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1 | INTRODUCTION

Abstract

Close homolog of L1 (CHL1) is a cell adhesion molecule of the immunoglobu-
lin superfamily. It promotes neuritogenesis and survival of neurons in vitro. In
vivo, CHL1 promotes nervous system development, regeneration after trauma,
and synaptic function and plasticity. We identified programmed cell death 6
(PDCD6) as a novel binding partner of the CHL1 intracellular domain (CHL1-
ICD). Co-immunoprecipitation, pull-down assay with CHL1-ICD, and proxim-
ity ligation in cerebellum and pons of 3-day-old and 6-month-old mice, as well
as in cultured cerebellar granule neurons and cortical astrocytes indicate an as-
sociation between PDCD6 and CHL1. The Ca**-chelator BAPTA-AM inhibited
the association between CHL1 and PDCD6. The treatment of cerebellar granule
neurons with a cell-penetrating peptide comprising the cell surface proximal 30
N-terminal amino acids of CHL1-ICD inhibited the association between CHL1
and PDCD6 and PDCD6- and CHLI1-triggered neuronal survival. These results
suggest that PDCD6 contributes to CHL1 functions in the nervous system.
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development and in the adult nervous system."”® CHL1

Cell adhesion molecules participate in cell-cell and
cell-extracellular matrix interactions contributing to
cell proliferation, migration, and differentiation via sig-
nal transduction mechanisms."™ Neurons and glial cells
express the close homolog of cell adhesion molecule L1
(CHL1) which is implicated in multiple functions during

mediates neuronal migration, positioning, and survival,
as well as neurite outgrowth, regeneration after injury,
and synapse formation, function, and maintenance.”™¢
CHL1-deficient mice show abnormal axonal projections,
altered synaptic transmission, deficient long-term poten-
tiation, reduced working memory, abnormal gating of
sensorimotor information, stress responses, and altered
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social and exploratory behavior.>'”** In humans, CHL1
mutations are associated with mental retardation, schizo-
phrenia, epilepsy, major depression, and autism spectrum
disorders.***"

The extracellular domain of CHL1 binds homophili-
cally with CHL1 molecules on adjacent cells®! and het-
erophilically with other molecules such as integrins,
contactin 6, extracellular matrix proteins vitronectin
and plasminogen activator inhibitor-2, semaphorin
3A, semaphorin 3B, neuropilin 1, hedgehog receptor
patched-1, as well as receptor-type protein-tyrosine
phosphatase a and serotonin receptor 2c,” 12143233
suggesting diverse extracellular interactions of CHLI.
The intracellular domain (ICD) of CHL1 also binds to
and regulates functions of a wide variety of intracellu-
lar molecules, mediates clathrin and neurotransmitter
release from clathrin-coated synaptic vesicles,** and
interacts with heat shock cognate 70 (Hsc70) and other
presynaptic chaperones, such as cysteine string protein
and the ubiquitous small glutamine-rich tetratrico-
peptide repeat containing protein, to mediate SNARE
(N-ethylmaleimide-sensitive factor attachment pro-
tein receptor) complex refolding.>> Furthermore, BII
spectrin binds to CHL1-ICD and both molecules were
shown to initiate neuritogenesis.*®

In this study, we identified programmed cell death 6
(PDCD6), also known as apoptosis-linked gene-2 (ALG-2),
as a novel CHL1 interaction partner. PDCD6 is a 22 kDa
cytoplasmic protein that belongs to the Ca**-binding
penta-EF-hand (PEF) protein family.*”** Calcium induces
PDCD6 homomultimerization, thereby leading to con-
formational changes required for binding to functionally
relevant interaction partners. Ubiquitously expressed and
most prominently in thymus and liver,”” PDCD6 induces
apoptosis in T-cell hybridomas via endoplasmic reticulum
stress and causes neuronal cell death during ontogenetic
development and in tumors. Some of these functions are
mediated by interaction with death-associated protein ki-
nase 1 (DAPk1) or ALG2-interacting protein X (Alix). 384042
PDCD6 contributes to membrane trafficking by interacting
with Alix, annexins, tumor susceptibility gene 101 protein,
mucolipin-1, and penta-EF-hand domain containing 1
(PEF1).4746

We found that CHL1 and PDCD6 interact and that
this association requires Ca®' in vitro and in vivo.
Furthermore, a peptide derived from CHL1-ICD, which
inhibits the association of CHL1 with PDCD6, abolishes
CHL1-mediated neuronal survival, but did not affect
CHLI1-mediated neurite outgrowth in cultured cerebellar
neurons or cell migration from cerebellar explants. These
findings suggest that CHL1-ICD and PDCD6 together play
a major role in preventing apoptosis but do not influence
cell migration or neurite growth.

2 | MATERIALS AND METHODS

2.1 | Animals

CHL1-deficient (CHLI_/ 7) mice,” which had been
backcrossed onto the C57BL/6J background for more
than eight generations, and their age-matched wild-type
(CHL1*/*) littermates derived from heterozygous parents,
as well as C57BL/6J mice were bred and maintained at
the animal facility of the Division of Life Sciences at the
Nelson Biology Laboratories of Rutgers University and at
the University Medical Center Hamburg-Eppendorf. The
mice were housed at 25°C on a 12 h-light/12 h-dark cycle
with ad libitum access to food and water. Offspring of ei-
ther sex was used for the preparation of brain homogen-
ates, cryostat brain sections, and primary cell cultures. All
animal experiments were approved by the Institutional
Animal Care and Use Committee of Rutgers University
(protocol no. 09-051) or by responsible authorities of
the State of Hamburg (Behorde fiir Wissenschaft und
Gesundheit, Amt fiir Gesundheit und Verbraucherschutz,
Lebensmittelsicherheit und Veterindrmedizin; animal
permit numbers ORG 679 Morph and ORG 1022).

