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is one of the common pathomechanisms of various neuro-
degenerative diseases, including Alzheimer’s disease (AD),
Parkinson’s disease (PD) and polyglutamine diseases.”
Recently, several investigators have reported that familial
AlLS-associated proteins (trans-activation response DNA
protein 43 (TDP-43),'** fused in sarcoma (FUS),5'
optineurin,"™ ubiquilin-2,"** charged mutivesicular body
protein 2b (CHMP2B)** and valosin-containing protein®)
are involved in inclusion body formation in various neu-
rodegenerative diseases. These reports prompted us to
investigate whether FIG4 is involved in a variety of neuro-
degenerative diseases, including TDP-43 proteinopathy
(sporadic ALS and frontotemporal lobar degeneration).
Using immunohistochemistry, we therefore examined the
brains and spinal cords of patients with various neurode-
generative diseases and control subjects using anti-FIG4
antibody. Here we report that FIG4 is not incorporated in
TDP-43 inclusions and that FIG4 immunoreactivity is
present in Pick bodies in Pick’s disease, Lewy bodies in PD
and dementia with Lewy bodies (DLB), and neuronal
nuclear inclusions (NNIs) in polyglutamine and intranu-
clear inclusion body diseases.

MATERIALS AND METHODS

Subjects

Seventy-four autopsy cases were investigated in this study;
these included cases of sporadic ALS (n = 5), frontotempo-
ral lobar degeneration with TDP-43-positive inclusions
(FTLD-TDP type B; n=5)* AD (n=35), Pick’s disease
(n=4), progressive supranuclear palsy (PSP; n=4),
corticobasal degeneration (CBD; n=4), argyrophilic
grain disease (AGD; n=4), PD (n=>5), neocortical-type
DLB (n=35), multiple system atrophy (MSA; n=5),
dentatorubral-pallidoluysian atrophy (DRPLA; n=3),
Huntington’s disease (HDj; n=35), spinocerebellar ataxia
type 1 (SCA1; n=3),SCA2 (n=1),2 SCA3 (n=75), intra-
nuclear inclusion body disease (INIBD; n = 5) and normal
controls (aged 48-84 years, average 63.8 years, n = 6). All
the diagnoses had been confirmed by neuropathological
examinations using immunohistochemistry for tau,
B-amyloid, a-synuclein, TDP-43, polyglutamine and ubig-
uitin. This study was approved by the Institutional Ethics
Committee of Hirosaki University Graduate School of
Medicine.

Immunohistochemistry

Immunohistochemical analysis was carried out using
formalin-fixed, paraffin-embedded sections from the frontal
cortex, hippocampus, basal ganglia, midbrain, pons, medulla
oblongata, cerebellum, spinal cord, and sympathetic and
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spinal ganglia of normal controls. In other cases, multiple
sections taken from the affected regions were immunos-
tained; the frontal cortex and hippocampus in FTLD-TDP,
AD, Pick’s disease, CBD, DLB, SCA1 and INIBD, the amy-
gdaloid nucleus and hippocampus in AGD, the basal ganglia
in HD and SCAZ2, the midbrain in PSP, PD and DLB, the
ponsin MSA,DRPLA and SCA3,and the motor cortex and
spinal cord in ALS. The sections were initially subjected
to heat retrieval for 10 min in 10 mmol/L citrate buffer
(pH 6.0) using an autoclave, and then subjected to
immunohistochemical processing using the avidin-biotin-
peroxidase complex method with diaminobenzidine. The
primary antibody used was a rabbit polyclonal anti-FIG4
antibody (CAB017823 in The Human Protein Atlas; Novus
Biologicals, Littleton, CO, USA; 1:300).

Double immunofluorescence analysis was performed to
detect overlapping expression of FIG4 and phosphorylated
tau, phosphorylated a-synuclein, polyglutamine or ubiqui-
tin. Paraffin sections from the hippocampus of patients
with Pick’s disease and DLB, the midbrain of patients with
PD, the pons of patients with DRPLA and SCA3, and the
frontal cortex of patients with INIBD were processed for
double-label immunofluorescence. De-paraffinized sec-
tions were blocked with donkey serum and then incubated
overnight at 4°C with a mixture of polyclonal anti-FIG4
(1:100) and monoclonal anti-phosphorylated tau (ATS;
Innogenetics, Ghent, Belgium; 1:200) for Pick’s disease,
anti-phosphorylated o-synuclein (#64; Wako, Osaka, Japan;
1:1000) for PD and DLB, anti-polyglutamine (1C2; Chemi-
con, Temecula, CA, USA; 1:40) for DRPLA and SCA3,
or anti-ubiquitin (1B3; MBL, Nagoya, Japan; 1:400) for
INIBD. The sections were then rinsed and incubated with
anti-rabbit IgG tagged with Alexa Fluora 488 (Invitrogen,
Carlsbad, CA, USA;1:1000) or anti-mouse IgG tagged with
Alexa Fluora 594 (Invitrogen; 1:1000) for 1h at 38°C.
The sections were mounted using ProLong gold antifade
reagent with 4’,6-diamino-2-phenylindole (DAPI; Invitro-
gen) and examined with a confocal microscope (EZ-Cj;
Nikon, Tokyo, Japan). The proportion of FIG4-positive
inclusions relative to the total number of inclusions posi-
tive for phosphorylated tau, phosphorylated o-synuclein,
polyglutamine or ubiquitin was calculated in each case.
Values were expressed as the mean for each diagnostic

group.

RESULTS

FIG4 immunoreactivity in normal controls

In normal controls, anti-FIG4 antibody immunolabeled
the neuronal cytoplasm in a diffuse granular pattern
throughout the CNS, including the cerebral cortex
(Fig. 1A), hippocampus (Fig. 1B), basal ganglia (Fig. 1C),
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Fig.1 FIG4 immunoreactivity in the
normal human nervous system. The neuronal
cytoplasm in the frontal cortex (A), dentate
gyrus (B), putamen (C), substantia nigra (D),
pontine nucleus (E), inferior olivary nucleus
(F), cerebellar cortex (G) and anterior horn
of the lumbar cord (H) showing FIG4 immu-
noreactivity. The cytoplasm of astrocytes
in the periaqueductal white matter (I) and
oligodendrocytes in the pontine base (J)
showing weak FIG4 immunoreactivity.
Strong FIG4 immunoreactivity is evident in
mossy fiber terminals in the hippocampal
CA4 region (K). Ganglion cells and satellite
cells in the spinal ganglia (L) and Schwann
cells in the peripheral nerves (M) showing
FIG4 immunoreactivity. Bars = 40 pm.

brainstem (Fig. 1D-F), cerebellum (Fig. 1G) and spinal
cord (Fig. 1H). The cytoplasm of astrocytes and oli-
godendrocytes was also weakly immunostained with anti-
FIG4 (Fig. 11J). Although axons and presynaptic nerve
terminals were barely immunolabeled or unstained, mossy
fiber terminals (axon terminals of dentate granule cells)
were intensely immunolabeled (Fig. 1K). In the sympa-
thetic and spinal ganglia, the cytoplasm of ganglion cells,
satellite cells and Schwann cells was immunostained
(Fig. 1L,M). Neuronal and glial nuclei were not stained
with anti-FIG4 antibody.

FIG4 immunoreactivity in neurodegenerative
diseases

Although TDP-43-positive neuronal and glial cytoplasmic
inclusions were found in the cerebral cortex in FTLD-TDP
and the upper and lower motor neuron systems in ALS, no
FIG4-immunoreactive inclusions were noted in these areas
(data not shown).

In AD, dystrophic neurites in senile plaques were
positive for FIG4 (Fig. 2A). In Pick’s disease, Pick bodies
were intensely immunostained with anti-FIG4 (Fig. 2B).
However, no FIG4 immunoreactivity was found in NFTs in
AD, PSP and CBD, argyrophilic grains in AGD, tufted
astrocytes in PSP, or astrocytic plaques in CBD.
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In PD and DLB, the majority of brainstem-type Lewy
bodies were positive for FIG4 (Fig. 2C). A small fraction
of cortical Lewy bodies were also positive for FIG4
(Fig. 2D). Both brainstem-type and cortical Lewy bodies
showed intense staining in their central portion, whereas
the peripheral portion was not stained with anti-FIG4.
Pale bodies, which have been considered precursors
of Lewy bodies,” and intraneuritic Lewy bodies (Lewy
neurites) were negative for FIG4. In MSA, glial cyto-
plasmic inclusions, glial nuclear inclusions, neuronal
cytoplasmic inclusions, neuronal nuclear inclusions and
swollen neurites were intensely immunolabeled with anti-
phosphorylated o-synuclein.? However, these structures
were FIG4-negative.

