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(Background: Cell adhesion molecule CHL1 plays a dual role by either promoting or inhibiting neuritogenesis.
Results: Ligand-induced clustering of CHL1 at the cell surface induces lipid raft-dependent endocytosis of CHL1 and

Conclusion: Ligand-induced remodeling of CHL1 adhesion promotes neurite outgrowth.
Significance: High levels of CHL1 adhesion and inhibition of CHL1 endocytosis can interfere with neuronal development
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CHL1 plays a dual role by either promoting or inhibiting
neuritogenesis. We report here that neuritogenesis-promot-
ing ligand-dependent cell surface clustering of CHL1 induces
palmitoylation and lipid raft-dependent endocytosis of
CHL1. We identify BII spectrin as a binding partner of CHL1,
and we show that partial disruption of the complex between
CHL1 and BII spectrin accompanies CHL1 endocytosis. Inhi-
bition of the association of CHL1 with lipid rafts by pharma-
cological disruption of lipid rafts or by mutation of cysteine
1102 within the intracellular domain of CHL1 reduces endo-
cytosis of CHL1. Endocytosis of CHL1 is also reduced by nife-
dipine, an inhibitor of the L-type voltage-dependent Ca®*
channels. CHL1-dependent neurite outgrowth is reduced by
inhibitors of lipid raft assembly, inhibitors of voltage-depen-
dent Ca®* channels, and overexpression of CHL1 with
mutated cysteine Cys-1102. Our results suggest that ligand-
induced and lipid raft-dependent regulation of CHLI1
adhesion via Ca®>*-dependent remodeling of the CHL1-BII
spectrin complex and CHL1 endocytosis are required for
CHL1-dependent neurite outgrowth.

Cell adhesion molecules mediate various interactions
between cells and also between cells and the extracellular
matrix in the developing and mature brain, and they are thus
intimately involved in the regulation of brain development and
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function in the adult. The close homolog of L1 (CHL1)? is a cell
adhesion molecule that belongs to the immunoglobulin superfam-
ily due to the presence of six Ig-like domains in its extracellular
part. CHL1 is highly expressed in neurons but is also detectable in
astrocytes, oligodendrocytes, and Schwann cells (1). The extracel-
lular domain of CHL1 binds to CHL1 molecules on adjacent mem-
branes thereby mediating homophilic interactions (2). It also
interacts with other adhesion molecules such as integrins (3) and
NB-3, a member of the F3/contactin family of neural recognition
molecules (4), and cell surface receptors, such as the receptor-type
protein-tyrosine phosphatase « (4), semaphorin 3A receptor neu-
ropilin 1 (5), and ephrin A5 receptor (6).

Binding of CHL1 to its ligands is associated with an increase
in neuronal survival and differentiation (1, 7, 8). Mice constitu-
tively deficient in CHL1 show abnormalities in brain structure,
including loss of Purkinje and granule cells in the cerebellum,
abnormal neuronal positioning and dendrite orientation in the
cerebral cortex, and abnormal innervation of Purkinje cell den-
drites by stellate axons in the cerebellar cortex (4, 9-11). In
developing axons, CHL1 plays a role in axonal guidance by pro-
moting the growth cone collapsing effects of semaphorin 3A
(12). However, excessive CHL1-mediated adhesion limits neu-
rite outgrowth and differentiation in vitro and in vivo (2). In
agreement, ectodomain shedding of CHL1 by the metallopro-
tease-disintegrin ADAMS8 promotes neurite outgrowth and
suppresses neuronal cell death (13). Little is known, however,
about how the levels of CHL1 at the cell surface are regulated.

An important role in the ability of CHL1 to promote neuro-
nal differentiation is played by the cytoskeleton. CHL1 interacts
with and recruits to the cell surface plasma membrane the cyto-
skeleton-linker proteins such as ankyrin and the ezrin-radixin-

3 The abbreviations used are: CHL1, close homolog of L1; NB-DNJ, N-butylde-
oxynojirimycin; NCAM, neural cell adhesion molecule; VDCC, voltage-de-
pendent Ca®* channel; ANOVA, analysis of variance; TfR, transferrin recep-
tor; ID, intracellular domain.
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moesin (ERM) family of proteins (3, 12). Mutations in the
ankyrin- and ERM-binding motifs abrogate the ability of CHL1
to promote neuronal migration and neurite outgrowth (3, 12).
How the association of CHL1 with the cytoskeleton is regulated
remains poorly understood.

In this study, we show that CHL1 directly associates with BII
spectrin, and we demonstrate that ligand-induced clustering of
CHLI1 induces palmitoylation of CHL1 and lipid raft-depen-
dent remodeling of the CHL1-BII spectrin complex, accompa-
nied by CHL1 endocytosis, which are required for CHL1-de-
pendent neurite outgrowth.

EXPERIMENTAL PROCEDURES

Antibodies and Toxins—Rabbit polyclonal antibodies (14)
and goat polyclonal antibodies (R&D Systems, Minneapolis,
MN) against the extracellular domain of CHL1 were used for
Western blot analysis, immunocytochemistry, and assay for
neurite outgrowth showing similar results. Monoclonal anti-
body 2C2 reacting with the cytoplasmic domains of L1 and
CHLI1 (15) was used in in vitro protein binding assays. Goat
polyclonal antibodies against the intracellular domain of CHL1
(Santa Cruz Biotechnology) were used in the proximity ligation
assay. Mouse monoclonal antibodies against BII spectrin,
ankyrin-B, and clathrin heavy chain were from BD Biosciences;
nonimmune antibodies and rabbit polyclonal antibodies
against p59™™ and BII spectrin were from Santa Cruz Biotech-
nology; rabbit polyclonal antibodies against actin and BI spec-
trin were from Sigma; mouse monoclonal antibodies against
Na*/K*"-ATPase (a6F) were from Developmental Studies
Hybridoma Bank (University of Iowa, IA); polyclonal goat anti-
bodies against F3/F11/contactin-1 were from R&D Systems
(Minneapolis, MN); and mouse monoclonal antibodies against
transferrin receptors were from Invitrogen. Secondary antibod-
ies against rabbit, goat, and mouse Ig-coupled to horseradish
peroxidase (HRP), cy2, cy3, or cy5 were from Jackson Immu-
noResearch. Methyl-B-cyclodextrin and lipid biosynthesis
inhibitors mevastatin, mevinolin, N-butyldeoxynojirimycin
(NB-DNJ), and fumonisin B were from Sigma. Voltage-depen-
dent Ca®" channel blockers nifedipine and pimozide were from
Alomone Laboratories (Jerusalem, Israel).

Animals—In this study 1- to 3-day-old wild type C57BL/6]
and CHL1-deficient (CHL1 ~/~) mice (16) were used. CHL1 ™/~
mice had been back-crossed onto a C57BL/6] genetic back-
ground for 10 generations. All experiments were approved by
the Animal Care and Ethics Committee of the University of
New South Wales.