2.2 | Antibodies and chemical reagents

Polyclonal goat antibody (#AF2147) against CHL1 was pur-
chased from R&D Systems. Rabbit polyclonal PDCD6 anti-
body (#12303-1-AP) was purchased from Proteintech. Rabbit
polyclonal HSP60 antibody (#4870S) was purchased from
Cell Signaling Technology. Rabbit monoclonal PEF1 anti-
body (#ab137127) was purchased from Abcam. Non-immune
rabbit IgG control (#AB105C) was purchased from R&D
Systems. Mouse GFAP antibody (clone GAS5, #MAB-360)
and mouse tubulin B-IIT antibody (clone TU-20, #MAB1637)
were purchased from Millipore. Secondary antibodies, in-
cluding anti-goat IgG (#705-035-147) and anti-rabbit 1gG
(#711-035-152) conjugated to horseradish peroxidase, and
anti-mouse IgG conjugated with Alexa Fluor 647 (#715-
605-150) were purchased from Jackson ImmunoResearch.
The following reagents were purchased from Sigma-Aldrich
unless stated otherwise: secondary antibodies, including
anti-goat IgG conjugated with Alexa Fluor 568 (#A11057),
anti-rabbit IgG conjugated with Alexa Fluor 488 (#A21206),
goat polyclonal anti-biotin antibody (#31852), protein A/G
magnetic beads (#PI188802), Novex™ iBlot™ 2 PVDF regular
stacks (#1B24001), calcein-AM (#C1430), Hank’s Balanced
Salt Solution (HBSS, #14175095), Neurobasal A (#10888022),
B27 supplement (#17504044), and Opti-MEM medium
(#31985070) were purchased from Thermo Fisher Scientific.
Ethylene glycol-bis(f-aminoethyl)-N,N,N’,N’-tetraacetic acid
(EGTA, #324626), 2-(4-amidinophenyl)-6-indolecarbamidi
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ne dihydrochloride (DAPI, #D9542), RIPA buffer (#R0278),
Triton X-100 (#T8787), Tween 20 (#P1379), glutaraldehyde
(#G6257), poly-L-lysine hydrobromide (PLL, #P1274), iso-
pentane (#270342), propidium iodide (#P4170), and Duolink
in situ proximity ligation assay reagents including anti-
rabbit minus probe (#DU092005), and anti-goat plus probe
(#DU092003), and orange detection reagents (#DU092007).
1,2-Bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic ~ acid
tetrakis(acetoxymethyl ester) (BAPTA-AM, #2787/25)
was purchased from Tocris. Proteinase inhibitor cocktail
(#5892791001) was purchased from Roche. Nickel-NTA aga-
rose beads (#30210) were purchased from Qiagen. Enhanced
chemiluminescence (ECL) western blot substrate (#32106)
was purchased from Pierce. The mounting reagent Aqua-
poly/mount (#18606) was purchased from Polysciences.
Cloning and production of recombinant his-tagged intracel-
lular domains of CHL1 (CHL1-ICD) and NCAM140 (NCAM-
ICD) have been described.*** CHLIFc, containing the
extracellular domain of CHL1 fused to Fc from human IgG,
was prepared as described.*®

2.3 | Affinity chromatography and mass
spectrometry

Twenty brains of 3- to 4-month-old C57BL/6J mice of both
genders were dispersed in homogenization buffer (0.32 M
sucrose, 50 mM Tris/HCI, pH 7.5, 1 mM CaCl,, 1 mM
MgCl,; 3 ml per brain) using a Dounce homogenizer (20
strokes). This and all subsequent steps were carried out at
4°C. The homogenate was centrifuged at 1000 g for 15 min
and the resulting supernatant was further centrifuged at
17,000 g for 30 min. For affinity chromatography, the
17,000 g supernatant was taken as soluble protein fraction
containing cytoplasmic proteins.

Recombinant his-tagged CHL1-ICD or NCAM-ICD was
immobilized on CNBr-activated Sepharose 4B (#17-0430-01;
GE Healthcare Europe) according to the manufacturer’s in-
structions. The crude homogenate and cytoplasmic fractions
were applied to the columns with immobilized CHL1-ICD
or NCAM-ICD overnight at 4°C at a flow rate of 0.1 ml/
min. After washing the columns with 10 ml of homogeni-
zation buffer (0.3 ml/min), bound proteins were eluted with
100 mM glycine, pH 2.3 (0.3 ml/min). The eluted fractions
were collected and immediately neutralized with 1 M Tris/
HCI, pH 8.0. After ultrafiltration and reducing the volume
of the eluates using Amicon Ultra 5 kDa MWCO tubes
(#72648019; Merck Millipore), eluted proteins were separated
on a 8%-20% SDS gradient gel (#4561096; Bio-Rad). After
staining the gel with colloidal Coomassie Blue (#A152.1;
Carl Roth), stained protein bands were cut out and subjected
to nano-electrospray mass spectrometry using a QTOF II in-
strument (Micromassa, Waters Corporation) as described.®
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The MS/MS spectra obtained by collision-induced fragmen-
tation of the peptides were evaluated both manually and by
the Mascot MS/MS ion search algorithm (Matrix Sciences).