Immunohistochemistry for ubiquitin and polyglutamine
revealed NNIs in all of the cases of polyglutamine diseases
examined. NNIs in DRPLA and SCA3, but not in HD,
SCA1 and SCA2, were immunolabeled with anti-FIG4
(Fig. 2E,F).

In INIBD, ubiquitin-positive nuclear inclusions were
found in both neurons and glial cells. FIG4 immunoreac-
tivity was present in nuclear inclusions in neurons
(Fig. 2G), but not in glial cells.

In aged normal controls and patients with neurodegen-
erative diseases, Marinesco bodies were observed in the
nuclei of substantia nigra pigmented neurons, and were
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strongly positive for FIG4 (Fig. 2H). In addition, Hirano
bodies in the hippocampus were FIG4 positive (Fig. 2I).

There was no apparent difference in the staining inten-
sity of neuronal cytoplasms with and without inclusions
between patients with neurodegenerative diseases and
normal controls.

Double immunofluorescence analysis

Double immunofluorescence analysis revealed co-
localization of FIG4 and phosphorylated tau in Pick bodies
(Fig. 3A-C) and neuropil threads (Fig. 3D-F) in Pick’s
disease, the latter corresponding to small Pick bodies in the
neurites.””? The average proportion of FIG4-positive Pick
bodies relative to the total number of inclusions was
88.7%. In both brainstem-type and cortical Lewy bodies,
FIG4 immunoreactivity was concentrated in the central
portion and o-synuclein immunoreactivity was more
intense in the peripheral portion (Fig. 3G-L). The average
proportion of FIG4-positive brainstem-type and cortical
Lewy bodies relative to the total number of inclusions was
88.9% and 45.3%, respectively. Co-localization of FIG4
with polyglutamine or ubiquitin was demonstrated in NNIs
in DRPLA (Fig. 3M-0), SCA3 (Fig. 3P-R) and INIBD
(Fig. 3S-U). The FIG4 positivity rate of NNIs in DRPLA,
SCA3 and INIBD was 19.5%, 19.7% and 28.6%, respec-
tively. Almost all Marinesco bodies (99.8%) were positive
for FIG4.

DISCUSSION

In rodents, FIG4 is abundantly expressed in neurons and
myelin-forming cells in the central and peripheral nervous
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Fig. 2 FIG4 immunoreactivity in neurode-
generative diseases. Neuritic plaques in the
hippocampus of Alzheimer’s disease (A).
Pick bodies in the dentate granule cells
of Pick’s disease (B). Lewy bodies in the
substantia nigra of Parkinson’s disease
(C) and temporal cortex of dementia with
Lewy bodies (D). (E-G) Neuronal nuclear
inclusions in the pons of dentatorubral-
pallidoluysian atrophy (DRPLA) (E) and
spinocerebellar ataxia type 3 (SCA3) (F),
and in the frontal cortex of intranuclear
inclusion body disease (INIBD) (G). Mari-
nesco bodies in the substantia nigra (H) and
Hirano bodies (arrows) in the hippocampus
(I) of control subjects. Bars =100 pm (A),
40 um (B, I), 10 pm (C-H).

systems during neural development, and is markedly
diminished in neurons of the adult CNS.* In the present
study, we demonstrated that FIG4 immunoreactivity was
present in neuronal cytoplasm in the brain, spinal cord and
peripheral ganglia of adult humans. Schwann cells in the
peripheral nervous system were also strongly immunola-
beled with anti-FIG4, whereas oligodendrocytes and astro-
cytes in the CNS were weakly positive. These findings
suggest that FIG4 is widely expressed in neurons and glial
cells throughout the adult human nervous system.

In the present study, no FIG4 immunoreactivity was
found in a variety of neuronal and glial inclusions in spo-
radic TDP-43 proteinopathy (ALS and FTLD-TDP type
B). Although TDP-43-positive neuronal and glial cytoplas-
mic inclusions have been found in a previous case of
SCAZ2,” no FIG4-immunoreactive inclusions were noted in
that case. Our data indicate that FIG4 is not incorporated
into TDP-43 inclusions.

We further demonstrated that the majority of Pick
bodies were immunopositive for FIG4. Considering that
dentate granule cells are one of the sites where Pick bodies
accumulate preferentially, it is important to note that the
cytoplasm and axon terminals of dentate granule cells were
strongly positive for FIG4. Previous immunohistochemical
studies have shown that Pick bodies are immunoreactive
for synaptic proteins. These findings suggest that the
proteins synthesized in neuronal perikarya might be
entrapped within the filamentous structure of Pick bodies.
However, in the present study Pick bodies present inside
and outside the dentate gyrus were intensely immunola-
beled with anti-FIG4. Moreover, co-localization of FIG4
and phosphorylated tau was seen in the neuropil, which
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Fig.3 Double-labeling immunofluorescence demonstrating
co-localization of FIG4 and phosphorylated tau (p-Tau) in
Pick bodies (A-C) and neuropil threads (D-F) (arrows) in the
dentate gyrus of Pick’s disease, FIG4 and phosphorylated
o-synuclein (p-o-Syn) in nigral (G-I) and cortical (J-L)
Lewy bodies, FIG4 and polyglutamine (PolyQ) or ubiquitin
(UBQ) in neuronal nuclear inclusions of dentatorubral-
pallidoluysian atrophy (DRPLA) (M-0), spinocerebellar
ataxia type 3 (SCA3) (P-R) and intranuclear inclusion body
disease (INIBD) (S-U). FIG4 appears green (A,D,G,JM,PS)
and p-Tau (B,E), p-o-Syn (H,K), PolyQ (N,Q) or UBQ (T)
appears red. Overlap of FIG4 with p-Tau, p-0-Syn, PolyQ or
UBQ appears yellow (merge). Bars = 10 pm.
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corresponds to small Pick bodies in the neurites.”# It
seems likely that incorporation of FIG4 into Pick bodies is
a pathological event, and does not simply reflect entrap-
ment of the protein.

Lewy bodies consist of a dense core and a peripheral
halo, which correspond ultrastructurally to zones of
densely compacted circular profiles and zones of filaments,
respectively.® It is well known that the constituent fila-
ments of Lewy bodies are composed of a-synuclein.
However, little is known about the components of the
central core of Lewy bodies. In the present study, the cores
of brainstem-type and cortical Lewy bodies were immu-
nolabeled intensely by anti-FIG4 antibody, but their
peripheral portions were only weakly stained or unstained.
This localization implies that FIG4 is involved in formation
of the central core of Lewy bodies and that FIG4 may not
interact with o-synuclein.

In polyglutamine diseases, NNIs in DRPLA and SCA3,
but not in HD, SCA1 and SCA2, were immunopositive for
FIG4. NNIs in INIBD were also positive for FIG4. In
addition to the cytoplasm, FIG4 is reportedly localized in
the nuclear pore, being required for efficient export of
nuclear signal-containing reporter protein.® This interac-
tion is thought to be important for the regulation of gene
expression or DNA synthesis.* In polyglutamine diseases,
NNIs may affect nuclear function and recruitment of
other proteins, possibly resulting in loss of the physiologi-
cal function of recruited proteins, and subsequent neuronal
dysfunction.* Similar mechanisms may occur in the patho-
genesis of INIBD, although the major component of
nuclear inclusions in this disease is uncertain. It is possible
that FIG4 translocates from the cytoplasm to the nucleus
in order to protect cells from cytotoxic events. However, it
is unclear why only two polyglutamine diseases (DRPLA
and SCA3) showed FIG4 immunoreactivity in NNIs. The
evidence suggests that the mechanism of inclusion body
formation may differ among the various polyglutamine
diseases.

In the present study, Marinesco bodies were also immu-
noreactive for FIG4. The frequency of Marinesco bodies is
significantly higher in nigral neurons with Lewy bodies
than in those without.®® The melanin content of nigral
neurons containing Marinesco bodies is lower than that of
nigral neurons lacking Marinesco bodies.> The available
evidence suggests that Marinesco bodies may play a patho-
genic role in certain neurodegenerative disorders, and that
the formation and disaggregation of Marinesco bodies are
features common to the disease process of neurodegenera-
tive conditions characterized by the presence of intranu-
clear inclusions.®

Mutations of FIG4 result in the accumulation of
enlarged vesicles derived from the endosomal-lysosomal
pathway in the central and peripheral nervous systems

T Kon et al.

of FIG4-mutated mice.® A similar phenomenon is evident
in fibroblasts from patients with CMTA4J, suggesting
impaired trafficking of intracellular organelles due to
physical obstruction by vacuoles.” FIG4 has not been
directly implicated in autophagy, whereas a role for
phosphatidylinositol-3-phosphate, which is both a meta-
bolic precursor and a product of phosphatidylinositol 3,5-
bisphosphate, is involved in autophagy.® This implies the
involvement of FIG4 in both the endosomal-lysosomal
and autophagy-lysosomal pathways.” Lézaro-Diéguez
et al. have reported that in a variety of mammalian cells the
reversible formation of filamentous actin-enriched aggre-
somes is generated by the actin toxin jasplakinolide.®
Notably, these aggresomes resemble Hirano bodies
observed in the human brain in many respects. Moreover,
Hirano bodies are immunopositive for ubiquilin-1.* The
available evidence suggests that ubiquilin-1 exerts a cyto-
protective role by targeting polyubiquitinated proteins for
proteasomal degradation or the action of autophagosomes,
or by sequestering aggregated proteins to aggresomes.**#
The above findings suggest that Hirano bodies may repre-
sent autophagy- and/or aggresome-related structures.

