocampal formation, the white
matter of the cerebellum, and the axon tracts running through
the thalamus [50]. At maturation of rat brain (at the end of
three weeks after birth), axonal CASK signal is greatly
reduced, and CASK expression shifts to a somatodendritic
pattern like that of the adult brain [50].

The above studies demonstrate a developmental
regulation of the CASK expression pattern in the brain,
suggesting versatile roles for CASK at different stages of
brain development. In the embryonic period, some CASK
proteins enter the nuclei of neurons to regulate gene
expression; in the juvenile brain, CASK can distribute into
axons and may contribute to axonal outgrowth or pathfinding;
in the adult brain, the synaptic distribution of CASK
indicates that CASK acts as an adaptor protein and is
involved in synaptic organization and synaptic protein
targeting. These speculations based on CASK distribution
are further confirmed by studies of CASK-interacting
proteins, which are described in detail in Section 4.

4. THE BIOLOGICAL SIGNIFICANCE OF CASK IN
THE BRAIN

4.1. Genetic Mouse Models

A mouse mutant line harboring a transgenic encoding the
Epstein-Barr virus latent membrane protein-1 in the CASK
gene exhibited the phenotype of sex-linked cleft palate [9,
51]. All transgenically positive males died within 24 hours of
birth because of the inability to suckle. Both males and
females displayed an altered cranial morphology, indicating
an essential role of CASK in development. Also, spinal
kinks were observed in transgenic females, suggesting a
critical neural function of CASK. These phenotypes were not
observed in any other transgenic lines expressing the same
transgene, supporting the inference that disruption of the
CASK gene results in the described phenotype.

Gene targeting approaches have been used to generate
CASK traditional knockout mice [10]. As with the
transgenic CASK mutant mice, CASK knockout mice die
within a few hours of birth and also exhibit the cleft palate
phenotype. In addition, neural apoptosis is increased in
CASK-deficient mice. A decrease in the frequency of
inhibitory mini-events and an increase in the frequency of
excitatory spontaneous mini-events were observed in CASK
knockout mice, indicating that the balance of excitatory-
inhibitory synapse numbers is altered. The findings from
these two genetic mouse models support the role of CASK in
development and neural activity.
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4.2. The Protein Complex of Mint1/LIN-10, CASK/LIN-2,
and Veli/LIN-7 IN C. Elegans and in Mammalian Brain

In C. elegans, the CASK homolog LIN-2 was identified
from a screening that isolated mutants with a defect in vulval
differentiation [6]. From the screening, mutation in another
two genes, LIN-7 and LIN-10, was also found to elicit the
same phenotype as the lin-2 mutant. Genetic studies indicate
that LIN-2, LIN-7, and LIN-10 work together downstream of
the LET-23 (EGFR) receptor tyrosine kinase pathway
involved in induction of vulval development [6]. After
identification of the genes, biochemical analyses revealed
that LIN-2, LIN-7, and LIN-10 form a protein complex via
interactions between LIN-2/LIN-7 and LIN-2/LIN-10 [23].
LIN-7 and LIN-10 are also PDZ-containing adaptor proteins.
The C-terminal tail of LET-23 carries a class I PDZ binding
site (E-T-C-L), which interacts with the PDZ domain of
LIN-7. LIN-7 is a small protein, containing only an L27
domain and a PDZ domain [13, 14, 23]. The L27 domain
interacts with the LIN-2 L27B domain. LIN-10 consists of a
LIN-2 binding domain at the N-terminus followed by a PTB
(phosphotyrosine binding) domain and two PDZ domains
[13, 14, 23]. Mutation of LIN-2, LIN-7, and LIN-10 leads to
mislocalization of LET-23, which cannot properly receive
the LIN-3 (EGF) signal delivered from the anchoring cell.
Meanwhile, Mintl (munc-18 interacting protein 1) and
mLIN-7/Veli/Mals (mammalian LIN-7/vertebrate LIN-7)
were identified as mammalian homologs of LIN-10 and LIN-
7, respectively [13, 14].