2.4 | Western blot analysis,
immunoprecipitation, and pull-down assay

Western blot analysis, immunoprecipitation, and pull-down
assay were performed as described.”**" Briefly, for immuno-
precipitation, brains from CHL1™'~ or CHL1™* littermate
mice (3 day old, 1 month old, or 6 month old) were homog-
enized with a glass homogenizer in RIPA buffer (150 mM
NacCl, 1.0% IGEPAL’ CA-630, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris, pH 8.0) containing proteinase inhibi-
tor cocktail. Tissue debris was removed by centrifugation
at 1000 g and 4°C for 10 min. The pre-cleared supernatant
(1 mg protein/ml) was incubated with 2 pg PDCD6 antibody
or non-immune rabbit IgG (as negative control). Then, 20 ul
of magnetic protein A/G beads was added to the samples
and incubated overnight at 4°C. After washing four times
with RIPA buffer, protein complexes were eluted from the
beads with SDS NuPAGE™ LDS sample buffer (#NP0007,
Thermo Fisher Scientific) and subjected to SDS-PAGE fol-
lowed by western blot analysis. In the pull-down experi-
ment, the pre-cleared supernatant was incubated with 50 pg
his-tagged CHL1-ICD. Then, Ni-NTA agarose beads were
added to pull down his-tagged proteins, incubated for 4 h at
4°C with agitation, and beads were collected by centrifuga-
tion at 1000 g and 4°C for 5 min. After washing three times
with RIPA buffer and once with PBS, the collected protein
complexes were treated with sample buffer, and subjected
to SDS-PAGE and western blot analysis. Immunoreactive
bands were visualized using ECL detection reagent and re-
corded with the Odyssey Fc imaging system. The intensi-
ties of immunopositive bands were quantified with Image
Studio lite version 5.2 software (Li-COR, Lincoln, NE, USA).

2.5 | Tissue preparation,
immunohistochemistry, and proximity
ligation assay

Tissue preparation, immunohistochemistry, and proximity li-
gation assay were performed as described.”” Transcardial per-
fusion of 3-day-old and 6-month-old CHL1~/~ and CHL1*"*
littermate mice was performed with saline containing 10 U/ml
heparin and then with 4% formaldehyde in 0.1 M phosphate
buffer, pH 7.3. Brains were dissected and post-fixed overnight
at 4°C with 4% formaldehyde in 0.1 M phosphate buffer, pH
7.3. The brains were then washed once in phosphate-buffered
saline, pH 7.3 (PBS) and incubated in 10%, 20%, and 30% su-
crose solution for 24 h each at 4°C until brains collected at the
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tube bottom, frozen by immersion for 2 min in isopentane pre-
cooled to —80°C, and stored at —80°C until use. Serial sagittal
25-um-thick cerebellar sections were cut in an OTF5000 cry-
ostat (Bright Instruments, UK) and collected on Superfrost Plus
glass slides (#12-550-15, Thermo Fisher Scientific). Cerebellar
granule cells and astrocytes cultured on poly-L-lysine (PLL,
0.01%) coated coverslips were fixed in 4% formaldehyde in
0.1 M phosphate buffer, pH 7.3, for 30 min at room tempera-
ture, and then washed two times with PBS before blocking.
For immunostaining and proximity ligation assay (PLA), the
sections (consecutive or those with 625 um spacing) or fixed
cerebellar granule cells and astrocytes were blocked with PBS
containing 0.2% Triton X-100 and 5% normal donkey serum
for 1 h at room temperature. Mixtures of goat CHL1 antibody
(1:100) and rabbit PDCD6 antibody (1:100) and thereafter of
donkey Alexa Fluor 555-conjugated anti-goat IgG and Alexa
Fluor 488-conjugated anti-rabbit IgG antibodies (1:500) were
used for the detection of CHL1 and PDCD6. In the proxim-
ity ligation assay, mixtures of goat CHL1 (1:100) and rabbit
PDCD6 antibodies (1:100) as well as Duolink anti-goat PLA
probe PLUS and Duolink anti-rabbit PLA probe MINUS were
used. For staining cells transfected with CHL1 peptides, goat
anti-biotin antibody (1:1,000) and thereafter of donkey Alexa
Fluor 488-conjugated anti-goat IgG antibody (1:500) were
used for the detection of biotinylated proteins. Nuclei were
stained with DAPI for 10 min at room temperature. Coverslips
were mounted with aqueous fluorescent mounting solution
(#HCO08; Merck) and confocal images were taken with a Carl
Zeiss LSM 800 confocal laser scanning microscope in sequen-
tial mode with a 63x objective and 0.85 numerical aperture
and processed with Zen software (Carl Zeiss, Germany). For
visualizing 3D reconstruction images resulting from the PLA,
Z-stack of 12 consecutive images were taken at 1 pm intervals
from cerebellum or pons of 3-day-old mice.

The PLA signal, shown as red fluorescent puncta, was
semi-automatically counted in the region of interests (in
vitro: cell soma; in vivo: tissue area) using the Imagel
software (National Institutes of Health). In brief, the con-
trast/brightness threshold was set on the “Li” function.
Background noise was removed using despeckle, erode,
and dilate functions of ImageJ. Then, watershed ImageJ
function was run on the processed images to improve ac-
curacy. Regions of interest were selected, and puncta were
counted using the analyze particles function of ImagelJ.

2.6 | CHLI1-ICD peptide
design and transfection of cultured
cerebellar granule cells

The synthetic biotin and TAT (GRKKRRQRRR) sequence-
carrying CHL1 peptides P1 (Biotin-GRKKRRQRRRKRNR
GGKYSVKEKEDLHPDPEVQSAKDETF), P2 (Biotin-GRK

KRRQRRRKDETFGEYSDSDEKPLKGSLRSLNRNMQPT),
P3 (Biotin-GRKKRRQRRRNMQPTESADSLVEYGEGDQ
SIFNEDGSFIG), and P4 (Biotin-GRKKRRQRRRGSFIGA
YTGAKEKGSVESNGSSTATFPLRA) were obtained from
GenScript (Piscataway, NJ, USA) or Schafer-N (Denmark,
Netherlands). For the transfection of CHL1 peptides into
cerebellar granule cells, peptide stock solutions (1 mM in
Opti-MEM or HBSS) were prepared and added to the cul-
tures at time points and concentrations as indicated.