DNA Constructs and siRNA—To clone CHLI1, double-
stranded cDNA was synthesized using SuperScript™ II RT
(Invitrogen) from total RNA isolated from mouse brain by the
High Pure RNA tissue kit (Roche Diagnostics). Mouse CHL1
was amplified from cDNA and cloned into pcDNA™
3.1/V5-His vector using corresponding TOPO expression kit
(Invitrogen) according to the manufacturer’s instructions. Plas-
mid DNA containing full-length CHL1 in pcDNA3.1 was taken
as template for subcloning and site-directed mutagenesis. pEF/
FRT/V5-D-TOPO cloningkit (Invitrogen) was used to generate
the expression construct encoding full-length CHL1, which
was used for transfection. Single amino acid change was made
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using the QuikChange IT XL site-directed mutagenesis kit from
Stratagene (La Jolla, CA) according to the manufacturer’s pro-
tocol. The following primers were used to generate the C1102S
mutation within the CHL1 intracellular domain: forward
primer, 5'-ACACTGATATTGTTAACTATTTCCTTTGTG-
AAGAGGAACAGAGGT-3’, and reverse primer 5'-ACCTC-
TGTTCCTCTTCACAAAGGAAATAGTTAACAATATCA-
GTGT-3'. Control nonsilencing and BII spectrin siRNA were
from Qiagen. Transfection with BII spectrin siRNA (target
sequence AAGGTGCTTGATAATGCTATA) reduced by
~50% the expression of BII spectrin at 24 h after transfection as
verified by Western blot analysis (data not shown) and immu-
nocytochemistry (Fig. 9B), allowing it to be used as functional
BII spectrin siRNA. The BII spectrin siRNA (target sequence
AACCATCATCATCCTAAACAA) did not affect BII spectrin
expression as verified by Western blot analysis and immunocy-
tochemistry and was used as nonfunctional siRNA control.

Cultures and Stable Transfection of NIH 3T3 Cells—Flp-In-
NIH 3T3 cells (Invitrogen) were grown in DMEM/F-12 with
10% donor calf serum and 2% penicillin/streptomycin at 37 °C,
5% CO,, and 90% relative humidity. Cells were passaged as they
reached confluence. To generate stably transfected cell lines,
cells were co-transfected with CHL1 pEF5/FRT/V5-D-TOPO
and pOG44 plasmids using Lipofectamine 2000 reagent (Invit-
rogen) according to the manufacturer’s instructions. The
pOG44 plasmid expresses Flp recombinase, which helps the
CHL1 cDNA to integrate into the genome of the 3T3 cells at
the FRT site. Cells were selected in culture medium containing
200 pg/ml hygromycin B (Invitrogen) for 3—4 weeks. Single
clones were isolated and verified by Western blot analysis.

Co-immunoprecipitation—For co-immunoprecipitation exper-
iments, samples containing 1 mg of total protein were lysed for 20
min at 25 °C with lysis buffer (50 mm Tris-HCI, pH 7.5, 150 mm
NaCl, 1% Nonidet P-40, 1 mm Na,P,0O,, 1 mm NaF) containing
an EDTA-free protease inhibitor mixture (Roche Diagnostics).
When indicated, 2 mM EGTA, 0.2 mm CaCl,, or 2 mm CaCl, was
added to the lysis buffer. Lysates were centrifuged at 20,000 X g
for 15 min at 4 °C. The supernatants were precleared for 3 h at
4 °C with 20 pl of protein A-agarose beads per 1.5 ml of lysate
under constant rotation. Beads were pelleted down by spinning
at 500 X g for 5 min, and the supernatant was carefully pipetted
out into another tube. The supernatants were incubated with
polyclonal CHL1 antibodies or nonspecific rabbit immuno-
globulins overnight at 4 °C with constant rotation, followed by
incubation with protein A-agarose beads for 3 h at 4 °C. The
beads were pelleted and washed four times with ice-cold lysis
buffer. Proteins were eluted from the beads with Laemmli sam-
ple buffer and boiled at 100 °C for 10 min. The samples were
analyzed by Western blot.

In Vitro Protein Binding Assay—Rabbit polyclonal antibodies
against BII spectrin were used to immobilize BII spectrin. The
antibodies (1 ug/ml in PBS) were adsorbed overnight to the
plastic surface of 96-well MICROLON 600 plates (Greiner,
Frickenhausen, Germany) at 4 °C. All steps were then per-
formed at room temperature. Wells were blocked with 1% BSA
in PBS for 1 h and incubated with purified mouse brain spectrin
(6 uMm) (17) for 1 h. Wells were washed and incubated for 1 h
with increasing concentrations of CHL1-ID and L1-ID (15)
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diluted in PBS with 1% BSA. Plates were washed five times with
PBS containing 0.05% Tween 20 (PBST) and incubated for 1 h
with the monoclonal antibody 2C2 reacting with the cytoplas-
mic domains of L1 and CHL1 (15) diluted 1:5,000 in PBST con-
taining 1% BSA. After washing with PBST, wells were incubated
for 1 h with HRP-coupled secondary antibodies in PBST con-
taining 1% BSA, washed five times with PBST, and developed
with 1 mg/ml o-phenylenediamine dihydrochloride (Perbio-
Science, Bonn, Germany). The absorbance was measured at
405 nm.

Isolation of Soluble, Total Membrane, and Lipid Raft
Fractions—Brain homogenates were prepared using a Dounce
homogenizer in a homogenization buffer (0.32 M sucrose, 1 mm
MgCl,, 1 mm CaCl,, 1 mMm NaHCOg, 5 mm Tris, pH 7.4, prote-
ase inhibitor mixture (Roche Diagnostics)) and centrifuged at
700 X g for 10 min at 4 °C to pellet nuclei. The supernatants
were centrifuged at 17,500 X gat 4 °C for 15 min. The superna-
tants were used as fractions enriched in soluble proteins,
whereas pellets were used as total membrane fractions. Lipid
rafts were isolated from the total membrane fraction as
described (18). Membrane fraction (500 ul) was mixed with 4.X
volumes of ice-cold 1% Triton X-100 in TBS and incubated for
20 min on ice. Extracted membranes were mixed with an equal
volume of 80% sucrose in 0.2 M Na,COj to a final sucrose con-
centration of 40%. To create a discontinuous gradient, this 40%
sucrose solution was overlaid with 2 ml of 30% sucrose in TBS
and 1 ml of 10% sucrose in TBS. Tubes were filled to capacity
with TBS and centrifuged at 230,000 X g for 17 h. Lipid rafts
were collected at the top of the gradient at 10% sucrose, resus-
pended in TBS, and pelleted down by centrifugation at
100,000 X g for 1 h. The pellets were resuspended in TBS con-
taining protease inhibitor mixture. To estimate the fraction of
CHL1, ankyrin-B, and BII spectrin in lipid rafts, enrichment of
these proteins in lipid rafts versus brain homogenate was com-
pared with the enrichment of contactin-1, which localizes
exclusively to lipid rafts as shown in Equation 1,

LR fraction (protein of interest) = / z(protein of interest)/
lsn(protein of interest) X [gy(contactin-1)// z(contactin-1)

X 100% (Eq.1)
where I, ; and I;;;; are levels in lipid rafts and brain homoge-
nates as estimated by Western blot analysis. Similar estimations
were obtained using Fyn as a lipid raft reference protein (data
not shown).

Analysis of Spectrin Meshwork Polymerization—Isolation of
0.1% Triton X-100-soluble and -insoluble proteins was per-
formed as described (19). Brain homogenates were extracted
for 5 min at 4 °C with PHEM buffer (60 mMm Pipes, 25 mm
HEPES, 10 mm EGTA, 2 mm MgCl,, pH 6.9) containing 0.1%
Triton X-100 and protease inhibitor mixture. Samples were
then centrifuged for 10 min at 48,000 X g at 4 °C. Supernatants
containing nonpolymerized proteins and pellets containing
polymerized spectrin meshwork were analyzed by Western blot.