In conclusion, we have demonstrated for the first time
that FIG4 immunoreactivity is present in Pick bodies in
Pick’s disease, Lewy bodies in PD and DLB, and NNIs in
polyglutamine and intranuclear inclusion body diseases.
These findings suggest that FIG4 may have a common role
in the formation or degradation of neuronal cytoplasmic
and nuclear inclusions in several neurodegenerative
diseases.
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Reelin-Dab1 signaling is indispensable for proper positioning of neurons in mammalian brain.
Reelin is a glycoprotein secreted from Cajal-Reztuis cells in marginal zone of cerebral cortex,
and its receptors are Apolipoprotein E receptor 2 (ApoER2) or very low density lipoprotein
receptor (VLDLR) expressed on migrating neurons. When Reelin binds to ApoER2 or
VLDLR, an adaptor protein Dab1l bound to the receptors undergoes Tyr phosphorylation that
is essential for Reelin signaling. We reported previously that Cdk5-p35 phosphorylates Dab1 at
Ser400 and Ser491 and the phosphorylation regulates its binding to CIN85, which is an SH3-
containing multiadaptor protein involved in endocytic downregulation of receptor-tyrosine
kinases. However, the interaction of CIN85 with Dab1 has not been addressed in neurons. We
examined here a possibility that CIN85 has a role in Reelin signaling. We found nonpho-
sphorylated Dabl-mediated colocalization of CIN85 with ApoER2. The colocalization of
CINS85 with ApoER2 was increased in neurons stimulated with Reelin repeats 3-6, an active
Reelin fragment. The stimulation recruited CIN85 to domains in plasma membrane where it
colocalized with ApoER2 and Dabl and then to EEAl-labeled early endosomes in the cyto-
plasm. In addition, Tyr phosphorylation of Dabl strengthened the binding to CINS85. These

results suggest that CIN85 participates in Reelin signaling through the binding to Dab1.

Introduction

Proper neuronal positioning is a critical event during
mammalian neocortical development. Newly born
neurons migrate from their birth place at the ventricu-
lar and subventricular zones to their respective destina-
tion in the cortical plate (Jossin et al. 2004; Honda
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et al. 2011). During the migration, late generated neu-
rons pass over previously located early born neurons.
This sequential radial migration establishes the charac-
teristic inside-out layering of cortical neurons. Studies
on mutant mice with lamination defects have revealed
a signaling cascade composed of Reelin, Apolipopro-
tein E receptor 2 (ApoER2) or very low density lipo-
protein receptor (VLDLR), and Disabled-1 (Dab1), in
neuronal migration and positioning (D’Arcangelo et al.
1999; Honda et al. 2011). Reelin is an extracellular
glycoprotein secreted by Cajal-Retzius (CR) cells in
the marginal zone, whereas ApoER?2 and VLDLR are
Reelin receptors expressed in migrating neurons and
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Dabl is a cytoplasmic adaptor protein that binds to
ApoER?2 or VLDLR (Stolt & Bock, 2006; Kubo et al.
2010). Binding of Reelin to ApoER2 or VLDLR
induces tyrosine phosphorylation of Dab1l by Src fam-
ily kinases (Hiesberger et al. 1999; Howell et al. 2000).
Tyrosine phosphorylation of Dab1 transduces the sig-
nal to downstream cytoplasmic components including
PI3K (Bock et al. 2003) and Crk family (Ballif et al.
2004). Although intensive studies have unraveled a
number of possible signaling pathways, the regulation
of Reelin receptor trafficking upon Reelin stimulation
is largely unknown.

Cdk5, a member of cyclin-dependent kinase (Cdk)
family, is a Ser/Thr kinase predominantly expressed
in neurons. Cdk5 requires association with a neuron-
specific activator p35 or p39 for kinase activity
(Dhavan & Tsai 2001; Hisanaga & Endo 2010). Mice
deficient in Cdk5 or p35 display inverted neuronal
positioning in neocortical layers similar, but not iden-
tical, to mice with mutations in Reelin signaling
pathway proteins (Ohshima et al. 2001). Although
genetic approach has indicated that Cdk5-p35 and
Reelin signaling pathways work in parallel (Ohshima
et al. 2001; Beffert et al. 2004), there is also a direct
interaction between them. Cdk5-p35 phosphorylates
Dab1l at Ser400 and Ser491 (Keshvara et al. 2002;
Sato et al. 2007), and this phosphorylation suppresses
the tyrosine phosphorylation of Dabl (Ohshima et al.
2007). We searched for proteins that interact with
Dabl in a Cdk5-dependent phosphorylation manner
and identified Cbl-interacting protein of 85 kDa
(CIN85, also known as Ruk, SETA, or SH3KBP1)
and CD2-associated protein (CD2AP), both of which
are SH3-containing adaptor proteins. The SH3
domains of CIN85 bind to the PxxxPR motif in the
C-terminal region of Dabl and that Dab1-CIN85
interaction was abolished by phosphorylation of Dab1
at Ser491 by Cdk5-p35 (Sato et al. 2007).

CINS85 and CD2AP constitute a family of adaptor
molecules composed of N-terminal three SH3
domains and C-terminal proline-rich region and
coiled-coil domain (Dikic 2002; Fig. S1 in Support-
ing Information). CINS85 plays a role in downregula-
tion of activated receptor-tyrosine kinases (RTKs)
such as epidermal growth factor receptor (EGFR),
hepatocyte growth factor receptor and platelet-
derived growth factor receptor via clathrin-dependent
internalization (Petrelli et al. 2002; Soubeyran et al.
2002; Szymkiewicz et al. 2002). CINS5 is implicated
to function as a scaffolding protein gathering endocy-
tic proteins including E3 ubiquitin ligase Cbl, endo-
philin, and dynamin (Kowanetz et al. 2003a,b).

© 2013 The Authors

Binding of CIN85 to ApoER2 in neurons

CINS5 is also expressed abundantly in neurons but its
neuronal function has not been analyzed sufficiently,
whereas its role in dopamine receptor 2 internaliza-
tion was shown recently by a study of CIN85-lacking
mice (Shimokawa et al. 2010).

We investigated whether CINS85 interacts with
Reelin receptors ApoER2 or VLDLR to participate
in Reelin signaling in neurons. In fact, nonphosph-
orylated Dabl mediated the association of CINS85
with ApoER2 or VLDLR in neurons. The results
suggest that CIN85 has a role in the Reelin signalings
through the intracellular trafficking of Reelin recep-
tors in a Dab1-phosphorylation-dependent manner.

Results

CINS85 colocalizes with ApoER2 or VLDLR via
nonphosphorylated Dab1

‘We examined whether CIN85 associates with the
Reelin receptors ApoER2 and VLDLR by transient
transfection in COS-7 cells. As was reported previ-
ously (Kirsch et al. 1999; Sato et al. 2007; Zhang
et al. 2009), CINS5 formed large vesicle-like struc-
tures in the cytoplasm when over-expressed (Fig. 1A,
arrows). In contrast, ApoER2-EGFP and VLDLR-
EGFP accumulated at the perinuclear region
(Fig. 1A, arrowhead) with diffuse and weak signals
throughout the cytoplasm. When Dabl was co-
expressed - with CIN85 and ApoER2-EGFP or
VLDLR-EGFP, Dabl wild type (WT) showed simi-
lar distribution to ApoER2 (Fig. 1B, b and ¢) or
VLDLR (Fig. 1C, b and ¢), but not with CINS85
(Fig. 1B and C, a and c). However, when the non-
phosphorylated Dabl mutant Dab1-2A was co-
expressed, ApoER2-EGFP or VLDLR-EGFP became
localized on CINS85-positive large vesicles (Fig. 1B
and C, e-h). These results indicate nonphosphorylat-
ed Dabl at Ser400 and Ser491 mediates the interac-
tion of ApoER2 or VLDLR with CIN85. We have
performed most of the following experiments with
both ApoER2 and VLDLR, but hereafter we will
show only the results of ApoER2 with similar results
for VLDLR presented in Supplemental figures to
minimize the duplication and for clarity.