2.7 | Astrocyte culture

Astrocytes from brains of 0- to 2-day-old wild-type
C57BL6/J mice of either sex were prepared and cultured
with minor modifications as described.’? In brief, after
removing meninges, brains were cut into 3-5 mm diam-
eter pieces, washed them three times with HBSS (Gibco,
cat# 14025-092), and incubated in 0.25% Trypsin-EDTA
(Gibco, cat# 25200-056). We then washed the pieces three
times with HBSS, added DNase I solution (HBSS + 0.05%
DNAse I + 0.25% glucose + 0.8 mM MgCl,), and me-
chanically dissociated the cells with a 1 ml micropipette.
The mixed glial cells were cultured for at least 1 week
at 37°C and 5% CO, in DMEM (Gibco, cat# 11965-092)
containing 10% horse serum (Genini, cat# 100-508, lot#
E18HOOH) and 10% fetal bovine serum (Genini, cat# 900-
108, lot# A246) on PLL-coated 6-well plates until they had
reached confluence. Next, we separated the monolayer of
astrocytes from other glial cells by shaking the plates at
200 rpm for 2 h at room temperature, discarded the me-
dium, treated the astrocytes for 5 min at 37°C with 0.25%
Trypsin-EDTA, diluted in DMEM with 10% horse serum
and 10% fetal bovine serum, seeded them on PLL-coated
glass cover slips (1 x 10° cells/ml), and maintained them
for 3 days in culture.

2.8 | Cell survival, neurite
outgrowth, and neuronal survival

Primary cerebellar granule cells were prepared from 6-
to 8-day-old CHL1™/* or CHL1~/~ mice of either sex.>
Dissociated cells were resuspended in serum-free X-1
medium (Neurobasal-A medium supplemented with 1%
penicillin/streptomycin, 0.1% bovine serum albumin,
10 pg/ml insulin, 4 nM L-thyroxine, 100 ug/ml transfer-
rin holo, 30 nM Na-selenite, 2 mM L-glutamine, and 0.5%
B27) and cell numbers were counted. The cell culture
plates or coverslips were coated with 0.01% PLL. For cell
survival assay, cells were diluted to 1 X 10° cells/ml and
plated into 48-well plates (250 ul/well). For neurite out-
growth experiments, cells were diluted to 1 x 10° cells/
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ml and plated into 48-well plates (250 ul/well). For im-
munostaining, cells were diluted to 2.5 x 10’ cells/ml
and plated onto glass coverslips in 24-well plates (500 ul/
well).

For cell death analyses, cerebellar granule cells were
cultured for 16 h in a serum-free medium at 37°C in
5% CO, and 90% humidity, then treated with CHL1Fc
(5 pg/well) and 1 uM CHL1 peptides P1, P2, P3, or P4
for 30 min, followed by the application of 10 uM H,0,
to induce cell death. Cells were maintained for further
32 h, and live and dead cells were determined by staining
with calcein-AM and propidium iodide (each 1 pg/ml) for
30 min at 37°C. Live imaging of cerebellar granule cells
was performed using a Carl Zeiss AxioObserver.A1l micro-
scope with a 20X objective and AxioVision 4.6 software.
Numbers of live cells and dead cells were determined
from four images of three wells per condition (15 images/
condition) using ImageJ software (National Institutes of
Health) as described.> Cell numbers of live and dead cells
were averaged for each image, and the percentage of live
cells was calculated. Experiments were performed at least
three times.

Neurite outgrowth measurements were performed
as described.> Cerebellar granule cells were allowed to
settle for 30 min and then treated with CHL1Fc (5 ug)
and 1 uM CHL1 peptides P1, P2, P3, or P4. Neurons were
maintained for 24 h at 37°C in 5% CO, and 90% humid-
ity, fixed with 2.5% glutaraldehyde for 1 h at 22°C, and
stained with 1% toluidine blue and 0.1% methylene blue
in 1% sodium tetraborate. Neurites were imaged and
quantified using a Carl Zeiss AxioObserver.Al micro-
scope with a 20x objective and AxioVision 4.6 software.
The neurite lengths were measured from the edge of the
cell body to the end of the process, taking into account
only neurites with a length equal to or greater than the
diameter of the cell soma from which they originated
and only from those that showed no contact with other
neurites or cell bodies. For each experiment at least 100
cells were counted per condition and experiments were
repeated two times.

Cerebellar explants were prepared from 6- to 7-day-old
CHL1"* or CHL1™/~ mice.** In brief, cerebella were con-
secutively forced through Nitrex nets with pore sizes of
300, 200, and 100 wm, and explants were plated on 12 mm
glass coverslips coated with 0.01% PLL and maintained
for 16 h in 80 pl culture medium containing 20% horse
serum. The coverslips with explants were placed into 24-
well plates with 500 ul serum-free medium, treated with
10 ug CHL1Fc and 1 pM CHLI peptides P1, P2, P4, or P4.
After 32 h, the explants were fixed and stained. Migration
of neurons was determined from at least 12 explants per
treatment. To quantify the number of migrating cells, all
cells outside of the explant border were counted using the
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AxioVision software 4.6 (Zeiss). Experiments were carried
out independently at least three times.

2.9 | Statistical analysis

All experiments were performed and analyzed in a
blinded manner with the investigators not knowing which
cultures were treated with which compound. Student’s ¢-
test was used to compare the results from CHL17”/~ and
CHL1"™* mice and ANOVA was used to compare the data
of cell culture experiments. A p value below 0.05 was con-
sidered to be statistically significant.