Isolation of the Cell Surface Proteins by Biotinylation—CHL1
constructs were transiently transfected into 3T3 cells grown in
6-well dishes using Lipofectamine 2000. Twenty four hours
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after transfection, polyclonal antibodies against the extracellu-
lar domain of CHL1 (1:200) were applied to cells for 10 min at
37 °C. To block VDCC, 10 uM nifedipine and 5 um pimozide
were applied for 10 min at 37 °C before antibody application.
The cells were washed twice with ice-cold PBS. Surface proteins
were then biotinylated with 0.5 mg/ml of EZ-Link Sulfo-NHS-
LC-Biotin (Pierce) applied for 30 min at 4 °C (20). The reactions
were stopped by adding 50 mm glycine for 10 min at 4 °C. After
washing twice with ice-cold PBS, the cells were scraped into 166
pl per well of warm precipitation buffer (PBS, 1% SDS, 5 mm
EDTA, 5 mM EGTA) with the complete protease inhibitor mix-
ture and phosphostop (Roche Diagnostics). This solution was
then diluted with 833 ul per well of cold PBS containing
1% Triton X-100 and centrifuged at 20,000 X g for 20 min at
4°C. To precipitate biotinylated proteins, supernatants con-
taining equal amounts of the total protein were mixed with 100
wl of neutravidin-agarose beads (Pierce) overnight at 4 °C with
rotation. After washing three times with PBST, the precipitates
were boiled in Laemmli sample buffer and subjected to SDS-
PAGE and Western blot analysis.

Neuronal Cultures—Hippocampal and cortical neurons were
prepared from 1- to 3- day-old C57BL/6] mice and maintained
for 24 h in Neurobasal A medium supplemented with 2% B-27
and GlutaMAX (Invitrogen) and FGF-2 (2 ng/ml, R&D Sys-
tems, Minneapolis, MN) on glass coverslips coated with poly-
D-lysine (100 pg/ml) (21).

Neurite Outgrowth Assays—Neurite outgrowth was analyzed
as described (22, 23). Briefly, for nontransfected neurons, poly-
clonal antibodies against the extracellular domain of CHL1 or
nonspecific immunoglobulins were applied to the culture
medium immediately after plating together with or without the
lipid biosynthesis inhibitors mevinolin (4 um), NB-DNJ (100
uM), or fumonisin B (50 wM) (24). When indicated, neurons
were co-transfected with cherry (a kind gift of Dr. Tsien) and
CHL1 ¢DNA constructs 6 h after plating using Lipofectamine
2000 (Invitrogen) combined with CombiMag (OzBiosciences,
Marseille, France) according to the manufacturer’s instruc-
tions. For transfected neurons, CHL1 antibodies and nonspe-
cificimmunoglobulins were applied 6 h after transfection. Neu-
rons were fixed with 4% formaldehyde in PBS at 24 h after
CHL1 antibody and nonspecific immunoglobulin application.
The cells were imaged using an Axiophot 2 microscope
equipped with a Plan-NeoFluar X40 objective (numerical aper-
ture 0.75), AxioCam HRc digital camera, and AxioVision soft-
ware version 3.1 (Carl Zeiss, Oberkochen, Germany). Lengths
of neurites were measured using Image] software (National
Institute of Health, Bethesda). For each experimental value, at
least 100 neurons with neurites longer than the cell body diam-
eter were measured. Results were statistically evaluated using
ANOVA.

Immunofluorescence Labeling—Indirect immunofluores-
cence labeling was performed as described previously (25).
When indicated, live neurons were preincubated with goat
polyclonal antibodies against CHL1 for 15 min in a CO,, incu-
bator at 37 °C to induce clustering of CHL1. Control neurons
were treated with nonimmune immunoglobulins. Neurons
were fixed in 4% formaldehyde in PBS, washed with PBS, per-
meabilized with 0.25% Triton X-100 in PBS for 5 min, and
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blocked with 1% BSA in PBS for 20 min. Antibodies against
CHLI1 and BII spectrin were applied in 0.1% BSA in PBS over-
night at 4 °C. Primary antibodies were detected with fluoro-
chrome-coupled secondary antibodies applied for 60 min at
room temperature. Immunofluorescence images were acquired
at room temperature using a confocal laser scanning micro-
scope LSM510, LSM510 software (version 3), and an oil Plan-
NeoFluar X63 objective (numerical aperture 1.3; all from Carl
Zeiss) at X3 digital zoom. Immunofluorescence intensity pro-
files were plotted in Image].

Detergent Extraction of Cultured Neurons—Neurons were
incubated with goat polyclonal antibodies against CHL1 or
nonimmune immunoglobulins for 15 min in a CO, incubator at
37 °C either in the presence or absence of nifedipine (10 um),
then incubated for 1 min in cold microtubule stabilizing buffer
(MSB: 2 mm MgCl,, 10 mm EGTA, 60 mm PIPES, pH 7.0), and
extracted for 8 min on ice with 1% Triton X-100 in MSB as
described (18, 22). Neurons were then labeled with indirect
immunofluorescence against CHL1 and PBII spectrin as
described under “Immunofluorescence Labeling” and co-la-
beled with fluorescent cholera toxin (5 ug/ml (18), Sigma)
applied for 30 min at room temperature. Mean intensities of
CHLI1 and BII spectrin immunofluorescence were measured in
Image] by automatically outlining GM1 clusters using a thresh-
old function of Image] and measuring immunofluorescence
intensities within the respective outlines.

Proximity Ligation Assay—Cultured neurons were fixed in
4% formaldehyde in PBS, washed with PBS, permeabilized with
0.25% Triton X-100 in PBS for 5 min, and blocked with 1% BSA
in PBS for 20 min. Antibodies against BII spectrin and the intra-
cellular domain of CHL1 were applied to the cells in 0.1% BSA
in PBS overnight at 4 °C. Further steps were performed using
secondary antibodies conjugated with oligonucleotides (PLA
probes, Olink Bioscience, Uppsala, Sweden) and DuolinkII fluo-
rescence kit (Olink Bioscience) in accordance with the manu-
facturer’s instructions. Fluorescence images were acquired at
room temperature using a confocal laser scanning microscope
Nikon Cl1si, NIS Elements software and oil Plan Apo VC X60
objective (numerical aperture 1.4) all from Nikon Corp. (Tokyo,
Japan).