The biochemical studies also demonstrated that, similar
to C. elegans homologs, mammalian CASK, Veli, and Mint1
also form a protein complex in neurons [13, 14]. However,
the biological function of the Mintl-CASK-Veli complex
may not be identical to that of the LIN-10-LIN-2-LIN-7
complex. First of all, because Mintl is a neuron-specific
gene, the Mintl-CASK-Veli complex only performs its
function in neurons, although CASK and Veli may still form
a complex and work together in other tissues. Secondary,
mammalian EGFR may not be regulated by the CASK-Veli-
Mintl protein complex. In mammals, there are four members
of the EGFR tyrosine receptor kinase family, including
EGFR (ErbB1), ErbB2, ErbB3, and ErbB4. The C-terminal
tails of these members are F-1/S-G-A (EGFR/ErbB1), D-V-
P-V (ErbB2 isoform 1), W-L-C-S (ErbB2 isoform 2), A-Q-
R-T/1 (ErbB3), and N-T-V-V (ErbB4), which are not
identical to the C-terminal tail of LET-23. Although ErbB4
carries a class I PDZ binding site, no results from
biochemical studies support that there is an interaction
between the CASK-Veli-Mintl complex and ErbB4.
Therefore, instead of localizing EGFR members at specific
subcellular regions, the CASK-Veli-Mintl complex may
have a different function in mammalian brain. Indeed, this
protein complex has been shown to play roles in synaptic
organization, synaptic protein targeting, and regulation of
neurotransmission. For instance, it has been recently shown
that the protein complex containing Veli/MALS, CASK, and
liprin-a is suggested to play a role in presynaptic vesicle
cycling [52]. In this complex, both the CaMK and the first
L27 domain of CASK are required for the direct interaction
with the first SAM domain of liprin-o.. In Drosophila, the
mutant lacking of liprin-a exhibits a concomitant decrease in
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synaptic transmission [53]. Moreover, targeting mutation of
all three Veli/MALS genes in mice leads to abnormal
presynaptic vesicle cycling and therefore reduces excitatory
postsynaptic currents [52]. These studies indicate a role of
CASK-Veli-Mintl complex in neurotransmission.

4.3. NMDAR Trafficking and the Veli-CASK-Mintl
Complex

In the CASK-Mintl-Veli complex, Veli/Mals/mLIN-7
contains one class I PDZ domain, which shares 55% and
63% amino acid sequence similarity with the first and
second PDZ domains of PSD-95, respectively. It also shares
the same binding specificity. Like the first and second PDZ
domains of PSD-95, the PDZ domain of Veli/Mals/mLIN-7
binds the C-terminal tail of the NMDAR subunit 2b (NR2b)
[54]. In the CASK-Mintl-Veli complex, Mintl interacts with
KIF17, a dendritic-specific motor protein, via its first PDZ
domain and the C-terminal tail (G-E-P-L) of KIF17 [55].
Therefore, the CASK-Mintl-Veli complex links NMDAR to
KIF17 wvesicle transport cargo and mediates NMDAR
transport along microtubules [55]. KIF17 is critical for NR2b
transportation from soma to synapses because cellular
knockdown or functional blockade of KIF17 significantly
impairs NR2b expression and its synaptic localization in
cultured hippocampal neurons [56]. These studies are the
first demonstration that the Mintl-CASK-Veli complex
plays a role in protein trafficking in neurons (Fig. 2a).

4.4. Neurexin-Neuroligin in Synaptic Interaction

Mammalian CASK was first identified with a yeast two-
hybrid screening using B-neurexin as bait [3]. CASK PDZ
domain interacts with the C-terminal tail (E-Y-Y-V) of B-
neurexin. PB-neurexins are neuronal cell-surface adhesion
molecules, which tightly bind to neuroligins, another class of
neuronal cell surface receptor at the postsynaptic site
[reviewed by 57]. The evidence indicates that CASK or
perhaps the CASK-Mintl-Veli complex binds to the C-
terminal end of B-neurexin at the presynaptic site [3, 13], and
neuroligin interacts with PSD-95 via its C-terminal tail and
the third PDZ domain of PSD-95 at the postsynaptic site (Fig.
3a) [58, 59].