3 | RESULTS
3.1 | Identification of PDCD6 as a novel
interaction partner of CHL1

To identify interaction partners of CHL1-ICD, we did af-
finity chromatography using immobilized CHL1-ICD
and a brain subfraction containing soluble cytoplasmic
proteins. Immobilized neural cell adhesion molecule
NCAM-ICD, a member of the Ig superfamily of adhe-
sion molecules, served as control. Bound proteins were
eluted, separated by gel electrophoresis, and visualized
by colloidal Coomassie brilliant blue staining. To identify
proteins that specifically interact with CHL1 and not also
with other adhesion molecules, we used mass spectros-
copy to assess protein bands detectable in the eluate from
the CHL1-ICD column, but not in the eluate from the
NCAM-ICD column. In the eluates from the CHL1-ICD
column, we matched tryptic peptides in a ~22 kDa protein
band with MS/MS spectra of 1443.6, 1357.6, 1341.6, and
985.4 Da precursor masses (detected as doubly charged
ion at m/z = 721.8, 678.8, 670.8, and 492.7) with tryp-
tic peptides AGVNFSEFTGVWK (1441.7 Da; aa 78-90),
LSDQFHDILIR (1356.7 Da; aa 126-136), YITDWQNVFR
(1341.6 Da; 91-100), and SIISMFDR (968.5 Da with me-
thionine oxidized to methionine sulfoxide resulting in a
mass of 984.5 Da; 67-74) of mouse PDCD6 (UniProtKB/
Swiss-Prot accession number: P12815; 21,854 Da).

3.2 | Expression of CHL1 and PDCD6
in the cerebellum and whole brain

To study the interactions between CHL1 and PDCDS6,
we analyzed the expression pattern of CHL1 and PDCD6
in mouse cerebellum and pons at three different ages by
western blot analysis. The cerebellum was chosen since
we have used it in many of our studies. Cerebellar granule
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cells were also used for cell culture experiments in the pre-
sent study. The pons was used because it can be removed
from the brain leaving the rest of the brain intact for other
studies. Three-day-old CHL1™* mice expressed more
CHLI1 than brains of 1-month-old and 6-month-old mice,
whereas the expression of PDCD6 was similar at all ages
(Figure 1A,B). CHL1 deficiency did not affect the expres-
sion levels of PDCD6 at these ages (Figure 1A-C). CHL1 is
more highly expressed in the cerebellum of 3-day-old mice
than in 1-month-old and 6-month-old mice (Figure 1D-
F). The expression levels of PDCD6 in the cerebellum
are similar at these three ages and do not differ between
CHL1** and CHL1~/~ mice (Figure 1D-F).

3.3 | association of CHL1 with PDCD6
depends on Ca’*

Since brains of 3-day-old wild-type mice show the highest
CHL1 expression, we performed co-immunoprecipitation

experiments using brain homogenate of 3-day-old mice
and rabbit anti-PDCD6 antibody and rabbit non-immune
IgG (as negative control). Western blot analysis of the
immunoprecipitates showed CHL1 as a band of approxi-
mately 185 kDa and PDCD6 as a band of approximately
20 kDa in the PDCD6 immunoprecipitate, but not in the
immunoprecipitate obtained with the non-immune IgG
(control) (Figure 2A). This result suggests that PDCD6 as-
sociates with CHL1.

To investigate if PDCD6 associates with the CHL1-
ICD, we did pull-down experiments using brain ho-
mogenate of a 3-day-old CHL1*/* mouse. We purified
recombinant His-tagged CHL1-ICD protein, containing
the intracellular domain of mouse CHL1, from bacteria
as described.”® CHL1-ICD or PBS as a vehicle control
was incubated with brain homogenate and then with
Ni-NTA beads to pull-down CHLI1-ICD via its His-tag.
Western blot analysis using PDCD6 antibody revealed
a PDCD6 immunopositive band at approximately
20 kDa in CHL1-ICD precipitates, while no band was
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FIGURE 1 Expression of CHL1 and PDCD6 in whole brain and cerebellum during development. Whole brains and cerebella from
age-matched wild-type (+/+) and CHL1-deficient (—/—) littermates at three ages (3 days: 3D, 1 month: 1 M, and 6 months: 6 M) were used.
The whole brains (A) and cerebella (D) were dissected, homogenized, and analyzed for the expression of CHL1, PDCD6, and HSP60 (loading
control) by western blot analysis. (B, C, E, F) Quantification of the relative expression levels of CHL1 (B, E) and PDCD6 (C, F) normalized to
HSP60. Data show average values + SEM. For the analysis, three brains or cerebella per genotype and age were used
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FIGURE 2 The association of CHL1 with PDCD6 depends on Ca’". (A) Homogenates of brains from 3-day-old CHL1** mice were
subjected to immunoprecipitation (IP) with rabbit IgG control (ctrl) or PDCD6 antibody (PDCD6) followed by western blot analysis using
antibodies against CHL1 and PDCD6. (B) PBS control (ctrl) or His-tagged CHL1-ICD was incubated with brain homogenates of 3-day-old
CHL1*™"* mice followed by pull-down with Ni-NTA beads. Brain homogenates (input) and immunoprecipitates were probed by western
blot analysis with antibodies against PDCD6, His-tag, and PEF1 (as negative control). (C) PBS control (ctrl) or his-tagged CHL1-ICD was
incubated with brain homogenates of 3-day-old CHL1** mice containing PBS alone (—) or PBS and 0.5 mM EGTA (EGTA), followed by
pull-down with Ni-NTA beads. Brain homogenates (input) and precipitates were probed by western blot using antibody against PDCD6.