Metabolic Labeling of CHL1 with Fatty Acids—One-day-old
cultured cortical neurons maintained in wells of a 6-well cul-
ture plate were incubated with Click-iT® myristic acid or Click-
iT® palmitic acid azide (Invitrogen) applied in the culture
medium for 4.5 h. Neurons were then incubated for 15 min
either with control nonimmune rabbit immunoglobulins or
antibodies against the extracellular domain of CHL1 applied in
the culture medium, washed two times with ice-cold PBS, lysed
in 200 pl of lysis buffer (1% SDS, 50 mm Tris, pH 8.0), and stored
at —80 °C. Myristic and palmitic acids incorporated into CHL1
were then labeled with biotin-alkyne using Click-iT® protein
reaction buffer kit (Invitrogen) according to the manufacturer’s
instructions. CHL1 was then immunoprecipitated as described
above (see under “Co-immunoprecipitation”). Mock immuno-
precipitation with nonimmune immunoglobulins served as
control. Immunoprecipitates were subjected to Western blot
analysis.
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Internalization of CHLI from the Cell Surface as Measured by
CHL1 Antibody Uptake—Antibody uptake in cultured hip-
pocampal neurons was analyzed essentially as described (26).
Neurons were analyzed 24 h after plating. When indicated, neu-
rons were preincubated with methyl-B-cyclodextrin (5 mm, 15
min) (18), mevastatin (10 uM, 24 h) (27), nifedipine (10 um, 15
min) (22), and pimozide (5 um, 15 min) (22). In experiments
with transfected neurons, neurons were transfected before
plating using a Neon transfection system (Invitrogen) accord-
ing to the manufacturer’s instructions. Neurons were incubated
for 1 h in a CO, incubator with goat polyclonal antibodies rec-
ognizing the extracellular domain of CHL1 or control nonim-
mune goat immunoglobulins. Neurons were then fixed with 4%
formaldehyde in PBS, washed with PBS, blocked with 1%
bovine serum albumin in PBS, and labeled with Cy2-conjugated
donkey anti-goat antibodies for 30 min at room temperature to
visualize surface-expressed CHL1-CHLI1 antibody complexes.
Following washing with PBS, neurons were post-fixed with 2%
formaldehyde in PBS, permeabilized with 0.25% Triton X-100
in PBS, blocked with 1% BSA in PBS, and labeled with Cy3-
conjugated donkey anti-goat antibodies for 30 min at room
temperature to visualize surface and internalized CHL1-CHL1
antibody complexes. Images of labeled neurons were acquired
with the Nikon C1si confocal microscope using NIS Elements
software and an Oil Plan Apo VC X60 objective (numerical
aperture 1.4) (Nikon, Tokyo, Japan). Numbers of cell surface
(Cy2- and Cy3-positive) and internalized (Cy3-positive Cy2-
negative) CHL1 clusters (N, and Nj,....» respectively) were
counted using Image] software. Internalization rate was esti-
mated as a ratio of N, cern/ Nintern T Neure) X 100%. In control
experiments, when nonimmune goat immunoglobulins were
used instead of CHL1 antibodies, no Cy3 or Cy2 labeling was
observed (data not shown) indicating that nonspecific binding
and uptake of secondary antibodies were negligible. Analysis of
the transferrin receptor uptake was performed using the proto-
col used for CHL1 antibodies but with respective primary and
secondary antibodies.

RESULTS

CHLI Is Palmitoylated in Response to Ligand Binding—The
intracellular domain of mouse CHL1 contains a cysteine resi-
due at position 1102 (Cys-1101 in human CHL1) located in the
vicinity of the plasma membrane (Fig. 14). We have described
that cysteine residues in the intracellular domain of the neural
cell adhesion molecule (NCAM) are palmitoylated, and this
palmitoylation leads to the targeting of NCAM to lipid rafts and
contributes to signaling events following activation of NCAM
at the cell surface (28). Hence, we investigated whether CHL1
would also be palmitoylated. Cultures of cortical neurons were
incubated with palmitic acid labeled with Click-iT tag. Because
ligand binding, either by homophilic interaction or by function
triggering antibodies, plays a role in palmitoylation of NCAM
(22, 29), nonstimulated neurons were compared with neurons
treated with function triggering CHL1 antibodies. Western blot
analysis of CHL1 immunoprecipitates from these neurons
showed that palmitic acid was incorporated into CHL1 with the
higher labeling intensity observed for CHL1 antibody-treated
neurons compared with neurons treated with nonimmune
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FIGURE 1. CHL1 is palmitoylated. A, schematic diagram of the structure of CHL1. Amino acid sequence (amino acids 1091-1130) of the membrane-proximal
part of the intracellular domain CHL1 is shown in the boxed inset. Cysteine 1102 (mouse sequence) and cysteine 1101 (human sequence) are underlined. Ig,
immunoglobulin-like domain; Fn, fibronectin type 3 repeat. B, cultured cortical neurons were metabolically labeled with palmitic and myristic acids or
mock-treated with DMSO used to dilute the fatty acids. Neurons were stimulated by incubation with CHL1 antibodies or control nonimmune immunoglobulins
(IgG). Incorporation of the fatty acids into CHL1 was analyzed by probing the CHL1 immunoprecipitates (/P) from cell lysates by Western blotting (WB) with
HRP-avidin to detect biotin label incorporated into fatty acids by the Click-IT reaction.

immunoglobulins (Fig. 1B). In contrast, no labeling was found
in neurons treated with myristic acid or neurons not treated
with fatty acids, indicating that CHL1 specifically incorporates
palmitic acid.

Cysteine 1102-dependent Targeting of CHL1 to Lipid Rafts Pro-
motes the Association of BII Spectrin with Lipid Rafts—
Palmitoylation is known to promote targeting of adhesion mol-
ecules to lipid rafts (28). To analyze whether CHL1 is present in
lipid rafts, the total membrane fractions from brains of
CHL1*" and CHL1 ™'~ mice were extracted with 1% Triton
X-100 and used to isolate lipid rafts by flotation in a sucrose
density gradient (18). Western blot analysis of these fractions
showed that they were highly enriched in lipid raft markers,
including Src family tyrosine kinase p59™" and glycosylphos-
phatidylinositol-anchored adhesion molecule contactin (Fig.
2A), indicating the efficiency of isolation. Lipid rafts from
CHL1*/* but not CHL1 ™/~ brains were also positive for CHL1
(Fig. 2A), confirming that CHL1 can associate with lipid rafts.
By comparing enrichment of CHL1 in lipid rafts versus brain
homogenates with that of lipid raft-localized contactin-1, we
estimate that ~3% of all CHL1 molecules are localized to lipid
rafts. This estimation is consistent with previous estimations of
the lipid raft levels of NCAM, which is also targeted to lipid rafts
by palmitoylation of its intracellular domain (28).

Because we had found that targeting of NCAM to lipid rafts
was important for accumulating the NCAM-associated cyto-
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skeleton in lipid rafts (18), we analyzed whether cytoskeletal
proteins, which are associated with CHL1, would also be
detectable in lipid rafts. The initial focus was centered on
ankyrin-B, because ankyrins are binding partners for CHL1 (3).
Based on the observations that ankyrins interact with spectrins
(30) and that BII spectrin accumulates in axons, where CHL1
also accumulates (14), the levels of BII spectrin in lipid rafts
were also analyzed. Both proteins were detected in lipid raft
fractions by Western blot analysis (Fig. 24) with ~30% of all BII
spectrin and 20% of ankyrin-B estimated to be localized to lipid
rafts.

Levels of ankyrin-B were increased by ~50% in lipid rafts
from CHL1 /" brains compared with wild type (CHL1"'™")
brains (Fig. 2A4). This increase is most likely due to the overall
increased expression of ankyrin-B, which was increased by
106.7 + 35.8% (1 = 4, p < 0.05, paired t test) in CHL1 ™'~ versus
CHL1"* brains. In contrast to ankyrin-B, the levels of BII
spectrin were reduced by ~35% in CHL1 '~ versus CHL1*/*
lipid rafts (Fig. 24), suggesting that CHL1 plays a role in target-
ing of BII spectrin to lipid rafts.