Expression and cellular distribution of endogenous
CINS5 in cultured neurons

To investigate the cellular distribution of CINS5 in
neurons, we expressed CIN85 exogenously in cul-
tured cortical neurons. Upon over-expression, CINS85

Genes to Cells (2013) 18, 410-424
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Figure 1 Dab1-2A mediates the association of CIN85 with Apolipoprotein E receptor 2 (ApoER2) or very low density lipopro-
tein receptor (VLDLR) in COS-7 cells. (A) Cellular localization of CIN85 and ApoER2 or VLDLR in COS-7 cells. COS-7 cells
were transfected with HA-CIN85 and ApoER2-EGFP (a-c¢) or VLDLR-EGFP (d-f). CIN85 was immunostained with anti-HA
followed by Alexafluor 647 conjugated secondary antibody and merged with EGFP of ApoER2 or VLDLR in (c) and (f). (B) and
(C) Localization of ApoER2 to CINS85-induced large vesicles in the presence of Dabl-2A. COS-7 cells were transfected with
ApoER2 (B) or VLDLR (C) with CINS85 in co-expressed with Myc-Dabl wild type (WT) (a-d) or Myc-Dab1-2A (e-h). 24 h
after transfection, cells were immunostained with anti-HA antibody for CIN85 and anti-Myc antibody for Dab1. Scale bars,
10 pm.

formed large wvesicle-like structures in neurons ular structures hampered our ability to analyze a role
(Fig. 2A) similar to those observed in COS-7 cells of CIN85 on Reelin-receptor trafficking. Thus, we
(Fig. 1). However, the formation of these large vesic- decided to follow endogenous CIN85. To examine
Genes to Cells (2013) 18, 410—424 © 2013 The Authors
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Binding of CIN85 to ApoER2 in neurons

the cellular distribution of endogenous neuronal arrow in lane 1 of c¢). Nonspecific bands were not
CINS85, we generated anti-CINS85 antibody by immu- observed with this antibody in a lysate of cultured
nizing rabbits with the C-terminal fragment of CIN85 neurons under this condition.

(CIN85-CT, Fig. S1A). Affinity-purified anti-CIN85 The specificity of the antibody was further con-
recognized N-terminal FLAG-tagged CIN85-CT firmed by knocking CIN85 down in cultured neu-
(Fig. 2B, lane 3 of a) but not CIN85 N-terminal frag- rons by shRINA. Knockdown vectors, CIN85-
ment CIN8S5-NT (Fig. 2B, lane 2 of a). Full length of =~ shRNA#1 and  CIN85-shRNA#2, efficiently
CINS85 was also detected by anti-CINS85 antibody decreased expression levels of CIN85 in neurons
(Fig. 2B, lane 2, double arrow of b), but FLAG- when examined by immunoblotting with anti-CIN85
CD2AP, a family protein over-expressed in COS-7 (Fig. 2C). Immunostainings are shown in Fig. 2D.
cells, was not (Fig. 2B, lane 3 of b). A band indicated The antibody stained small puncta distributed
by an asterisk likely is derived from a degradation throughout the cell body and neurites. Large vesicles
product, because the band was found only in a sample such as those seen in CINB85-transfected neurons
of CINS85 over-expression. The antibody also specifi- (Fig. 2A) were not observed. The staining pattern is
cally detected endogenous CIN85 in COS-7 cells similar to that seen in cortical neurons stained with
(Fig. 2B, a faint band indicated by arrow in lanes 1-3 anti-CIN85 YH (Fig. S2 in Supporting Information,

of b) and mouse primary cortical neurons (Fig. 2B, Kawata et al. 2006). Neurons transfected with
(A) (€ CIN85-shRNA
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Figure 2 Large vesicle-like structures formed by CINS85 in cultured neurons and the specificity of anti-CIN85 antibody.
(A) Large vesicle-like structures formed by over-expression of FLAG-CINS5 in neurons (arrows). CIN85 was immunostained
with anti-FLAG antibody followed by Alexafluor 488-conjugated anti-rabbit IgG. F-actin was labeled with Rhodamine-Phalloidin.
Scale bar, 10 pm. (B) Reactivity and specificity of anti-CIN85 antibody. (a) Immunoblotting of COS-7 cells transfected with
empty vector (lane 1), FLAG-CIN85-NT (lane 2), or FLAG-CIN85-CT (lane 3). (b) Immunoblotting of COS-7 cells transfected
with empty vector (lanes 1 and 4), FLAG-CINS5 (lanes 2 and 5), or FLAG-CD2AP (lanes 3 and 6) with anti-CIN85 (lanes 1-3)
or anti-FLAG antibody (lanes 4-6). (c) Immunoblotting of a mouse cortical neuron lysate with anti-CIN85 antibody (lane 1) or
anti-FLAG antibody (lane 2). (C) Knockdown of CINS85 in mouse cortical neurons by shRINA. Duplicates of each shRNA are
shown. Sc is a control shRNA with a scramble sequence. GFP encoded in shRINA plasmid is a marker for transfection. Tubulin
(Tu) is the loading control. Knockdown efficiency is indicated below a blot of CIN85. (D) Specificity of anti-CIN85 antibody in
immunostaining of mouse cortical neurons. Neurons were transfected with CIN85-shRINA (upper panel) or Sc-shRINA (lower
panel) together with GFP (arrow) encoded in the same vector. An untransfected neuron is indicated by arrowhead. Scale bars,
10 pm.
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shRINA are identified by GFP expression (arrows in
Fig. 2D). Anti-CINS85 signals were greatly reduced
in a neuron transfected with CIN85-shRINA#2
(Fig. 2D, arrow, upper panels) but not scramble (Sc)-
shRINA (Fig. 2D, arrow, lower panels).

Expression levels and localization of CIN85 in
cultured cortical neurons

Using the anti-CIN85-specific antibody described
above, we next examined expression levels and cellu-
lar distribution of endogenous CINS85 in cultured
mouse cortical neurons. CIN85 was already detected
in neuron cultures at 3 days in vitro (DIV). The
expression levels of CIN85 gradually increased with
culturing duration from three DIV to 12 DIV
(Fig. 3A, upper panel). Dabl was also expressed in
the neuron cultures (Fig. 3A, middle panel). It is
reported that CINS85 localizes in postsynaptic spines
(Kawata et al. 2006; Shimokawa et al. 2010). To con-
firm it, we double-labeled primary cortical neurons
with anti-CINS85 and anti-PSD-95 at 12 DIV, a time
when synapses are formed in neuronal cultures. A
fraction of CINS85 showed colocalization with PSD-
95 (Fig. 3B, arrows), but many of the CIN85-posi-
tive puncta in cell body and dendrites were not
stained with anti-PSD-95. There has been no previ-

(A) DIV 3 6

ous description of this nonsynaptic localization of
CINSS.

We examined in what membrane compartments
CINS5 resides. Considering its role in endocytosis of
EGFR in non-neuronal cells, we focused on various
endosomes. Endosomal markers used here were Rab4A
for early recycling endosomes, Rab5A for early endo-
somes, Rab7 for late endosomes, Rab8A for a subset of
recycling endosomes, and Rab11A for recycling endo-
somes (Fukuda 2008). We also checked for localization
of CINS85 to Golgi apparatus (Havrylov et al. 2008)
using Golgi markers, GM130, and golgin97. There
were some overlapping of CINS85 staining with all
Rabs used here in the perinuclear region or on neu-
rites, but most part of CIN85 showed limited colocal-
ization with them (Fig. S3 in Supporting Information).
CINS5 localized neither with GM130 nor golgin97
(Fig. S4 in Supporting Information). Thus, the primary
membrane compartments where major part of CIN85
is present in are still unknown in neurons.