More interesting, overexpression of B-neurexin in PC12
cells induced PSD-95 clustering in contacting dendrites of
hippocampal neurons. This effect is specific to B-neurexin
and was not observed with other synaptic cell adhesion
molecules such as N-cadherin or SynCAM [60]. Expression
of a dominant-negative neuroligin-1 lacking the C-terminal
PSD-95 binding site in cultured neurons markedly reduced
the sizes and densities of PSD-95 puncta induced by B-
neurexin [60]. Treatment of cultured neurons with a fusion
protein containing the ectodomain of B-neurexin reduces the
number of both excitatory and inhibitory synapses [61],
suggesting a critical role of B-neurexin in synaptic formation.
Because the [-neurexin/neuroligin junction has been
implicated in synaptic interaction and the CASK-Mintl-Veli
complex acts as an adaptor protein complex interacting with
B-neurexin, the current model proposes that the CASK-
Mintl-Veli complex functions as a nucleation site for the
assembly of proteins involved in synaptic junctions and
synaptic vesicle exocytosis (Fig. 3a).
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Fig. (3). The role of CASK in synaptic interaction and formation.

CASK involvement in synaptic interaction and formation is mediated by interaction with (a) neurexin, (b) syndecan-2, and (¢) SynCAM. (a)
At the presynaptic site, CASK not only recognizes f-neurexin but also forms a complex with Mintl, Veli, and protein 4.1. Protein 4.1 further
links the complex to the actin cytoskeleton. The extracellular domain of B-neurexin binds neuroligin located at the postsynaptic site. PSD-95
is the adaptor protein for neuroligin. (b) Syndecan-2 is present at both the postsynaptic site and presynaptic vesicle. It is likely that syndecan-
2 is also present at the presynaptic plasma membrane. The ligand for syndecan-2 at the postsynaptic site is still unknown. Because syndecans
may mediate homophilic interactions, if syndecan-2 also present at the presynaptic plasma membrane, postsynaptic syndecan-2 might
interact with presynaptic syndecan-2 and promote synaptic interaction and formation. Both phosphorylation by tyrosine kinase receptor
EphB2 and the interaction with CASK are required for the synaptogenesis activity of syndecan-2. (¢) SynCAM can also form a homophilic
interaction between psot- and pre-synaptic sites. CASK binds the C-terminal tail of SynCAM. However, it is unclear if CASK is required for

SynCAM activity at both post- and pre-synaptic sites.

4.5. Syndecan-2 and CASK in Dendritic Spine Formation

Using yeast two-hybrid screening, syndecan-2 was

identified as a CASK PDZ domain interacting protein [4, 30].

Syndecan-2 belongs to the syndecan heparan sulfate
proteoglycan (HSPG) family, which is the major
transmembrane HSPG. In mammals, there are four members
in this family: syndecan-1, syndecan-2, syndecan-3, and
syndecan-4. Because these four members all share the
identical C-terminal sequence E-F-Y-A, they all interact with
CASK [30, 50]. Expression and distribution of syndecans are
tightly controlled by several physiological conditions (such
as tumorigenesis, angiogenesis, and wound healing),
developmental stages, and cell type [reviewed by 62, 63]. In
adult rat brain, all four syndecans can be detected by in situ
hybridization as having different expression patterns [50].
Syndecan-1 is restricted to the granular cell layer of the
cerebellum and is almost undetectable in forebrain. Both
syndecan-2 and syndecan-3 are widely expressed in different
regions of rat brain, although syndecan-2 exhibits slightly

more expression in the striatum, and expression levels of
syndecan-3 are slightly increased in thalamus when these
two syndecans are compared. Syndecan-4 is mainly
restricted to glial cells. Therefore, syndecan-2 and syndecan-
3 are the two major neural syndecans in rodent [50].

The results of immunohistochemistry studies further
indicate a differential subcellular distribution of syndecan-2
and syndecan-3 in neurons. Syndecan-3 is more highly
expressed in developing brain and concentrated in axons [50].
In contrast, syndecan-2 is highly restricted at synapses.
Expression levels of syndecan-2 are gradually increased
during neural maturation both in vitro and in vivo, which
correlates with synaptogenesis [30, 50, 64]. A shift of CASK
distribution from an axonal pattern to somatodendritic
localization during brain developmental processes (details in
Section 3) is consistent with the differential expression of
syndecan-2 and syndecan-3 in the brain. These findings
indicate that CASK interacts with syndecan-3 along axons in
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juvenile brain (before postnatal day 21) and binds to
syndecan-2 at synapses in adult brain [30, 50].