In agreement, levels of BII spectrin were ~5 times higher in
lipid rafts from NIH 3T3 cells stably transfected with nonmu-
tated wild type CHL1 (CHL1WT) when compared with non-
transfected cells (Fig. 2B). To investigate whether cysteine 1102
plays a role in the association of CHL1 with lipid rafts, cysteine
1102 was mutated to serine by site-directed mutagenesis.
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FIGURE 2. CHL1 promotes targeting of Bll spectrin to lipid rafts. A, brain
homogenate (BH), membrane fraction (M), lipid raft fraction (LR), and soluble
fraction (S) from CHL1"/* and CHL1 ™/~ brains were probed by Western blot
analysis (WB) as indicated. Note that CHL1 is present in the lipid rafts. The
soluble fraction contains CHL1 released from the plasma membrane by pro-
teolytic cleavage of the extracellular domain. Note that the levels of Bl spec-
trin are reduced, whereas levels of ankyrin-B are increased in lipid rafts from
CHL1~/~ versus CHL1*/* mice. Labeling for the lipid raft markers p59™" and
contactin-1 was performed to check the efficiency of lipid raft isolation. Rep-
resentative blots are shown. Graphs represent the quantification of blots
(mean values = S.E., n = 3 experiments) with levels in CHL1*/" probes set to
100%. *, p < 0.05, paired t test. B, plasma membranes and lipid rafts were
isolated from NIH 3T3 cells, which were either nontransfected (NT) or stably
transfected with CHL1WT (WT), and probed by Western blotting (WB) as indi-
cated. Note that levels of Il spectrin are higher in lipid rafts isolated from
CHL1-transfected cells. Graph indicates the levels of Bl spectrin in lipid rafts
normalized to levels in nontransfected cells (mean values = S.E., n = 3 exper-
iments). *, p < 0.05, paired t test. G, lipid rafts were isolated from NIH 3T3 cells
stably transfected with CHLTWT (WT) or CHL1C1102S (C1102S). Cell lysates
(lysate) and lipid rafts (LR) were probed by Western blot analysis (WB) as indi-
cated. Labeling for the lipid raft marker p597™" was performed to check the
efficiency of lipid raft isolation. Note that CHL1C1102S is not detectable in
lipid rafts. Levels of Il spectrin are reduced in lipid rafts isolated from
CHL1C1102S versus CHL1WT-transfected cells. Graph indicates the levels of
Bl spectrin in lipid rafts normalized to levels in CHLTWT probes (mean val-
ues = S.E., n = 3 experiments). *, p < 0.05, paired t test.
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CHL1IWT and the CHL1C1102S mutant were stably trans-
fected into NIH 3T3 cells that were then used for lipid raft
isolation. Western blot analysis of lipid rafts from the trans-
fected cells showed that levels of the lipid raft marker protein
p59™™ were similar in lipid rafts isolated from both cell lines
(Fig. 2C), indicating similar efficiencies of lipid raft isolation.
However, although expression levels of CHL1C1102S analyzed
in total cell lysates were similar to that of CHL1WT (Fig. 2C),
only CHLIWT but not CHL1C1102S was detectable in lipid
rafts (Fig. 2C), indicating that cysteine 1102 is critical for tar-
geting of CHL1 to lipid rafts. Levels of BII spectrin were lower in
lipid rafts isolated from CHL1C1102S-transfected cells when
compared with cells transfected with CHLIWT (Fig. 2C) fur-
ther suggesting a functional relationship between CHL1 and
BII spectrin in lipid rafts.

CHLI Forms a Complex with BII Spectrin—To investigate the
relationship between CHL1 and BII spectrin, double immuno-
fluorescence labeling of cultured 1-day-old hippocampal neu-
rons with antibodies against CHL1 and BII spectrin was per-
formed. CHL1 and BII spectrin were found to be co-expressed
along neurites and in growth cones and somata of neurons (Fig.
3A). The distribution of CHL1 and BII spectrin in these cells
overlapped partially. Clusters of CHL1 in growth cones often
co-localized with BII spectrin accumulations, being particularly
evident in large growth cones (Fig. 3, A and C). Clustering of
CHLI1 at the neuronal cell surface induced by application of
CHLI1 antibodies to live neurons resulted in partial redistribu-
tion of BII spectrin to CHL1 clusters and increased co-localiza-
tion of CHL1 and BII spectrin (Fig. 3, B and C; coefficient of
correlation between distributions of CHL1 and BII spectrin in
neurons treated with CHL1 antibodies is 0.82 = 0.01 (n = 25
neurons were analyzed); coefficient of correlation between dis-
tributions of CHL1 and BII spectrin in neurons treated with
nonspecific immunoglobulins is 0.37 = 0.03 (# = 27 neurons
were analyzed)).

To investigate the possibility that CHL1 and BII spectrin
engage in direct interactions, a proximity ligation assay was
performed to analyze whether BII spectrin and the intracellular
domain of CHL1 can be in close proximity (<40 nm), with this
dimension being characteristic of complex formation. In cul-
tured hippocampal neurons, the proximity ligation assay with
antibodies against BII spectrin and the intracellular domain of
CHLI1 produced a positive reaction (Fig. 3D). CHL1-II spec-
trin complexes revealed by this assay were seen along neurites
and in growth cones (Fig. 3D). Omission of CHL1 antibodies
(Fig. 3D, control) or BII spectrin antibodies (data not shown)
completely eliminated the signal, indicating the specificity of
the reaction.

To analyze whether CHL1 forms a complex with BII spectrin
in the intact tissue, co-immunoprecipitation experiments were
performed using brain homogenates, which showed that BII
spectrin co-immunoprecipitated with CHL1 from lysates of
brains of 1-3-day-old mice (Fig. 3E). In contrast, BI spectrin, a
dendritic spectrin isoform, was not detected in the CHL1 co-
immunoprecipitates (Fig. 3E).

To investigate whether CHL1 and BII spectrin can interact
directly, spectrin purified from mouse brain (Fig. 3F) was
immobilized in wells of a 96-well plate substrate-coated with
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Tukey's multiple comparison test. AU, arbitrary units.
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BII spectrin antibody, and its ability to capture the recombinant
intracellular domain (ID) of CHL1 was analyzed. CHL1-ID
bound to BII spectrin in a concentration-dependent manner
(Fig. 3G), whereas L1-ID analyzed for comparison did not inter-
act with BII spectrin (Fig. 3G).

Ligand-induced Clustering of CHLI Induces Partial Removal
of Spectrin from the Plasma Membrane and Internalization of
CHLI in a Lipid Raft-dependent Manner—Lipid rafts are often
considered as sites of cytoskeleton remodeling (31), and abnor-
mal levels of BII spectrin and ankyrin-B in lipid rafts may reflect
abnormal spectrin meshwork restructuring. To investigate this
idea, we examined the impact of CHL1 deficiency on the deter-
gent insolubility of BII spectrin and ankyrin-B, which is a mea-
sure of their incorporation level into the detergent-resistant
submembrane cytoskeleton (18). CHL1"/* and CHL1 /~
brain homogenates were extracted with 0.1% Triton X-100 to
obtain 0.1% Triton X-100-insoluble and -soluble fractions,
which were then analyzed by Western blot. This analysis
showed that overall levels of 0.1% Triton X-100-insoluble BII
spectrin and ankyrin-B were increased in CHL1 ™/~ brains (Fig.
4). Not only the overall levels of 0.1% Triton-insoluble BII spec-
trin were increased but also the percentage of 0.1% Triton-
insoluble BII spectrin relative to its total levels was higher in
CHL1 /" brains (87.1 + 2.3 and 93.5 * 2.3% of total brain BII
spectrin were insoluble, whereas 12.8 = 2.3 and 6.5 = 0.3% of
BII spectrin were soluble in 0.1% Triton X-100 in CHL1"'" and
CHL1 ™/~ brains, respectively (n = 3, p < 0.05, paired ¢ test)).
Interestingly, the percentage of soluble ankyrin-B was
increased in CHL1 '~ versus CHL1"’" brains (2.5 = 0.3 and
4.6 = 0.4% of ankyrin-B were soluble, and 95.4 *+ 0.3 and 97.4 =
0.4% were insoluble in 0.1% Triton X-100 in CHL1"’" and
CHL1 /" brains, respectively (n = 3, p < 0.05, paired ¢ test)).
Saturation of the binding sites for other ankyrin-B binding part-
ners at the plasma membrane due to the overall increased
expression of ankyrin-B in CHL1™/~ mice could be a factor
contributing to an increase in the percentage of soluble
ankyrin-B in CHL1 /™ mice.