Precipitates were probed by western blot analysis using antibody against His-tag for the quantification of CHL1-ICD. Experiments were

performed independently three times

detected in control immunoprecipitates lacking CHL1-
ICD. PEF1, also belonging to the PEF protein family
like PDCD6, was not co-immunoprecipitated, as the
PEF1 antibody did not show any immunopositive bands
at approximately 25 kDa (Figure 2B). Since Ca®* has
been reported to be required for the binding of PDCD6
with other proteins,”****® 0.5 mM EGTA was added to
the incubation mixture of CHL1-ICD and mouse brain
homogenate to chelate residual Ca** in the pull-down
experiment. Western blot analysis of the CHL1-ICD pre-
cipitates showed that the PDCD6 band at approximately
20 kDa was not detectable in the presence of EGTA
(Figure 2C). Western blot analysis confirmed equal
pull-down of CHL1-ICD in the presence and absence of
EGTA, showing that the reduced levels of PDCD6 in the
samples are due to the presence of EGTA and not due to
reduced levels of CHL1-ICD pulled-down with the beads
(Figure 2C).

These results indicate that the interaction of PDCD6
with CHL1-ICD depends on Ca**.

3.4 | Close interaction between
CHL1 and PDCD6 in cerebellum and pons

To assess whether CHL1 and PDCD6 are in close con-
tact, we did proximity ligation assays to detect close
molecular interactions with high sensitivity and spec-
ificity by amplifying fluorescent signals from a pair
of oligonucleotide-labeled secondary antibodies. Such
signals indicate a close proximity of the two proteins
within 40 nm or less.'?*? In the cerebellum, we ob-
served fluorescent spots in the emerging molecular

layer, Purkinje cell layer and internal granular layer
of 3-day-old CHL1"* mice, and Purkinje cell layer
of 6-month-old CHL1*/* mice, but not in 3-day-old
or 6-month-old CHL1™/~ mice (Figure 3A-C,G,H).
Fluorescent spots were also present in the pons of
3-day-old or 6-month-old CHL1"* mice, but not of
CHL1~/~ mice (Figure 3D-F,LJ). Signal quantification
showed approximately 50 fluorescent spots per 10* um?
area in the cerebellum of 3-day-old and 6-month-old
CHL1"* mice (Figure 3C,H). Comparison of the pons
3-day-old CHL1"* mice and 6-month-old CHL1"/*
mice showed about 50 and 30 fluorescent spots in
3-day-old and 6-month-old CHL1*/* mice, respec-
tively (Figure 3F,J). Confocal 3D reconstruction im-
ages of CHL1"/* cerebellum and pons showed the
distribution of fluorescent signals more clearly than
the single stack images (Figure 3B,E), suggesting
close proximity of CHL1 and PDCD6 in developing
cerebellum and pons which would allow direct pro-
tein interaction.

3.5 | CHL1 and PDCD6 co-localize in
astrocytes and neurons

Since both neurons and astrocytes express CHL1 and
PDCD6, we confirmed the co-localization of CHL1 and
PDCD6 in cultured cerebellar neurons and astrocytes
by double immunostaining (Figure 4A-D). Both cell
types express PDCD6 and CHL1, but CHL1 expression
was strongest at cell surfaces of granule cell neurons,
along their neurites, and on the surface of astrocytes.
Astrocytes and neurons from CHL1 ™'~ mice did not show
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fluorescent signals for CHL1 (data not shown). To deter-
mine the level of co-localization, the Pearson’s coefficient
was determined. In neurons, the Pearson’s coefficient was
r = 0.523 and in astrocytes the Pearson’s coefficient was
r = 0.706, showing that the signals are moderately cor-
related and that CHL1 and PDCD6 are in close contact.
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FIGURE 3 Close proximity of CHL1
and PDCD6 in the cerebellum and pons
of 3-day-old and 6-month-old mice. Brain
slices from 3-day-old and 6-month-old
mice were used for proximity ligation
assay with antibodies against CHL1

and PDCD6. (A, D) Representative
confocal images for cerebellum (A)

and pons (D) from three 3-day-old
CHL1"™* and CHL1™/~ mice are shown.
(B, E) 3D reconstruction images of
CHL1"* cerebellum (B) and pons (E)
from 2D merged images in (A) and (D),
respectively. (C, F) Quantification of
average numbers of puncta in the whole
area of each image (10* um?) in the
cerebellum (C) and pons (F) of 3-day-old
CHL1"* and CHL1 ™'~ mice. Data are
presented as the mean + SEM from three
mice (10 sections per mouse brain). (G,
I) Representative confocal images for
cerebellum (G) and pons (I) from three
6-month-old CHL1™* and CHL17™/~
mice are shown. (H, J) Quantification of
average numbers of puncta in the whole
area of each image (10* um?) in the
cerebellum (H) and pons (J) of 6-month-
old CHL1™"* and CHL1™/~ mice. Data
are presented as the mean + SEM from
three mice (10 sections per mouse brain).
Red spots of intense fluorescent signals
indicate the close proximity of CHL1 and
PDCD6. Nuclei were stained with DAPI
(blue). Scale bars, 10 um. **p < 0.01 with
Student’s t-test

Close proximity of CHL1 and

PDCDé6 in astrocytes and neurons

The proximity ligation assay showed that CHL1 and
PDCD6 localize with each other at a distance of 40 nm
or less. Higher numbers of red spots were observed in
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FIGURE 4 Co-localization of CHL1 and PDCD6 in cerebellar astrocytes and neurons. (A-D) Cultures of astrocytes from 1-day-old wild-
type mice (A, B) and cerebellar neurons from 7-day-old wild-type mice (C, D) were maintained for 3 days and used for immunostaining of