The biological significance of the interaction between
CASK and syndecan-3 along the axon has not been fully
explored. It is possible that CASK links syndecan-3 to the
actin cytoskeleton via protein 4.1 and contributes to axon
outgrowth. The role of the interaction between CASK and
syndecan-2 at synapses is much clearer (Fig. 3b). Syndecan-
2 is not only present at synapses but also is important for
dendritic spinogenesis. Dendritic spine formation typically
occurs after 14 DIV (day in vitro) in cultured hippocampal
neurons. Syndecan-2 is expressed late (after 14 DIV) in
cultured hippocampal neurons, which coincides with
dendritic spine formation in mature neuronal cultures [64].
Overexpression of syndecan-2 starting at 1 DIV accelerates
spine formation in hippocampal neurons to 8 DIV [64]. The
C-terminal CASK binding site of syndecan-2 is essential for
promoting spinogenesis; the syndecan-2 mutant lacking the
last three amino acids loses the ability to promote dendritic
spine formation [64]. These data suggest that CASK may be
involved in spinogenesis via interaction with syndecan-2,
although direct evidence supporting this point needs to be
obtained by knocking out or knocking down CASK in mice
or cultured neurons.

4.6. SynCAM and Synaptic Interaction and Function

SynCAM (Synaptic Cell Adhesion Molecule) was
originally identified by a database search with the criteria
that the protein contains an extracellular immunoglobulin (Ig)
domain and an intracellular PDZ binding motif [32].
SynCAM functions as a homophilic cell adhesion molecule
through its extracellular Ig domain. Via its C-terminal E-F-
Y-I motif (a class II PDZ binding site), SynCAM interacts
with the CASK PDZ domain [32]. Like CASK, SynCAM is
present at both the pre- and post-synaptic sites.
Overexpression of full-length SynCAM in hippocampal
neurons increases the frequency of spontaneous miniature
synaptic currents (minis). Because the mini frequency
recorded in a postsynaptic neuron depends primarily on the
number of synapses and their release probability, an increase
in the mini frequency by overexpression of SynCAM
indicates that SynCAM regulates synaptic formation and/or
synaptic function. Indeed, co-expression of SynCAM and
glutamate receptor GluR2 in HEK239 cells induces co-
cultured neurons to form a synapse at the contact sites
between HEK239 cells and neurons. This synaptic contact is
functional because the presynaptic vesicle can be released
upon stimulation [32]. Overexpression of the full-length
cytoplasmic region of SynCAM as a dominant-negative
mutant reduced synaptic activity in neurons; however, the
cytoplasmic mutant construct lacking the CASK binding site
did not affect synaptic activity. These findings indicate that
the C-terminal CASK PDZ binding site of SynCAM is
important for the function of SynCAM in synaptic formation
and function. Therefore, the function of the interaction
between SynCAM and CASK is similar to that of CASK-
syndecan-2 and CASK-neurexin interaction, which is critical
for synaptic interaction, formation, and function (Fig. 3¢).

4.7. The Interaction Between CASK and Parkin

In addition to the transmembrane proteins syndecan-2,
neurexin, and SynCAM, the CASK PDZ domain has been
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shown to interact with a cytoplasmic protein, parkin [31],
which is a RING-type E3 ubiquitin ligase involved in the
ubiquitin-dependent proteasomal degradation pathway.
Mutations in the parkin gene cause an autosomal recessive
juvenile-onset form of Parkinson’s disease, which involves
the selective degeneration of dopamine neurons in the
midbrain. Through the C-terminal W-F-D-V motif, parkin
interacts with the CASK PDZ domain [31]. Thus far, the
biological significance of the interaction between CASK and
parkin is unclear. Because parkin functions as an E3 ligase,
its interaction with CASK might regulate CASK protein
stability; however, the in vitro ubiquitination assay has
demonstrated that parkin does not ubiquitinate CASK [31].
Therefore, the interaction between CASK and parkin does
not target regulation of CASK protein levels. It is possible
that parkin ubiquitinates CASK-interacting proteins via
interaction with CASK. Alternatively, parkin may target to
synapse via the interaction with CASK. More experiments
need to be performed to elucidate the function of the CASK-
parkin interaction.