Polymerized spectrins form a meshwork beneath the plasma
membrane. Because CHL1 deficiency increased levels of
polymerized spectrin cytoskeleton, we analyzed whether ligand
binding by CHL1 influences the association of BII spectrin with
the plasma membrane. NIH 3T3 cells transfected with
CHL1WT or the CHL1C1102S mutant were treated with CHL1
antibodies applied in the culture medium. To analyze levels of
BII spectrin attached to the cytoplasmic leaflet of the plasma
membrane by interaction with transmembrane proteins, cell
surface-exposed proteins in transfected 3T3 cells were biotiny-
lated and separated from the total protein pool. The levels of BII
spectrin that co-purified with the cell surface proteins were
then analyzed by Western blot. This analysis showed that after
application of CHL1 antibodies to CHL1WT-transfected cells,
the amount of surface membrane-associated BII spectrin
decreased by ~50% (Fig. 54). In contrast, levels of membrane-
associated clathrin (Fig. 54) or Na*/K"-ATPase (data not
shown) did not significantly change after CHL1 antibody
application.

CHL1 antibody-induced detachment of BII spectrin from the
cell surface plasma membrane was blocked in CHL1C1102S-
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FIGURE 4. Spectrin meshwork polymerization is increased in CHL1~/~
brains. CHL1*/" and CHL1 ™/~ brain homogenates were extracted with 0.1%
Triton X-100. Detergent-soluble and -insoluble fractions were analyzed by
Western blotting (WB) as indicated. Note that levels of detergent-insoluble BlI
spectrin and ankyrin-B are increased in CHL1 ™/~ brains. Graph represents the
quantification of the blots (mean values = S.E., n = 3 experiments; AU, arbi-
trary units). ¥, p < 0.05, paired t test.

transfected cells, indicating that lipid raft localization of CHL1
is necessary for this effect (Fig. 5A). Interestingly, we also found
that application of CHL1 antibodies resulted in an ~40%
decrease in the levels of CHL1WT at the cell surface (Fig. 5A4).
This effect was also blocked in CHL1C1102S-transfected cells
(Fig. 5A). The total levels of full-length CHL1WT were not
changed in CHL1 antibody-treated cells (Fig. 5B), excluding
possible shedding of CHLIWT from the cell surface and sug-
gesting that CHL1 antibody treatment induced internalization
of CHL1WT but not CHL1C1102S.

The role of lipid rafts in CHL1 endocytosis was then assessed
in cultured hippocampal neurons by means of fluorescence
microscopy by analyzing cell surface-bound CHL1 antibody
uptake as a measure of CHL1 endocytosis (26). Lipid rafts were
disrupted by preincubating neurons for 24 h with mevastatin,
which is an inhibitor of cholesterol synthesis and lipid raft
assembly. Alternatively, neurons were incubated for 15 min
with methyl-B-cyclodextrin, which disintegrates lipid rafts.
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FIGURE 5. CHL1 antibody treatment induces detachment of Il spectrin
from the cell surface. A, live NIH 3T3 cells transfected with CHLTWT or
CHL1C1102S were treated with CHL1 polyclonal antibodies for 10 min. Cell
surface proteins were then biotinylated and precipitated with neutravidin-
coupled agarose beads after the cell lysis. Precipitates were analyzed by West-
ern blotting (WB) as indicated. Note that levels of CHL1 and cell surface
protein-associated Il spectrin are reduced in CHLTWT but not in
CHL1C1102S-transfected cells treated with CHL1 antibodies. Levels of clath-
rin are not affected. B, total levels of CHL1 and Il spectrin are similar in cell
lysates of CHL1WT and CHL1C1102S-transfected cells either treated or not
treated with CHL1 antibodies. A and B, graphs represent quantification of
blots with signals in control cells set to 1 (mean values * S.E., n = 3 experi-
ments). *, p < 0.05, paired t test. AU, arbitrary units.

Neurons were then incubated with CHL1 antibodies applied for
60 min. Following fixation with paraformaldehyde, surface and
total pools of CHL1 antibody-CHL1 complexes were visualized
using green and red fluorochrome-coupled secondary antibod-
ies applied before and after permeabilization of neurons with
detergent, respectively. Fluorescence microscopic analysis
showed that application of CHL1 antibodies resulted in cluster-
ing of CHL1 along neurites and in somata (Fig. 6A4). Approxi-
mately 15 and 30% of CHL1 clusters in neurites and soma,
respectively, were positive only for the red fluorochrome, which
was applied after permeabilization with detergent (Fig. 6A4).
These clusters were thus identified as internalized CHL1. The
number of internalized clusters of CHL1 was reduced in neu-
rons treated with methyl-B-cyclodextrin or mevastatin (Fig.
6A) indicating that lipid raft integrity is required for CHL1
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endocytosis. In contrast, methyl-B-cyclodextrin or mevastatin
did not affect internalization of transferrin receptors as mea-
sured by analyzing the uptake of antibodies against these recep-
tors (Fig. 6A). Internalization of CHL1 was also reduced in
neurons transfected with the CHL1C1102S mutant when com-
pared with neurons transfected with CHL1W'T (Fig. 6B).

Ligand-induced Endocytosis of CHL1 Is Accompanied by CHLI-
BII Complex Disruption and Depends on L-type VDCC—To
investigate whether the CHL1-dependent detachment of SII
spectrin from the plasma membrane correlates with the dis-
sociation of the CHL1-II spectrin complex, co-immunopre-
cipitation experiments were performed. CHLIWT and
CHL1C1102S were immunoprecipitated from transfected 3T3
cells either treated or not treated with CHL1 antibodies. Levels
of BII spectrin that co-immunoprecipitated with CHL1IWT
from CHLI1 antibody-treated cells were reduced by ~50% when
compared with control cells not treated with antibodies (Fig.
7A). In contrast, the association of CHL1C1102S with BII spec-
trin was not affected following CHL1 antibody application (Fig.
7A), indicating that the CHL1-BII spectrin complex disassem-
bly is lipid raft-dependent.

In searching for the mechanisms of the CHL1-BII spectrin
complex disassembly, we analyzed whether changes in Ca>"
concentration would influence the CHL1-BII spectrin com-
plex. CHL1 was immunoprecipitated from brain lysates either
in the presence of the Ca>" -sequestering agent EGTA or in the
presence of various concentrations of Ca®>". The highest co-
immunoprecipitation efficiency of BII spectrin with CHL1 was
observed in the presence of EGTA, whereas the co-immuno-
precipitation efficiency was reduced by ~50 and 80% when 0.2
mm Ca®>" and 2 mm Ca*>" were added to the brain lysates,
respectively (Fig. 7B). Interestingly, the direct interaction
between CHL1-ID and BII spectrin in vitro was not changed in
the presence of 2 mm Ca®" (data not shown), suggesting that
Ca*>" induces the disruption of CHL1-BII spectrin complex
indirectly.

T- and L-type VDCCs are present at high levels in lipid rafts
(22). Thus, we used cell surface biotinylation to analyze
whether Ca®" influx via these channels plays a role in endocy-
tosis of CHL1 by incubating CHL1WT-transfected 3T3 cells
with CHL1 antibodies in the presence of nifedipine, an L-type
VDCC inhibitor, and pimozide, a T-type VDCC inhibitor.
Internalization of CHL1WT was significantly inhibited in cells
incubated with nifedipine but not pimozide (Fig. 7C). The over-
all expression of CHL1WT was not altered by VDCC inhibitors
as shown by Western blot analysis of total cell lysates (Fig. 7D).
In contrast to CHL1, levels of cell surface-associated clathrin or
Na®/K*-ATPase (data not shown) were not changed after
CHLI1 antibody application both in control and VDCC inhibi-
tor-treated cells (Fig. 7C).