(A) CHL1

PDCD6

CHL1+PDCD6 __ Merge
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CHL1

©) PDCD6
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cultured cells. Representative confocal images of triple immunofluorescence staining for CHL1 (red), PDCD6 (green), and tubulin or GFAP
(purple) from three mice per group. The nuclei were stained with DAPI (blue). Scale bars, 10 um. Boxes indicate the area shown in the

magnifications

astrocytes from CHL1™/* mice while very few red spots

were detectable in astrocytes from CHL17/~ littermates
(Figure 5A). Quantification of signals showed approxi-
mately 15 fluorescent spots in each CHL1"/* astrocyte
when compared with approximately one fluorescent
spot in CHL1™/~ astrocytes (Figure 5D). About 0.2 spots
were present per CHL1** neuron and less than one
fluorescent spots in CHL1~/~ neurons (Figure 5B,E).
Neurons had fewer fluorescent spots than astrocytes
(Figure 5D,E). This may be due to the larger area cov-
ered by flat monolayer astrocytes as compared to granule
neurons, which have a small cell body and diffusely dis-
tributed neurites that have a filigree appearance. These
results confirm the close proximity of CHL1 and PDCD6
in both neurons and astrocytes suggesting that the two
proteins are directly interacting or present in a tight
complex.

3.7 | The N-terminus of the CHL1-
ICD mediates the association of CHL1
with PDCD6

To identify the domain of CHL1-ICD required for CHL1
association with PDCD6, we synthesized four CHL1 pep-
tides comprising the entire sequence of the CHL1-ICD
from the surface membrane-close N-terminus to the
membrane-distant C-terminus (Figure 6A). The peptides
were coupled with biotin at the N-terminus and contained
the TAT sequence to monitor the transfection efficiency
of the cerebellar granule neurons. The peptide sequence
required for the association of CHL1 with PDCD6 should
compete with endogenous CHL1 for binding to PDCDS6,
thereby reducing the association between the two proteins.

All four CHL1-ICD peptides entered cells with high
and similar efficacy as shown by immunofluorescence
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FIGURE 5 Close proximity of CHL1 and PDCD6 in cerebellar astrocytes and neurons. Cultures of dissociated cerebellar cells from
7-day-old CHL1"/* and CHL1~'~ mice were maintained for 3 days and used for proximity ligation assay with antibodies against CHL1 and
PDCDE6. (A, B) Representative confocal images for astrocytes (A) stained with GFAP (green) and neurons (B) stained with tubulin g-11I
(green) are shown. Red spots of intense fluorescent signals indicate the close interaction between CHL1 and PDCD6. The nuclei were
stained with DAPI (blue). Scale bars, 10 um. (C) Quantification of the percentage of astrocytes and neurons in CHL1*"* cerebellar cell
cultures. (D, E) Quantification of average numbers of puncta per astrocyte (D) or neuron (E) in the CHL1"* and CHL1™/~ groups. Data
are presented as the mean + SEM from three independent experiments. Fourteen images were evaluated and more than 100 cells (ctrl: 120
cells, P1: 154 cells, P2: 158 cells, P3: 155 cells, P4: 161 cells) were counted from each group. To quantify the PLA signal in neurons, puncta
in tubulin -IIT stained cells and processes were counted, for astrocytes puncta in GFAP stained cells and their protrusions were counted.

Confocal images are shown as representative results out of three mice per group. *p < 0.05; **p < 0.01 with Student’s t-test
g p per group. “p p

staining of the biotin tags. Vehicle control transfected
cellsdid notshow anysignal (Figure 6B). CHL1 peptides
required for the association with PDCD6 should reduce
the interaction of endogenous CHL1 with PDCD6 and
show less proximity ligation signal. Only CHL1 pep-
tide P1 reduced the number of fluorescent spots (about
eight spots per cell) when compared with control or
other peptides (about 15 spots per cell) (Figure 6C,D).
This result suggests that the 30 N-terminal amino acids
closest to the surface membrane are required for the
association of CHL1 and PDCD6 and mediate direct
interactions between the two proteins.

3.8 | CHLI1-ICD peptide P1 reduces the
survival of cerebellar granule neurons,
but does not influence the neurite
outgrowth and neuronal migration

To determine if CHL1-ICD peptides affect survival rate,
neurite outgrowth, and migration of cerebellar granule
cells, we measured cell death, cell migration, and neurite
outgrowth in cultures of dissociated cerebellar granule
neurons and cerebellar explants. In unstressed neurons,
viabilities of CHL1~~ and CHL1*/* cells in both con-
trol and CHL1 peptide-transfected cells were similar. In
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FIGURE 6 The N-terminal 30 amino acids of the CHL1-ICD are required for the association of CHL1 with PDCD6. (A) The design

of four overlapping CHL1 peptides (P1, P2, P3, and P4) is shown on the sequence of the CHL1-ICD. (B) Representative confocal images

of immunofluorescence staining for biotin (green) in the cerebellar cells treated with vehicle control (H,0, ctrl) or CHL1 peptides (P1,

P2, P3, and P4). Nuclei were stained with DAPI (blue). Scale bars, 10 um. Of note, all peptides transfected cells with equal efficacy (one-

way ANOVA with Tukey’s post hoc test; p > 0.05 difference between peptides P1, P2, P3, and P4). (C) Representative confocal images of
immunofluorescence staining for proximity ligation assay (CHL1 + PDCD6) in the cerebellar cells treated with vehicle control (H,O, ctrl)

or CHLI peptides P1, P2, P3, and P4. Red spots of intense fluorescent signals indicate the close proximity of CHL1 and PDCD6. Nuclei were
stained with DAPI (blue). Scale bars, 10 um. (D) Quantification of average number of puncta in each cell of control or CHL1 peptides treated
groups in (C). Data are presented as the mean + SEM from three independent experiments. For each analysis, 10 images from each group
were analyzed (cell numbers for each group were CHL1*"*: 59 and CHL1™/": 55). Confocal images are shown as representative results from
three experiments per group. *p < 0.05 with one-way ANOVA with Tukey’s post hoc test