Dab1l-mediated colocalization of CIN85 with
ApoER?2 in neurons

We examined the interaction of CINS85 with Ap-
oER2 in cortical neurons by expressing ApoER2-
EGFP exogenously. Fluorescence of ApoER2-EGFP

CIN85

(kDa)
—71.3

oET IR —

71.3

T | o s A |

(B)
CIN85

Figure 3 Expression and subcellular distribution of CINS5 in cultured cortical neurons. (A) Immunoblotting of the lysates of pri-
mary cortical neurons cultured for the indicated days with anti-CIN85 and anti-Dabl. Tubulin (Tu) is the loading control. (B)
Immunostaining of cortical neurons at 12 days in vitro with anti-CIN85 and anti-PSD-95 antibodies, followed by Alexafluor 647-
conjugated anti-rabbit IgG and Alexafluor 488-conjugated anti-mouse IgG, respectively. Merge is shown in the right. Inset shows
a higher magnification view of the region indicated by rectangles. Scale bar, 5 um.
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Binding of CIN85 to ApoER2 in neurons
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Figure 4 Association of CIN85 with ApoER?2 in cultured neurons. (A) and (B) Distribution of ApoER2-EGFP and CINS5 or
Dab1 in primary neurons. Cortical neurons expressing ApoER2-EGFP were immunostained with anti-Dabl (A) or anti-CINS85
(B) antibody. Merge is shown in right panels. Inset shows a higher magnification of the region indicated by rectangles. Colocaliza~
tion of ApoER2-EGFP with Dabl or CINS5 is indicated by arrows. (C) and (D) Dabl-2A-mediated colocalization of ApoER2-
EGFP and CINSS5 in cortical neurons. Three days after transfection of ApoER2-EGFP and Dab1-2A (C) or Dab1-2A-APR (D),
distribution of ApoER2-EGFP, Dab1-2A, Dab1-2A-APR, and CINS85 was examined. Inset shows a higher magnification of the
region indicated by rectangles. Colocalization of ApoER2, Dabl proteins, and CINS5 is indicated by arrows (C). Scale bars,

5 pm.

was found at both the cell surface and at the perinu-
clear region as reported (Beffert et al. 2005; Dumanis
et al. 2012). Although Dabl showed a degree of col-
ocalization with ApoER2-EGFP around the cell
periphery (Fig. 4A), CINS85 showed decreased level
of colocalization with ApoER2-EGFP (Fig. 4B).

To examine whether Dab1-2A mediates the bind-
ing of CIN85 to ApoER2 in neurons as was
observed in COS-7 cells, we expressed Dabl1-2A

© 2013 The Authors

with ApoER2-EGFP in primary neurons. Dab1-2A
showed similar distribution to ApoER2-EGFP in
neurons (Fig. 4C). In this case, CIN85 immunostain-
ings was frequently observed with punctate ApoER?2
and Dab1-2A localization both in the cytoplasm and
in peripheral region of the cell body. ApoER2 was
also found together with CINS85 and Dab1-2A in the
neurites (Fig. 4C, arrows). As a negative control, we
used Dabl-2A-APR  lacking the CIN85-binding

Genes to Cells (2013) 18, 410-424
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sequence **>PTPAPR*®. The inability of Dab1-2A-
APR in binding to CINS5 is shown in COS-7 cells
(Fig. S5 in Supporting Information). In neurons as
well, Dab1-2A-APR showed little colocalization with
CINS85, whereas it showed a similar distribution to
ApoER2 (Fig. 4D, arrows). Similar results were
obtained with VLDLR (Fig. S6C and D in Support-
ing Information).

CINS85 colocalizes with Reelin repeats 3-6-
ApoER2-Dab1 in neurons treated with Reelin
repeats 3-6

We wanted to examine the association of CINS85
with ApoER2 when neurons were also exposed to
Reelin. To observe all four components, CINS85,

INY RFP-RR3-6

ApoER2-EGFP

5

(5] RFP-RR3-6

(9} ApoER2-EGFP

(D) GRS ApoER2-EGFP

Dabl, ApoER2, and Reelin, together as a complex,
we used a red fluorescent protein (RFP)-Reelin
repeats 3-6 (RFP-RR3-6) construct that is a Reelin
fragment composed of Reelin repeats 3-6 tagged
with RFP (Yasui et al. 2007). RR3-6 is the active
region of Reelin, which can bind and stimulate
ApoER2 and VLDLR for signal transduction to
downstream targets (Jossin et al. 2004; Yasui et al.
2007). Dab1-2A was also expressed to increase the
interaction of CINS85 with ApoER2-EGFP, whereas
Dab1-2A-APR served as a negative control. When
neurons expressing both ApoER2-EGFP and Dab1-
2A were incubated with conditioned medium con-
taining RFP-RR3-6 at 4 °C, RFP signals were
observed at the periphery of mneurons (Fig. 5A,
arrows) and in the neurites (Fig. 5A, arrowheads),

Figure 5 Localization of the RR3-6-ApoER 2-Dab1-CIN85 complex in neurons. (A-B) Neurons expressing ApoER2-EGFP and
Dab1-2A or Dab1-2A-APR were placed at 4 °C for 15 min and then incubated with cold RFP-RR3-6-conditioned medium at
4 °C for 20 min. Dab1-2A or Dab1-2A-APR were visualized by staining with anti-Myc antibody, and CIN85 was stained with
anti-CIN85. (C-D) The effect of RFP-RR3-6 treatment on cellular localization of CIN85. Neurons expressing ApoER2-EGFP
and Dabl WT were immunostained with anti-Myc antibody for Dab1 and anti-CIN85 antibodies (C). After the treatment with
RFP-RR3-6 as described in (A-B), neurons were immunostained with anti-Myc antibody for Dabl and anti-CINS85 antibody
(D). Colocalization of RFP-RR3-6, ApoER2-EGFP, Dabl WT, and CINS85 was indicated by arrows. Scale bars, 5 pm.

© 2013 The Authors
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where ApoER2 was found. CIN85 was colocalized
at the same spots when Dabl-2A was co-expressed
(Fig. 5A). In contrast, when Dabl-2A-APR  was
used, the colocalization of CIN85 was decreased
although a few colocalization was observed (Fig. 5B,
arrow).

As Dab1-2A induced the binding of CINS85 to
ApoER?2 whether or not neurons were treated with
RFP-RR3-6, we could not evaluate the effect of
RFP-RR3-6 on the interaction between ApoER2
and CINS5. To avoid constitutive association, we
introduced Myc-Dabl WT into neurons exoge-
nously. This made us possible to observe Dabl and
CINS85 at the same time, otherwise we could not
because no antibodies for double staining of endoge-
nous CINS85 and Dabl are available. In these neu-
rons, over-expressed ~ Dabl WT  showed
colocalization with ApoER2-EGFP, whereas CIN85
showed a few colocalization with ApoER2-EGFP or
Dabl WT (Fig. 5C). In contrast, after the treatment
with RR3-6, CIN85 accumulated on ApoER2-
EGFP and Dabl WT where RFP-RR3-6 was also
found (Fig. 5D, arrows). These results suggest that
RFP-RR3-6 induces the formation of the signaling
complex including ApoER2, Dabl, and CIN85 on
surface of neurons.

Binding of CIN85 to ApoER2 in neurons

Early endosome localization of internalized
ApoER2-Dab1-CIN85 complex

We observed internalized RFP-RR3-6 in the
cytoplasm of the cell body by treating neurons with
RFP-RR3-6 at 37 °C for 5 min. RFP-RR3-6 was
colocalized with ApoER2 and Dab1-2A in the region
close to the nucleus, as well as CIN85 (Fig. 6A,
upper panels, arrows). The XZ images along the line
indicated in Merge are shown in lower panels. RFP-
RR3-6 was found as a large cluster nearby the lower
surface  of neurons completely colocalized with
ApoER?2, Dab1-2A, and CINS5. In addition, signals
of ApoER2 extended upward into the cytoplasm,
where a faint signal of RR3-6 was also observed,
whereas Dab1-2A and CINS85 were not (Fig. 6A,
lower panels). CIN85 and Dab1 might be dissociated
from internalized ApoER2 and RR3-6 complexes.
In contrast, we observed little overlaps of CINS85
with RR3-6 and ApoER2 when Dab1-2A-APR. was
co-expressed (Fig. 6B). Nevertheless, RR3-6 bound
to ApoER2-EGFP was found in the cytoplasmic
region close to the nucleus (Fig. 6B, in upper panels,
arrows). The XZ-plane analysis again showed large
vertical cluster of ApoER2, but CIN85 was not
focused there (Fig. 6B). The results suggest that

Figure 6 Internalization of RFP-RR3-6-ApoER2-Dabl complex and CINS85 in cultured neurons. Neurons expressing ApoER2-

EGFP and Dab1-2A (A) or Dab1-2A-APR (B) were incubated with prewarmed RFP-RR3-6-conditioned medium at 37 °C for

5 min. CINS85 and Dabl were observed as described above. Inset shows a higher magnification of the area indicated by rectangle.
The XZ images along the line in Merges are shown in lower panels. Arrows indicate the colocalization of RFP-RR3-6, ApoER2-
EGFP, Dab1-2A and CINS5 (A), and RFP-RR 3-6, ApoER2-EGFP, and Dab1-2A-APR in (B). Scale bars, 5 um.

© 2013 The Authors
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CINS5 really associates with Reelin-receptor com-
plexes through Dab1.