We then analyzed the effect of nifedipine on the association
of CHL1 with lipid rafts in cultured hippocampal neurons.
Because cultured neurons are not suitable for biochemical iso-
lation of lipid rafts because of the large amount of material
required for this protocol, lipid rafts were visualized in situ by
extracting cultured neurons with cold 1% Triton X-100 and
labeling with fluorescent cholera toxin, which binds to the lipid
raft marker ganglioside GM1 (22). Application of CHL1 anti-
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FIGURE 6. Antibody-induced clustering of CHL1 at the cell surface induces its endocytosis in a lipid raft-dependent manner. A, cultured live hippocam-
pal neurons, either not treated (control) or pretreated with methyl-B-cyclodextrin (MCD) or mevastatin, were incubated with CHL1 or transferrin receptor (TfR)
antibodies. After fixation, cell surface CHL1-antibody or TfR-antibody complexes were visualized using green fluorochrome before cell permeabilization, and
total CHL1-antibody or TfR-antibody complexes were visualized using red fluorochrome after cell permeabilization with detergent. Note that CHL1 antibody
induces clustering of CHL1 at the cell surface (green/red positive clusters seen as yellow accumulations). Arrows show accumulations of internalized CHL1 (red
accumulations). Note that CHL1 internalization is inhibited by methyl-B-cyclodextrin and mevastatin, although internalization of TfR is not affected. Graphs
represent percentage of internalized accumulations of CHL1 and TfR in somata and along neurites (mean values *+ S.E., n = 60 neurons were analyzed in three
independent experiments), ¥, p < 0.05, one-way ANOVA with Tukey’s multiple comparison test, compared with control. B, CHL1 internalization was analyzed
in cultured hippocampal neurons transfected with CHL1WT or CHL1C1102S. Arrows show accumulations of internalized CHL1. Note that CHL1 internalization
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values = S.E., n = 60 neurons were analyzed in three independent experiments), *, p < 0.05, t test, compared with WT. A and B, scale bars, 20 um.

bodies increased the numbers of detergent-insoluble clusters of
CHL1, which co-localized with accumulations of BII spectrin
(Fig. 8). Overall levels of detergent-insoluble CHL1 and BII
spectrin and their levels measured in cholera toxin-positive
accumulations were increased in neurons incubated with CHL1
antibodies when compared with neurons incubated with non-
immune immunoglobulins (Fig. 8) indicating increased associ-
ation with lipid rafts. Levels of CHL1 and BII spectrin in lipid
rafts were further increased in neurons treated with CHL1 anti-
bodies in the presence of nifedipine (Fig. 8), suggesting that
Ca®" influx via L-type VDCC negatively regulates levels of the
CHL1-BII spectrin complexes in lipid rafts.

In agreement with biochemical data (Fig. 7), fluorescence
microscopic analysis of cultured neurons showed that nifedip-
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ine but not pimoside inhibited internalization of CHL1 (Fig.
9A). To analyze whether a reduction in the association of CHL1
with BII spectrin would influence internalization of CHL1, neu-
rons were transfected with BII spectrin siRNA. A reduction in
BII spectrin expression in neurons transfected with functional
BII spectrin siRNA correlated with increased endocytosis of
CHL1 when compared with neurons transfected with control
nonsilencing siRNA or nonfunctional BII spectrin siRNA (Fig.
9B).

Ca®" Influx via VDCCs and Association of CHLI with Lipid
Rafis Is Required for CHL1-dependent Neurite Outgrowth—Next,
we investigated whether CHL1 ligand-induced neurite out-
growth depends on VDCCs and lipid rafts. Cultured hippocam-
pal CHL1"'" neurons were treated for 24 h with CHL1 anti-
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(mean values = S.E., n = 3 experiments). The levels of the co-immunoprecipitated Bl spectrin were normalized to the levels of the immunoprecipitated CHL1,
and signals in cells not treated with CHL1 antibodies were set to 100%. *, p < 0.05, paired t test. B, CHL1 was immunoprecipitated from membrane fractions of
CHL1*/* mice in the presence of 2 mm Ca®*, 0.2 mm Ca®", or 2 mm EGTA. Total brain homogenate (input material) and precipitates were analyzed by Western
blotting (WB) as indicated. Note that the co-immunoprecipitation of Il spectrin is inhibited in the presence of Ca®". Graph represents the quantification of
blots (mean values = S.E., n = 3 experiments). Levels of the co-immunoprecipitated Bl spectrin were normalized to its total levels in the input material. *, p <
0.05, one-way ANOVA with Tukey’s multiple comparison test. C and D, NIH 3T3 cells transfected with CHLTWT were treated with CHL1 antibodies in the
presence or absence of the VDCC inhibitors nifedipine (nifed.) or pimozide (pimoz.). contr, control. Surface proteins were then biotinylated and precipitated
from cell lysates with neutravidin-agarose beads. Lysates (D) and precipitates (C) were analyzed by Western blotting (WB) as indicated. Note that nifedipine, but
not pimozide, inhibits CHL1 antibody-induced reduction of CHL1 levels at the cell surface. Clathrin was used as loading control. The overall CHL1 expression in
cell lysates was not affected by CHL1 antibodies and VDCC inhibitors (D). Graph (C) represents the quantification of blots (mean values = S.E., n = 3 experi-
ments, signals in probes from cells not treated with CHL1 antibodies set to 1). *, p < 0.05, paired t test. AU, arbitrary units.

bodies or nonspecific control immunoglobulins applied in the
culture medium either in the presence or absence of nifedipine,
pimozide, and cholesterol or sphingolipid biosynthesis inhibi-
tors, which inhibit lipid raft assembly. Analysis of the micro-
scopic images of these neurons showed that neurons treated
with CHL1 antibodies in the absence of inhibitors had ~30%
longer putative axons, identified as longest neurites, when com-
pared with control neurons incubated with nonspecific immu-
noglobulins (Fig. 10, A and B). CHL1 antibody treatment also
increased the total neurite length of all neurites per neuron by
~85% (Fig. 10, A and B). This increase in neurite length was
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blocked by nifedipine (Fig. 10A), indicating that Ca>" influx via
L-type VDCCs is required for CHL1 ligand-induced neurite
outgrowth. Surprisingly, pimozide also inhibited CHL1 ligand-
induced neurite outgrowth (Fig. 104), suggesting that although
Ca®" influx via T-type VDCCs is not required for ligand-in-
duced endocytosis of CHL1, these channels are involved in
other signaling events activated by CHL1. CHL1-dependent
increase in neurite outgrowth was also inhibited by mevinolin,
an inhibitor of cholesterol synthesis, the fungal metabolite
fumonisin B that inhibits biosynthesis of sphingolipids, and
NB-DNJ, a blocker of glycosphingolipid synthesis (Fig. 10B).
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These inhibitors did not affect neurite outgrowth in neurons
incubated with control nonimmune immunoglobulins (Fig.
10B).

We then asked whether targeting of CHLI to lipid rafts is
required for CHL1 ligand-induced neurite outgrowth. Cultured
CHL1"/" hippocampal neurons were transfected with the fluo-
rescent protein cherry alone or cherry together with CHLIWT
or CHL1C1102S. Exposure of cherry-only transfected neurons
to CHL1 antibodies applied in the culture medium resulted in
an ~30% increase in the length of longest neurites and 90%
increase in total neurite length per neuron when compared
with nonspecific immunoglobulin-treated cherry-transfected
neurons (Fig. 10C). The basal neurite outgrowth in neurons
co-transfected with cherry together with CHLIWT was
reduced when compared with cherry-only transfected neurons
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(Fig. 10C). This observation is in agreement with our previous
data showing that increased CHL1-mediated homophilic adhe-
sion inhibits neurite outgrowth (2). Application of CHL1 anti-
bodies to CHL1WT/cherry co-transfected neurons elicited an
increase in neurite length that was similar to that in cherry-only
transfected neurons (Fig. 10C). In contrast, the response to
CHLI antibodies was inhibited in neurons co-transfected
with cherry and CHL1C1102S (Fig. 10C), suggesting that
CHL1C1102S, which is not endocytosed in response to anti-
body application (Figs. 5 and 6B), interfered with neurite
outgrowth.