4.8. The Interaction Between CASK and Other MAGUK
or PDZ Proteins

CASK can interact with other MAGUK proteins via two
different mechanisms. One is through the interaction
between the L27A domain of CASK and the N-terminal L27
domain of SAP97; the other is via the SH3-GK interaction
(see Section 2). Because different MAGUK proteins
recognize various binding partners, the interaction with other
MAGUK proteins provides a more complex protein-protein
interaction network, further enhancing the biological
importance of CASK. For instance, proteomic studies have
shown that CASK associates with inward rectifier Kir2
potassium channels [65, 66] and serotonin receptor 5-HT2C
[67]. In the Kir2 study, CASK, SAP97, Veli, and Mintl all
are present in the pull-down complex using Kir2 fusion
proteins. The C-terminal tail of Kir2 contains a class I PDZ
domain binding site. Therefore, the interaction between the
PDZ domain of SAP97 or Veli and the C-terminal tail of
Kir2 is suggested to mediate the interaction between Kir2
and the CASK-SAP97-Mintl-Veli complex [66]. For
serotonin receptor 5S-HT2C, CASK, Mintl, and Veli are also
present in the precipitate using an 5-HT2C fusion protein
[67]. The C-terminal I-S-S-V sequence of 5-HT2C binds to
the Veli PDZ domain [68]. Because the C-terminal PDZ
binding domain of 5-HT2C is essential for receptor
phosphorylation and resensitization of 5-HT2C [69], the
interaction between 5-HT2C and the Veli-CASK-Mintl
complex may play a critical role in 5-HT2C signaling.

In addition to MAGUK proteins, we recently identified
GRIP1, a multiple PDZ protein, as a CASK-interacting
protein from a proteomic study [70]. The CASK protein
complexes were isolated from rat brain extracts, separated by
2-dimensional electrophoresis, and analyzed by MALDI-
TOF mass spectrometry. GRIP1 is one of the CASK-
associated proteins isolated from the analysis. Co-
immunoprecipitation was further performed to confirm the
interaction between CASK and GRIPI and to identify that
the GRIP1 PDZ6 domain is the associating domain for the
CASK PDZ domain [70]. Based on X-ray crystallography
studies, the PDZ6 domain of GRIPI1, also a class II PDZ
domain, forms a multimer through a PDZ-PDZ interaction
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[71]. Therefore, the GRIP1 PDZ domain may use the same
mechanism to interact with the CASK PDZ domain.

Since GRIP1 was originally identified as glutamate
receptor interacting protein, which specifically binds to the
C-terminal tails of AMPA type glutamate receptor GluR2
and GluR3, the association between CASK and GluR2/3 in
rat brain was also examined. Indeed, CASK antibody could
also co-precipitate GluR2/3 from rat brain extracts [70]. The
results show that this interaction with GRIP1 links CASK to
the AMPA receptor. Because the synaptic function of
GluR2/3 is tightly regulated by plasma membrane insertion
and endocytosis and the CASK protein complex has been
implicated in protein trafficking, it will be interesting to
examine whether or not the interaction between CASK and
GRIP1 is involved in protein trafficking of GluR2/3.

4.9. The Nuclear Function of CASK in Neurons

In the embryonic period, confocal analysis indicates that
approximately 20% of CASK proteins are present in the
nuclei of neurons in the cerebral cortex. Biochemical
fractionation also confirms the presence of CASK in the
nuclear fraction of cerebral cortex and hippocampus [42]. In
the nucleus, CASK interacts with nuclear proteins and
regulates gene expression. Yeast two-hybrid screening
helped to identify three CASK-interacting proteins using the
CASK GK domain as bait. These three proteins are Tbr-1
[42], CINAP [43], and Bcll1A/Evi9/CTIP [44]. The Tbr-1
gene is highly expressed in embryonic brain, and expression
gradually decreases during development but is still present in
significant amounts in the adult brain [42, 72]. Its expression
is restricted to the cerebral cortex, the hippocampus, and the
olfactory bulb [72, 73]. Knocking out the Tbr-1 gene in mice
results in abnormal lamination of the cerebral cortex and
defective axonal projections between the cerebral cortex and
the thalamus [74]. The mutant mice die within one to two
days after birth.