CINS85 colocalized with the internalized RFP-
RR3-6-ApoER2 complex in the cytoplasm
(Fig. 6A). As noted earlier, however, we did not
observe the clear localization of CIN85 on endo-
somes labeled by various Rabs in neurons in the
absence of RR3-6 (Fig. S3 in Supporting Informa-
tion). We next examined the localization of internal-
ized Reelin-receptor complex in early endosomes
using EEA1 as an early endosome marker. First, we
confirmed that CIN85 was not present in EEA1-
positive endosomes in the absence of RR3-6
(Fig. 7A). To make the complex of CIN85 with
ApoER2 and Dabl, ApoER2 and Dabl-2A were
over-expressed in Fig. 7B. Even though CINS85
bound to over-expressed ApoER2-EGFP and Dabl-
2A, CINS85 was not colocalized with EEA1-positive
early endosomes (Fig. 7B). However, upon RR3-6
treatment at 37 °C, CINS85 became detectable colo-
calized with RR3-6 and ApoER2 in EEAl-positive
vesicles (Fig. 7C, arrows). These results suggest that

(C)
RFP-RR3-6

Reelin-receptor  signaling complexes containing
CINS5 are internalized into early endosomes.

Tyrosine phosphorylation of Dab1 increases the
interaction with CIN85

Phosphorylation of Dab1 at Ser400 or Ser491 by Cdk5
is not affected by Reelin stimulation (Keshvara et al.
2002; Sato et al. 2007). Nevertheless, RR3-6 showed
the colocalization with CINS85 in neurons expressing
ApoER?2 and Dabl WT (Fig. 5D). Reelin stimulation
is manifested by Tyr phosphorylation of Dab1 (Howell
et al. 2000). Thus, we next evaluated whether Tyr
phosphorylation of Dab1 increases the interaction with
CINS85. To visualize this interaction, we co-expressed
Dab1-2A and CIN85 NT with Fyn in COS-7 cells. In
this experiment, we used the N-terminal fragment of
CINS5 consisting of three SH3 domains to minimize
the formation of large-vesicle-like structures on the
interaction. Phosphorylation of Dabl at Tyr residues
was confirmed by immunoblotting with anti-phospho-
Tyr antibody (Fig. 8, 2nd panel, lane 2). When

Figure 7 Localization of RFP-RR3-6-ApoER2-CINS85 in EEAl-positive early endosomes. (A) Cortical neurons were immuno-
stained with anti-CIN85 and anti-EEA1 antibodies. Merge is shown in right panel. (B) Neurons expressing ApoER2-EGFP and
Dab1-2A were immunostained with anti-CIN85 and anti-EEA1 antibodies at 3 days in vitro. EEA1 staining of putative endosomes
lacking either ApoER2 or CINS5 is indicated by arrowhead. ApoER2-CINS5 colocalization without EEA1 staining is indicated
by arrow. Merge is shown in right panel. (C) Neurons expressing ApoER2-EGFP and Dab1-2A were treated with RFP-RR3-6
at 37 °C for 15 min. CINS85 and EEA1 were probed as described in (B). Inset shows a higher magnification of the region indi-

cated by rectangles. Scale bars, 5 pm.
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Figure 8 Tyr phosphorylation of Dabl by Fyn increases its
binding to CIN85-NT. COS-7 cells transfected with Myc-
Dab1-2A, FLAG-CIN85-NT, and Fyn wild type or kinase
negative were subjected to immunoprecipitation with anti-
FLAG antibody. Immunoprecipitates were probed with anti-
Myc for Dab1-2A, anti-phospho-Tyr (4G10) and anti-FLAG
for CINS5.

CIN85-NT was immunoprecipitated, larger amount
of Dab1-2A was found in the immunoprecipitates of
CINS85-NT in the presence of Fyn WT compared
with the kinase negative (KN) form of Fyn (Fig. 8,
upper panel, lane3). The Tyr-phosphorylated Dabl-
2A may correspond to the bands shifted upward in
Myc-Dab1-2A in the extract (Fig. 8, 4th panel, lane
2). These results point to Tyr phosphorylation of Dab1
enhances the interaction of Dab1 with CINSS5.

Discussion

We have previously reported the interaction of Dabl
with the CIN85 adaptor protein in a phosphoryla-
tion-dependent manner (Sato et al. 2007). However,
this interaction has not been previously addressed in
neurons. Using a specific antibody to CINS8S5, we
studied the interaction and localization of CIN85 and
Reelin-receptor complexes in cultured cortical neu-
rons. Dab1-2A mediated the colocalization of CIN85
with ApoER2 and VLDLR. CIN85 was detected on
punctate staining of Dabl and ApoER2 or VLDLR
along plasma membranes and on internalized vesicles
in RR3-6-stimulated neurons. These results suggest

© 2013 The Authors
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that CIN85 is a novel component of the neuronal
Reelin signaling complex.

CIN85 is an SH3-containing adaptor protein
expressed broadly in many mammalian cells and tissues.
It is well established that CIN8S5 plays an important
role in endocytosis of RTK in a clathrin-dependent
fashion for their down-regulation (Kowanetz et al.
2003a,b). CINSS5 is also expressed abundantly in brains
(Buchman et al. 2002; Shimokawa et al. 2010), but
our understanding of its neuronal function is imited.
We have shown here CIN85 colocalizes with
ApoER2 or VLDLR via Dabl in a phosphorylation-
dependent manner in cultured cortical neurons. Reelin
receptors ApoER2 and VLDLR are single transmem-
brane proteins with the NPxY motif in the cytoplas-
mic tail, to which a subset of adaptor proteins with
PTB domains binds (Stolt & Bock, 2006; Marzolo &
Bu 2009). Dabl is such a PTB domain-bearing
protein, mediating the Reelin signal into cytoplasmic
effectors (Hiesberger et al. 1999). It has been shown
that cell surface ApoER2 and VLDLR are internalized
via clathrin-mediated endocytosis (Cuitino et al.
2005), and the NPxY sequence of ApoER2 and
VLDLR is required for the clathrin-mediated endocy-
tosis (Schneider & Nimpf 2003). However, the mech-
anism how ApoER2 or VLDLR is internalized
remains to be clarified. Our data have suggested that
CINS85 could be a factor regulating trafficking of Re-
elin receptors and Dabl complex. In this respect,
CIN85 may recruit endocytic proteins, such as Cbl
and endophilin, to ApoER2 or VLDLR as is shown
with receptor-type tyrosine kinases (Kowanetz et al.
2003a,b). Recently, CIN85 was shown to function in
downregulation of dopamine receptor 2, a G-protein-
coupled receptor, in striatal neurons (Shimokawa et al.
2010). Taken together, these results suggest that
CINS85 may act as an adaptor protein involved in the
internalization of various types of membrane receptors.

In addition, CIN85 may also be involved in
recruitment of the ApoER2 or VLDLR and Dabl
complexes from internal membrane compartments to
cell surface. In unstimulated neurons, CIN85 showed
a punctate distribution throughout the cytoplasm.
However, the identity of the vesicles has not been
verified. CINS85 is reported to be present in Golgi
apparatus in adherent cultured human cells (Havrylov
et al. 2008), but in neurons Golgi is not a major site
that CINS85 resides. CINS85 is reported to localize to
Rab7-positive late endosome (Schroeder et al. 2010),
and CD2AP, another family member of SH3-con-
taining proteins along with CIN85, is shown to
interact with the active form of Rab4 (Cormont et al.
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2003). However, CIN85 only showed an overlap dis-
tribution marginally with any of endosomal markers
at the perinuclear region and neurites when wild-type
Rab proteins expressed. Thus, the identity of the ves-
icles, with which most of CIN85 associates in neu-
rons, is not indicated yet. The colocalization of
CIN85 with ApoER2 or VLDLR was markedly
enhanced when co-expressed with Dab1-2A
(Fig. 4C, Fig. S6C in Supporting Information). After
the treatment with RR3-6, a part of CIN85 colocal-
ized with ApoER2 and Dabl on plasma membrane
(Fig. 5D). It is reported that ApoER2 at the cell sur-
face increases in the presence of Dabl without
change in total expression levels (Morimura et al.
2005; Hoe et al. 2006), and Dabl affects trafficking
of ApoER?2 to cell surface in COS-7 cells expressing
Dabl and ApoER2 (Hoe et al. 2006). These results
suggest that Dabl promotes plasma membrane locali-
zation of Reelin receptors. The present results further
explore the notion that CIN85 cooperates with Dab1
to promote plasma membrane localization, at least in
part, of ApoER2 and VLDLR.