DISCUSSION

Previous studies indicated that CHL1 plays a dual role in the
developing nervous system by both promoting neurite out-
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growth (1, 7, 8) and, conversely, by restricting neurite out-
growth and promoting growth cone collapse (2, 12). In this
study, we show that the neuritogenesis-promoting functions of
CHLI1 are induced by ligand-mediated clustering and endocy-
tosis of CHL1. This endocytosis depends on the integrity of
lipid rafts and local reorganization of the cytoskeleton regu-
lated by the association of CHL1 with lipid rafts. Mutation of
the cysteine residue within the intracellular domain of CHL1
abolishes the association of CHL1 with lipids rafts indicating
that palmitoylation plays an important role. Reversible palmi-
toylation has been shown for a number of proteins in the brain
contributing to regulation of their localization and function (32,
33). Our observation that CHL1 is palmitoylated in response to
ligand binding suggests that CHL1 can be directly linked to the
pathways involved in regulation of palmitoylation-related
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enzymes. Although the molecular pathways leading to CHL1
palmitoylation remain to be identified, the physiological signif-
icance of this post-translational modification is underscored by
our data demonstrating that ligand-induced endocytosis of
CHL1 with mutated cysteine 1102 is inhibited, and overexpres-
sion of this mutant interferes with CHL1 ligand-induced neu-
rite outgrowth.

The triggering of CHL1 functions at the cell surface are
transmitted to the cytoskeleton as found in this study. Previous
work has determined that CHL1 functionally interacts with the
cytoskeleton linker protein ankyrin (3), which in turn binds to
the spectrin meshwork (34). Several transmembrane proteins,
including cell adhesion molecules, can also bind directly to the
spectrin meshwork (18, 34), and we identify BII spectrin as a
novel cytoskeletal binding partner of CHL1. Our observations
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showing that antibody-induced clustering of CHL1 leads to
redistribution of BII spectrin to CHLI clusters and that high
levels of BII spectrin co-immunoprecipitate with CHL1 indi-
cate that CHL1 is one of the major binding partners of BII
spectrin at the cell surface plasma membrane. Previous obser-
vations had suggested that ankyrins and spectrins can play dis-
tinct roles in regulation of endocytosis. Ankyrin binding to
clathrin promotes endocytosis via clathrin-coated pits (35),
although the spectrin meshwork inhibits endocytosis of cell
surface proteins in fibroblasts (36) and in synapses of mature
neurons (26). The observations of this study indicate that sim-
ilar mechanisms are operant in developing neurons with the
spectrin meshwork inhibiting ligand-induced endocytosis of
CHL1. The disassembly of the CHL1-BII spectrin complex is
accompanied by the removal of BII spectrin from the neuronal
cell surface, similarly to what has been described for erythro-
cytes in which the spectrin meshwork is removed before endo-
cytosis occurs (37, 38). Whether interactions of CHL1 with
ankyrin and other components of the cytoskeleton, such as
ERM family proteins (12), also play a role in CHL1 endocytosis
remains to be determined.

Our data indicate that the CHL1-associated spectrin mesh-
work is disassembled in lipid rafts. Because lipid rafts are
enriched in voltage-dependent Ca>" channels (22), CHL1
ligand-induced redistribution of the CHL1-BII spectrin com-
plex to lipid rafts may facilitate Ca*>*-dependent disassembly of
the complex. Spectrin oll contains Ca>"-binding EF-hands
(39) and can bind to calmodulin (40), thus being directly linked
to the Ca®* signaling network. An increase in Ca®>" may also
influence the integrity of the spectrin meshwork by activating the
Ca”"-dependent actin-severing protein gelsolin, which is involved
in spectrin meshwork remodeling (41). An additional pathway for
spectrin meshwork remodeling may include its partial proteolysis,
because this meshwork is known to be attacked by Ca®>"-depen-
dent proteases during neurite outgrowth (42), a pathway that can
be activated by adhesion molecules (43).

Disruption of the CHL1-II spectrin complex may not only
open the territory for endocytic zone formation but also release
CHLI1 for interactions with endocytic components. It is note-
worthy in this context that CHL1 participates in activating
clathrin-dependent pathway mechanisms (14). Redistribution
of CHL1 to lipid rafts may also link it to lipid raft-enriched
endocytic adaptors, such as flotillins, which are involved in
endocytosis of cell surface receptors in a lipid raft-dependent
manner (44, 45).

The removal of CHL1 from the cell surface might be neces-
sary to attenuate adhesion forces to allow for less rigid cell
interactions to occur for neurite outgrowth or for reducing
CHL1-dependent growth cone collapse in response to inhibi-
tory signals (12). Yet we do not exclude that CHL1 endocytosis
is required for CHL1 recycling, a phenomenon previously
described for its close homolog L1 (46, 47). We propose that
CHL1 ligands promoting endocytosis of CHL1 tip the balance
toward enhancing neuritogenesis, whereas CHL1 ligands not
promoting this mechanism tip this balance toward inhibition of
neuritogenesis. Overall, our data may explain previous seem-
ingly controversial data indicating that CHL1 not only pro-
motes but also inhibits neurite outgrowth when neurons are

DECEMBER 28, 2012+VOLUME 287 +NUMBER 53

Lipid Raft-dependent Endocytosis of CHL1

engaged in trans-interactions with CHL1-expressing astrocytes
(2) by a mechanism in which a homophilic trans-interaction
of CHL1 with CHL1 on adjacent cells may impede CHL1
endocytosis.

Interestingly, CHL1 deficiency results in overall reduced lev-
els of BII spectrin in lipid rafts and increased levels of polymer-
ized BII spectrin in the brain. Thus, an abnormal spectrin
meshwork organization is a plausible contributor to the patho-
logical processes occurring in the brains of CHL1 /™ mice and
humans carrying mutations in the CHLI gene (48 -51).

Although CHLI is predominantly targeted to axons in
mature hippocampal neurons (14), it is distributed in all neu-
rites and in soma of immature hippocampal neurons as ana-
lyzed in this study. Consistent with this broader distribution,
CHL1 antibody induces neurite outgrowth not only in putative
axons but also in all other neurites indicating that it may con-
tribute to the regulation of overall neuronal morphology at
early developmental stages. Previous observations on the
abnormal development of apical dendrites in the visual and
somatosensory cortex in CHL1-deficient mice (10) are in agree-
ment with this view.

Although reduced CHL1-mediated adhesion appears to be
needed to allow neurite outgrowth, CHL1-enforced adhesion
may become important at later stages of neuronal development
to stabilize synapses where CHL1 accumulates (14, 15).
CHL1~/~ mice display reduced novelty detection, impaired
social behavior, and reduced working memory (48, 49, 52),
which have been associated with some symptoms of schizo-
phrenia in humans carrying missense polymorphisms in the
CHLI gene (50, 51). Whether the association of CHL1 with
lipid rafts and BII spectrin is important for synapse formation
and function and whether disruption of this link contributes to
the etiology of schizophrenia are intriguing questions deserving
further investigation.
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