In rodent cerebral cortex, neurons are divided into 6
layers based on their morphology and function. Axons of
each layer of neurons target specific regions of brain or
spinal cord. Disruption of the migration of specific neurons
to their final destination (namely lamination) interrupts the
formation of the normal neural circuit. The phenotype of
Tbr-1 knockout mice in lamination indicates an essential role
of Tbr-1 in cerebral cortex development. Interaction with
CASK enhances the transcriptional activity of Tbr-1 [42].
Thus, CASK may play a role in cerebral cortex development
via the interaction with Tbr-1 (Fig. 4a). This idea is
consistent with the phenotype of smaller brain observed in
CASK insertional mutant mice (described in Section 4.1).

To further elucidate the role of Tbr-1 and CASK in brain
development, the downstream target genes of the Tbr-
1/CASK complex were identified initially from a
computerized search using the Tbr-1 binding sequence from
GenBank [75]. More than 60 genes containing a Tbr-1
binding site in the promoter region were identified from the
search. Around 20 are potential Tbr-1 target genes because
of their expression in brain. Among these genes, reelin and
NMDA receptor subunit 2b (NR2b) are particularly
interesting. The reelin gene encodes a large extracellular
matrix protein, which is important in lamination of cerebral
cortex [76-78]. This function is consistent with the
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lamination phenotype of Tbr-1 knockout mice. NR2b is a
subunit of an important ion channel NMDA type glutamate
receptor (NMDAR). The unique capabilities of NMDAR to
gate Ca’" ions and link to Ca’’-dependent intracellular
signaling such as LTP have indicated the important roles of
NMDAR in synaptic plasticity and learning. In addition,
NMDAR also plays important roles in neural development,
such as axonal guidance and neural circuit formation [79-81],
and pathophysiological conditions, such as schizophrenia,
Parkinson’s disease, Hungtington’s disease, Alzheimer’s
disease, drug abuse, and excitotoxicity [reviewed by 82].
NMDAR is a heteromeric ion channel composed of two NR1
subunits and two NR2 subunits [83]. There are four NR2
subunits, NR2a, NR2b, NR2c¢, and NR2d, and their
expression is regionally and developmentally regulated [84-
87]. NR2c is specifically expressed in cerebellum, and NR2d
is highly concentrated in midbrain structures. NR2a and
NR2b are two major NR2 subunits in the forebrain: NR2b
expression starts in the embryonic period, peaks around
postnatal day 20, and gradually decreases; NR2a is first
detected near birth and gradually increases toward
maturation of brain development. Among these four NR2
subunits, NR2b is particularly interesting because the
NMDAR containing the NR2b subunit has a longer duration
for allowing more Ca®’ influx upon synaptic stimulation.
Therefore, regulation of NR2b expression and function is the
important issue, although little is currently known about
regulation of NR2b gene expression [reviewed by 88]. NR2b
regulation by the Tbr-1 and CASK complex is the first
suggestion of a sequence-specific transcription factor that
regulates NR2b expression [75]. Because NR2b is expressed
embryonically and involved in axonal outgrowth and neural
map formation, it may mediate the function of Tbr-1 in
axonal projections between the cerebral cortex and the
thalamus. Although Tbr-1 is important for cerebral cortex
development, it may also play a role in adult brain because it
still expresses a significant amount in adult brain.
Conditional Tbr-1 knockout mice will be helpful in
addressing the function of Tbr-1 in adult brain and in
investigating whether Tbr-1 also regulates NR2b expression
in adults.

Because the CASK protein itself does not possess any
known transcriptional co-activation motif and mainly
functions as an adaptor protein to link functional related
proteins together, it is very likely that CASK couples Tbr-1
and other transcriptional modulators, thus regulating
transcriptional activity of Tbr-1. The second CASK GK
interacting protein, CINAP, may play a role. CINAP
contains a conserved nucleosome assembly protein (NAP)
domain. More than a dozen NAPs have been identified. They
act as histone chaperones, which deposit histones on the
newly synthesized chromosomal DNA or remove histones
from the chromosome during transcription [reviewed by 89,
90].

CINAP is widely distributed in different tissues with a
higher expression level in brain. In mature neurons-non-
dividing cells-CINAP cannot contribute to chromosomal
DNA synthesis, and it may primarily regulate gene
expression. Via interaction with CASK, CINAP may
modulate chromosomal structure flanking the Tbr-1 binding
sites and regulate expression of Tbr-1 downstream target
genes. Indeed, in the presence of CASK, CINAP co-
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Fig. (4). The nuclear function of CASK in the brain.