Tyrosine phosphorylation of Dabl induced by
Reelin stimulation is an essential step for transducing
the signal to cytoplasmic downstream effectors.
Importantly, we show that the RR3-6 treatment
increased the colocalization of CIN85 with ApoER2
or VLDLR and co-expression of Fyn strengthened
the interaction between CINS85 and Dabl likely by
inducing Tyr phosphorylation of Dabl. This is remi-
niscent of CINS85 binding to Cbl that is enhanced by
growth factor-induced tyrosine phosphorylation of
Cbl (Take et al. 2000; Soubeyran et al. 2002; Kowa-
netz et al. 2003a,b). Tyrosine phosphorylation sites
are present in the middle of Cbl and the PxxxPR
sequence is in its C-terminal site. Tyrosine phosphor-
ylation is considered to induce a conformational
change of Cbl protein, leading to opening or stabil-
ization of the PxxxPR motif. The similar mechanism
may also occur in the interaction between Dabl and
CINS85. However, Tyr phosphorylation sites them-
selves are the binding sites on Dabl for several
downstream proteins such as PI3K and Crk. Crk is a
multi-adaptor protein containing SH2 and SH3
domain that associate with a particular set of phos-
pho-Tyr residues in Dab1 (Huang ef al. 2004; Matsu-
ki ef al. 2008; Park & Curran 2008). PI3K p85, a
well-known cell survival factor upstream of Akt, also
binds to another set of phospho-Tyr residues of Dab1
(Bock et al. 2003). Proteomic interaction assays sug-
gest that CIN85 also associates directly with PI3K
p85 and Crk (Watanabe et al. 2000). These results

Genes to Cells (2013) 18, 410424

point to a scenario wherein Reelin-induced Tyr
phosphorylation of Dabl promotes the association of
CINS85 with ApoER2 through assembly of signaling
elements including Crk and PI3K. Most recently, it
was shown that the interaction of CINS85 with Dabl
is regulated by phosphorylation of CIN85 (Bior &
Ballif 2013). Taken together, these data implicate
CINS85 as a novel component in a scaffold assembling
in the Reelin-Dab1 signaling pathway which is regu-
lated by multiple protein phosphorylation.

CINS5 binds to Dab1 at “**PTPAPR *#® sequence
in the C-terminal region, and this binding is inhibited
by phosphorylation of Dabl at nearby Ser491 via
Cdk5-p35 (Sato et al. 2007). Cdk5 also mediates the
cellular signaling in control of cortical lamination
(Ohshima et al. 2001); raising the postulate that there
exists crosstalk between Reelin and Cdk5 signalings
has been a question to be investigated. Compound
mutants on genes in Reelin and Cdk5 signalings
showed the increased abnormality of layer formation
in several brain areas, compared to those with a single
deficiency (Ohshima et al. 2001; Beffert et al. 2004),
suggesting their genetic interaction. In contrast, levels
of Reelin and Dabl were not altered in Cdk5—/—
mouse brains (Ohshima ef al. 2001), and vice versa,
levels of Cdk5 activity were unchanged in Reeler
(Keshvara ef al. 2002; Sato et al. 2007). Phosphoryla-
tion of Dabl by Cdk5 was the first biochemical evi-
dence to implicate the crosstalk (Keshvara et al. 2002;
Ohshima et al. 2007), followed by isolation of
CINS85, which binds to Dabl in a Cdk5-dependent
phosphorylation manner (Sato et al. 2007). The pres-
ent results further extend their interaction to those
including ApoER2 and VLDLR, and suggest a role
for CIN85 in trafficking of ApoER2 or VLDLR.
Related to cellular function of Cdk5, we would like
to note that Cdk5 regulates the trafficking of recycling
endosomes in axons by phosphorylation of LMTK1/
AATYKI1, a novel Ser/Thr kinase residing on recy-
cling endosomes (Takano et al. 2012). Thus, Cdk5
may play a role in endosomal dynamics in neurons by
phosphorylating proteins on respective endosomes.

To see a role for CINS85 in endocytosis of Reelin
receptors, we have knocked CIN85 down using
shRNA and assessed its effect on internalization of
RFP-RR3-6 in primary neurons. Although the inter-
nalized RFP-RR3-6 was reduced slightly in neurons
transfected with CIN85-KD shRNA compared with
Sc-shRINA, there was no significance between them
(Fig. S7 in Supporting Information). Considering
a report describing that only a small percentage of
ApoER?2 is affected in trafficking by Dab1 (Hoe et al.
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2006), CIN85 may be involved in recruitment of
only a subset of Reelin receptors in embryonic neu-
rons. Alternatively, CD2AP would have compensated
the decrease of CINS85 in knockdown neurons. This
is implicated by the fact that CD2AP, as well as
CINS85, in the rat brain extract binds to Dab1-2A
(Sato et al. 2007). Otherwise, the role of CIN85 in
endocytosis of ApoER2 or VLDLR might be dem-
onstrated more clearly in an experiment using adult
neurons. In this respect, the Reelin-ApoER?2 signal-
ing is suggested to function in synaptic activity in
adult brains (Weeber ef al. 2002; Beffert er al. 2005).
There is no developmental deficiency as shown in
mice lacking CINS5, but those mice do show defi-
ciency in dopamine receptor 2 endocytosis in adults
(Shimokawa et al. 2010). Depending on the amount
and species of adaptor proteins assembling to Reelin
receptors, the internalization may be differentially
regulated (Duit ef al. 2010). In addition, we note
recent studies that CINS85, as well as CD2AP, is
implicated as risk factors in Alzheimer disease (Hol-
lingworth et al. 2011; Naj et al. 2011; Treusch et al.
2011). It is shown that ApoER2 regulates the traf-
ficking and the proteolytic processing of amyloid pre-
cursor protein (APP) that correlates deeply with AB
production (Fuentealba et al. 2007; He et al. 2007;
Durakoglugil et al. 2009). It is a fascinating hypothesis
that CIIN85 and CD2AP may affect APP processing
by regulating ApoER2 or VLDLR trafficking.

Experimental procedures
Antibodies

Anti-FLAG M2, anti-actin, and Rhodamine-Phalloidin were
purchased from Sigma-Aldrich (St. Louis, MO). Anti-HA
Y11, anti-Myc 9E10, and anti-Fyn antibodies were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Anti-Myc polyclonal antibody was purchased from Cell Sig-
naling (Danvers, MA, USA). Anti-EEA1 and anti-GM130
antibodies were from B.D. Biosciences (Franklin Lakes, NJ).
Anti-golgin97 was purchased from Molecular Probe (Eugene,
OR, USA). Anti-PSD-95 antibody was purchased from
Thermo Scientific (Waltham, MA, USA). Anti-GFP mono-
clonal antibody was from Roche (Penzberg, German). Anti-
Tubulin (Tuj-1) antibody was purchased from TECHNE
Corporation  (Cambridge, UK). Anti-phospho-Tyrosine
(4G10) was from Millipore (Billerica, MA, USA). Horse rad-
ish peroxidase (HRP)-conjugated or alkaline phosphatase
(AP)-conjugated anti-mouse IgG and anti-rabbit IgG were
purchased from Covance (Princeton, NJ, USA). Alexa Fluor
405, 488, 546, or 647-conjugated anti-mouse or anti-rabbit
IgG were obtained from Invitrogen (Carlsbad, CA, USA).
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The polyclonal anti-CINS85 antibody was raised against the
C-terminal 327-665 amino acids fragment of CIN85 and
affinity-purified using the CIN85 C-terminal fragment conju-
gated to NHS-activated HP column (GE Healthcare, Buck-
inghamshire, UK). Anti-CIN85 YH antibody was provided
from Dr. Y. Hata at Tokyo Medical and Dental University
(Tokyo, Japan). Anti-Dab1 antibody was described previously
(Sato et al. 2007), and anti-Reelin repeat 5A antibody was
described previously (Yasui et al. 2007).

Expression or knockdown vectors

Expression vectors encoding mouse ApoER2 or VLDLR
tagged with EGFP at their C-terminus was provided from Dr.
J. Nimpf at University of Vienna (Vienna, Austria). CINS5,
CIN85-NT, or CIN85-CT was inserted in pFLAG-CMV2 or
pcDNA3-3xHA. pSecTag-RFP-Reelin repeats 3-6 and
pcDNA3-Myc-Dabl are described previously (Sato et al.
2007; Yasui et al. 2007). CIN85 knockdown targeting vectors
were constructed by the insertion of shRNA sequences into
pcDNA6.2-GW/EmGFP  (Invitrogen). Targeted sequences
were 5-GGTTTGTTCCCTGACAACTTT-3' for shRINA#1
and 5-AATGGGAAGACTGGAATGTTT-3' for siRNA#2,
corresponding to nucleotide sequence 136-156 and 421-441
of mouse CIN85 cDNA, respectively. A vector encoding
scramble sequence provided from Invitrogen was used as a
negative control. shRINA targeting vectors without GFP
were constructed by removing the nucleotide sequence of
GFP from the shRINA vector at Dral restriction sites.