(a) The potential role of the Tbr-1-CASK complex in neural development. In immature neurons, a significant portion of CASK enters the
nucleus of neuron, interacts with Tbr-1, and activates expression of genes involved in neural development. Several processes are involved in
neural development, including neural migration, neural outgrowth, and synaptogenesis. Based on the phenotype of Tbr-1 knockout mice, the
Tbr-1-CASK complex may regulate expression of genes, such as reelin and NR2b, that contribute to migration and axonal outgrowth. In
mature neurons, the majority of CASK is present in the cytoplasm, dendrites, dendritic spines, and axonal termini. Expression of genes
involved in development controlled by the Tbr-1-CASK complex is therefore reduced. (b) The function of the CINAP-CASK-Tbr-1 complex
in synaptic response. Through the interaction with CASK, Tbr-1 further forms a complex with CINAP. The CINAP-CASK-Tbr-1 complex
regulates NR2b expression. Because CINAP protein levels are controlled by a proteasomal degradation pathway activated by NMDAR, the
CINAP-CASK-Tbr-1 complex mediates a negative feedback mechanism by which NMDAR activation downregulates NR2b expression. In
addition, a portion of CINAP overlaps with CASK at the synapse. It is unclear if the synaptic CASK-CINAP complex can be translocated
into the nucleus upon an unknown signal or whether the synaptic CASK-CINAP complex can perform a function distinct from regulation of
gene expression.

immunoprecipitated with Tbr-1 in heterologous cells. The
results of immunofluorescence staining indicate that CINAP,
CASK, and Tbr-1 colocalize in the nuclei of neurons in layer
6 of the cerebral cortex in postnatal day 1 rat brain (Fig. 4b)
[43]. More important, according to the results of chromatin
immunoprecipitation, all Tbr-1, CASK, and CINAP
associate with the Tbr-1 binding site of the NR2b promoter,
indicating that CASK, CINAP, and Tbr-1 form a complex on
the NR2b promoter (Fig. 4b) [43]. The luciferase reporter
assay further supports that CINAP is required for NR2b
expression; knocking down of endogenous CINAP reduced
the activity of the NR2b promoter in cultured hippocampal
neurons [43].

CINAP is an unstable protein. Its protein levels are
regulated by a proteasomal degradation pathway downstream
of NMDAR [43]. Therefore, the CINAP-CASK-Tbr-1
protein complex provides a negative feedback mechanism
with which synaptic NMDAR activation downregulates
NR2b expression (Fig. 4b). This finding helps explain why
synaptic activation inhibits NR2b expression and synaptic
blockade increases NR2b expression in neurons. This study
is also the first to provide an example of a nucleosome
assembly protein regulating expression of specific gene via a
specific protein-protein interaction.

CINAP protein levels are regulated by synaptic activity
via a proteasomal degradation pathway [43], indicating a role
of CINAP in synaptic response. Like CASK, CINAP is also
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widely distributed in different regions of rodent brain [91].
We noticed that the immunoreactivity of CINAP in the
nuclei of hypothalamus, including the paraventricular
nucleus (PVN), arcuate nucleus, suprachiasmatic nucleus,
and supraoptic nucleus, is very prominent. The hypothama-
lus is the center controlling many physiological responses,
such as osmoregulation, growth, metabolism, stress response,
and circadian rhythm. To further explore the role of CINAP
in synaptic responses in vivo, systematic saltwater
administration was used to modulate neural activity in the
PVN [91]. Total immunoreactivity of CINAP in the PVN is
around 2-3-fold higher in mice administered saltwater
compared with control mice. In addition, more neurons in
the PVN containing nuclear CINAP were observed [91]. The
results support that both CINAP total protein levels and
nuclear translocation are controlled by synaptic activity. It
will be intriguing to further explore if CINAP is required for
synaptic response, if modulation of CINAP protein levels or
nuclear translocation modifies neural activity, and whether
the interaction with CASK is involved in the function of
CINAP in neural activity.

Because Tbr-1 is restricted in the cerebral cortex,
hippocampus, and olfactory bulb and CASK and CINAP are
widely distributed in different regions of brain [30, 91], the
nuclear function of CASK and CINAP in other regions can
not be mediated by Tbr-1. By yeast two-hybrid screening,
Bcll11A/Evi9/CTIP was identified as the third nuclear
protein interacting with CASK [44]. Like CASK and CINAP,
Bcll1A is broadly distributed in different regions of brain
[44]. It will be interesting to investigate if Bcll1A works
together with CASK and CINAP in the same manner as Tbr-
1. Because Bcell 1A has been shown to act as a transcriptional
repressor via the interaction with a sequence-specific
transcription factor, COUP-TF [92], it is also possible that
Bcell1A represses the activity of CINAP or Tbr-1 through
interaction with CASK. More experiments need to be
performed to address whether CASK forms different
transcriptional regulatory complexes via interactions with
different nuclear proteins.

In the MAGUK family, CASK is not the only member
that enters the nuclei of cells. The tight junction-associated
MAGUK protein ZO-1 also plays a role in the nucleus. In
subconfluent MDCK and LLC-PK1 cells, ZO-1 is present in
the nuclei. However, ZO-1 is restricted at the cell junction of
the confluent culture [93]. In the nucleus, ZO-1 interacts
with the Y-box transcription factor, ZONAB (ZO-1-
associated nucleic acid binding protein), and regulates
expression of an EGFR member ErbB2 [94]. ZONAB is
critical for regulation of MDCK cell proliferation because
reduction of ZONAB expression by RNA interference or
antisense approaches strongly reduces proliferation of
MDCK cells [95]. These studies indicate a role of the ZO-1-
ZONAB tight junction complex in regulation of epithelial
cell proliferation. The examples of CASK and ZO-1 imply a
role for MAGUK proteins in the communication between
cell junction and the nucleus.

5. CONCLUSIONS AND FUTURE STUDIES

In summary, CASK performs its multiple functions via
interactions with different binding partners. Three major
functions can be inferred for the CASK protein complexes.
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The first function is synaptic interaction and formation (Fig.
3). The interactions with neurexin, syndecan-2, and
SynCAM imply a role for CASK in synaptic interaction and
formation. In this respect, CASK may function at both pre-
and post-synaptic sites because syndecan-2 and SynCAM are
expressed at both sites. Abolishment of these interactions by
removing the CASK PDZ binding site from these CASK
binding partners impairs the synaptic formation ability of
these molecules. However, the direct evidence that CASK
itself is required for synaptic formation is still missing.
Dominant-negative mutants or RNA interference will be
useful approaches to address the function of CASK in this
regard.

Second, CASK is also involved in protein trafficking and
synaptic targeting (Fig. 2). The Mintl-CASK-Veli protein
complex is important for transportation of NMDAR from
soma to synapses. Also, both Mintl and CASK control
synaptic targeting of the N-type calcium channel. Because
CASK interacts with many synaptic proteins, it is possible
that CASK is involved in synaptic targeting of other proteins,
such as the GRIP1-GluR2/3 complex or serotonin receptor 5-
HT2C. Thus far, KIF17 has been identified as a cargo
molecule for the Mintl-CASK-Veli complex. It will be
interesting to explore whether other cargo molecules are
involved in the transportation mediated by the CASK protein
complex.

The third function of CASK is to regulate gene
expression and neural development (Fig. 4). Through
interaction with Tbr-1 and CINAP, CASK contributes to
both neural development and the response from the synapse
to the nucleus in neurons. It is still unclear whether CASK
can directly transfer from synapses to the nucleus. Because
CASK is quite abundant and stable in neurons, it is also
possible that synaptic and nuclear CASK proteins are
actually two independent pools and that they individually
perform different functions in different subcellular
compartments. Time-lapse imaging to monitor the
movement of CASK in neurons may provide the answer.

CASK is widely distributed in different subcellular
regions, interacts with many proteins, and performs multiple
functions. It is intriguing to explore whether any signal
regulates the subcellular distribution and protein-protein
interaction of CASK. Because protein phosphorylation is one
of most common posttranslational modifications modulating
protein function, we have been interested in identifying
which protein kinase phosphorylates CASK and thus
regulates CASK function. From our screening, PKA is one
of the protein kinases phosphorylating CASK. PKA
phosphorylation of CASK proteins enhances the complex
formation of Tbr-1, CASK, and CINAP [96]. It will be
intriguing to further investigate whether other protein
kinases can also phosphorylate CASK and regulate
interactions between CASK and other binding partners.
Understanding the regulation of CASK protein-protein
interactions will help to dissect the detailed functions of
CASK.
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