Cultures of mouse cortical neurons and cell lines,
and transfection

COS-7 cells and HEK293T cells were maintained in Dul-
becco’s Modified Eagle Medium supplemented with 10% fetal
bovine serum. Transfection was performed using Lipofecta-
mine2000 (Invitrogen), Polyfect (Qiagen, Hilden, Germany),
or HilyMax (Dojindo, Kumamoto, Japan) according to the
methods of manufacturer’s instruction. Primary cortical neu-
rons were prepared from brains of ICR mice (Sankyo lab,
Tokyo, Japan) at embryonic days 14-16. All experiments were
performed according to the guidelines for animal experimenta-
tion of Tokyo Metropolitan University. Neurons were cul-
tured in Neurobasal medium (Invitrogen) containing 2% B-27
supplement (Invitrogen) and 0.5 mm Glutamine, 50 U/ml
Penicillin G and 0.1 mg/mL Streptomycin as described previ-
ously (Endo ef al. 2009). Transient transfection into primary
neurons was performed with an AMAXA Nucleofector II
(Roche) before seeding (Takano et al. 2012).

Preparation of Reelin repeats 3-6-containing
conditioned medium and treatment of neurons

Conditioned medium containing RFP-RR3-6 was prepared
by transient transfection into HEK293T cells and cultured for
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3 days. Medium was collected and sterilized with 0.22 pm fil-
ter as described previously (Yasui ef al. 2007). Expression of
RFP-RR3-6 was confirmed by immunoblotting with anti-
Reelin repeat 5A. Neurons were treated with the conditioned
medium containing RR3-6 by replacing half of culture med-
ium with the conditioned medium for indicated duration at 4
or 37 °C.

Immunofluorescence staining,
immunoprecipitation, and immunoblotting

Primary neurons and COS-7 cells on coverslips were fixed with
4% paraformaldehyde in phosphate-buffered saline (PBS) at
room temperature for 25 min. After washing with PBS, cells
were permeabilized with 0.1% Triton X-100 in PBS for 5 min
and treated with 1% nonfat skimmilk in PBS for 10 min to
block nonspecific immunoreactions. Then cells were incubated
with the indicated primary antibodies at 4 °C for overnight.
After washing with PBS, cells were further incubated with
Alexafluor-conjugated secondary antibodies at 37 °C for 1 h.
Specimens were analyzed with a confocal microscopy, LSM510
Exciter or LSM710 (Carl Zeiss, Oberkochen, Germany).
COS-7 cells expressing FLAG-CIN85 NT, Myc-Dab1-2A,
and Fyn or kinase negative Fyn (Fyn KN) were lysed in Hepes
buffer (20 mm Hepes, pH 7.4, 100 mm NaCl, 5 mm MgCI2,
1 mm EGTA, 10% glycerol, 1% Triton X-100, 10 pg/mL
Leupeptin, 1 pm E64, 400 um  4-(2-Aminoethyl) benze-
nesulfonyl fluoride, 1 mm DTT, 1 mm NazyVO,). FLAG-
CIN85 NT was immunoreacted with anti-FLAG M2 antibody
and collected with Protein G Sepharose 4B (GE Healthcare)
Fast Flow as previously described (Sato et al. 2007). Immuno-~
blotting was performed as described previously (Sato ef al.
2007). After blocking with 5% of nonfat milk in TBS-T,
membranes were reacted with anti-Myc or anti-FLAG anti-
body followed by HRP-conjugated secondary antibodies.
Immunoreactivity was detected with Immobilon chemilumi-
nescent HRP Substrate (Millipore, Billerica, MA, USA).

Acknowledgements

We would like to express our thanks to J. Nimpf at University
of Vienna for providing ApoER2-EGFP and VLDLR-EGFP
and Y. Hata at Tokyo Medical and Dental University for pro-
viding anti~CIN85 YH antibody. We thank Martin J. Berg at
Nathan S. Kline Institute for reading the manuscript. This
work was supported in part by Grants-in-Aid for Scientific
Research from MEXT, Japan (S.H.).

References

Ballif, B.A., Amaud, L., Arthur, W.T., Guris, D., Imamoto,
A. & Cooper, J.A. (2004) Activation of a Dab1/CrkL/
C3G/Rapl pathway in Reelin-stimulated neurons. Curr.
Biol. 14, 606~610.

Beffert, U., Weeber, EJ., Durudas, A., Qiu, S., Masiulis, L.,
Sweatt, J.D., Li, W.P., Adelmann, G., Frotscher, M., Ham-

Genes to Cells (2013) 18, 410424

mer, R.E. & Herz, ]. (2005) Modulation of synaptic plastic-
ity and memory by Reelin involves differential splicing of
the lipoprotein receptor ApoER?2. Neuron 47, 567-579.

Beffert, U., Weeber, EJ., Morfini, G., Ko, J., Brady, S.T.,
Tsai, L.H., Sweatt, J.D. & Herz, J. (2004) Reelin and
cyclin-dependent kinase 5-dependent signals cooperate in
regulating neuronal migration and synaptic transmission.
J. Neurosci. 24, 1897-1906.

Bior, B.K. & Ballif, B.A. (2013) Dab1 stabilizes its interaction
with Cin85 by suppressing Cin85 phosphorylation at serine
587. FEBS Lett. 587, 60-66.

Bock, H.H., Jossin, Y., Liu, P., Foster, E., May, P., Goffinet,
AM. & Herz, ]. (2003) Phosphatidylinositol 3-kinase inter-
acts with the adaptor protein Dabl in response to Reelin
signaling and is required for normal cortical lamination.
J. Biol. Chem. 278, 38772-38779.

Buchman, V.L., Luke, C., Borthwick, E.B., Gout, . &
Ninkina, N. (2002) Organization of the mouse Ruk locus
and expression of isoforms in mouse tissues. Gene 295, 13—
17.

Cormont, M., Meton, I, Mari, M., Monzo, P., Keslair, F.,
Gaskin, C., McGraw, T.E. & Marchand-Brustel, Y.L.
(2003) CD2AP/CMS regulates endosome morphology and
traffic to the degradative pathway through its interaction
with Rab4 and c-Cbl. Traffic 4, 97-112.

Cuitino, L., Matute, R., Retamal, C., Bu, G., Inestrosa, N.C.
& Marzolo, M.P. (2005) ApoER2 is endocytosed by a clath-
rin-mediated process involving the adaptor protein Dab2
independent of its raft’s association. Traffic 6, 820~838.

D’Arcangelo, G., Homayouni, R., Keshvara, L., Rice, D.S,,
Sheldon, M. & Curran, T. (1999) Reelin is a ligand for
lipoprotein receptors. Neuron 24, 471-479.

Dhavan, R. & Tsai, L.H. (2001) A decade of CDK5. Nat.
Rev. Mol. Cell Biol. 2, 749-759.

Dikic, I. (2002) CIN85/CMS family of adaptor molecules.
FEBS Lett. 529, 110-115.

Duit, S., Mayer, H., Blake, S.M., Schneider, W.J. & Nimpf,
J. (2010) Differential functions of AppoER2 and very low
density lipoprotein receptor in Reelin signaling depend on
differential sorting of the receptors. J. Biol. Chem. 285,
4896-4908.

Dumanis, S.B., Chamberlain, K.A., Jin Sohn, Y., Jin Lee, Y.,
Guénette, S.Y., Suzuki, T., Mathews, P.M., Pak, D.Ts.,
Rebeck, G.W., Suh, Y.H., Park, H.S. & Hoe, H.S. (2012)
FE65 as a link between VLDLR and APP to regulate their
trafficking and processing. Mol. Neurodegener. 7, 9.

Durakoglugil, M.S., Chen, Y., White, C.L., Kavalali, ET. &
Herz, J. (2009) Reelin signaling antagonizes beta-amyloid at
the synapse. Proc. Natl Acad. Sci. USA 106, 15938-15943.

Endo, R., Saito, T., Asada, A., Kawahara, H., Ohshima, T. &
Hisanaga, S. (2009) Commitment of 1-methyl-4-phenylpy-
rinidium ion-induced neuronal cell death by proteasome-
mediated degradation of p35 cyclin-dependent kinase 5
activator. J. Biol. Chem. 284, 26029-26039.

Fuentealba, R.A., Barria, M.L., Lee, J.,, Cam, J., Araya, C.,
Escudero, C.A., Inestrosa, N.C., Bronfman, F.C., Bu, G. &

© 2013 The Authors

Genes to Cells © 2013 by the Molecular Biology Society of Japan and Wiley Publishing Asia Pty Ltd

—178—