addition, none of the CHL1 peptides altered the survival
of CHL1** and CHL11~/~ neurons under basal condi-
tions. When oxidative stress was induced by the appli-
cation of hydrogen peroxide, CHL1 peptides P1-P4 did
not alter the survival of both CHL1~/~ and CHL1"'* neu-
rons in the absence of CHL1Fc. Addition of CHL1Fc to
the cultures reduced the death of CHL1™/~ and CHL1*/*
neurons when oxidative stress was induced. When cell

death was induced by hydrogen peroxide and cells were
treated with CHL1Fc, adding CHL1 peptide 1 abolished
the protective effect of CHL1Fc, and cell death was sim-
ilar to the condition with hydrogen peroxide alone. In
contrast, cell death was similar when cells were treated
with hydrogen peroxide and CHL1Fc or with hydro-
gen peroxide, CHL1Fc and peptides P2, P3, and P4,
wherein the neuroprotective effect of CHL1Fc persisted
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FIGURE 7 CHLI peptide P1 do not affect the migration and neurite outgrowth of cerebellar granule neurons, but reduces CHL1-
mediated cell survival. (A) Bar diagram shows the percentage of viable cerebellar granule neurons grown on poly-L-lysine (PLL) and treated
or not treated with the extracellular domain of CHL1 fused to the Fc-fragment from human IgG (CHL1Fc), CHL1 peptides P1, P2, P3, or

P4, and in the presence or absence of hydrogen peroxide (H,0,) to induce cell death. Data are presented as the mean + SEM from three
independent experiments (15 images captured from three wells per experiment and condition). **p < 0.01 difference relative to PLL control;
*p < 0.05 difference relative to CHL1Fc and H,0, treated samples, *p < 0.05 difference relative to H,O,-treated samples, one-way ANOVA
with Dunn'’s multiple comparison test. (B) Bar diagram shows the average neurite length of cerebellar granule neurons in the presence or
absence of CHL1 peptides P1, P2, P3, or P4 and CHL1Fc. Data are presented as the mean + SEM from three independent experiments (100
neurons per experiment and condition), **p < 0.01 difference relative to PLL control, one-way ANOVA with Dunn’s multiple comparison
test. (C) Bar diagram shows average migration of cerebellar granule cells from explants treated with control or CHL1 peptides P1-P4 and
CHL1Fec. Data are presented as the mean + SEM from four independent experiments (12 explants per experiment and condition), *p < 0.05
difference relative to PLL control, one-way ANOVA with Dunn’s multiple comparison test

(Figure 7A). Treating the cells with CHL1 peptides P1- (Figure 7C; Figure S1B). These results indicate that in
P4 did not change neurite length, whether the cells unstressed cells, the peptides P1-P4 did not affect the
were maintained with or without CHL1Fc (Figure 7B; survival, neurite outgrowth, and neuronal migration, but
Figure S1A). Similarly, cell migration was not affected under oxidative stress the CHL1 peptide P1 interfered
by the peptides in the absence or presence of CHL1Fc  with CHL1Fc signaling and reduced the association of



LOERS ET AL.

CHL1 with PDCD6 or triggering of PDCD6-dependent
signaling leading to reduced cell survival.

4 | DISCUSSION

CHL1 and PDCD6 are present in a molecular complex
in early postnatal and adult mouse brains, and are co-
expressed in neurons and astrocytes. The association of
CHL1 and PDCD6 depends on Ca** and is mediated by
the N-terminal 30 amino acids within the CHL1-ICD,
comprising approximately 100 amino acids. Interestingly,
a membrane-proximal motif (RGGKYSV) within the N-
terminal 30 amino acids of CHL1-ICD that mediates the
interaction with PDCD6 is also required for recruiting
ezrin, a member of the ezrin-radixin-moesin (ERM) fam-
ily of filamentous actin-binding proteins.>> The RGGKYSV
motif in CHL1 is important for semaphorin3A-induced
growth cone collapse as well as CHL1-dependent neurite
outgrowth and branching in cortical embryonic neurons.™
In addition, stimulation of haptotactic cell migration and
cellular adhesion to fibronectin by CHL1 depends on this
CHL1/ERM recruitment motif.>> The HPD tripeptide
that mediates the interaction between CHL1 and Hsc70
is also present in the first N-terminal 30 amino acids of
CHL1-ICD.*

The CHLI1 peptide P3, which includes the ankyrin
recruitment region FIG[AQ]Y, does not interfere with
the CHL1/PDCD6 association, suggesting that binding
to ankyrin on the cytoskeleton is not important for this
association and for down-stream signaling effects. For
other CHL1-ICD interaction partners, such as serotonin
receptor 2c, the site of interaction has not been specified32
(Figure S2). Interaction with this receptor is noteworthy
because mutations and polymorphisms in human CHL1,
named CALL, and gene duplications and deletions of the
chromosomal region 3p26 that contains also CHL1, are
linked to autism spectrum disorder, schizophrenia, and
3p syndrome.”*>3® Deletions within the 3p26 chro-
mosomal region are often caused by de novo mutations
within this region, but no disease-causing mutations were
reported for CHL1-ICD, making it difficult to judge if the
loss of the extracellular domain or the ICD of CHL1 un-
derlies the functional defects observed.

CHL1 peptide P1 derived from the N-terminus of the
CHL1-ICD reduced CHL1Fc-mediated neuronal survival
in CHL1™/~ and CHL1*/* cells, whereas peptides derived
from the intermediate and C-terminal part of the CHL1-
ICD did not affect the neuronal survival. Interestingly, the
CHL1 peptide P1 reduces the cell survival of CHL17/~ and
CHL1™" cells, in the presence of the stimulating agent
CHLI1Fc, suggesting that CHL1 peptide 1 not only blocks
triggering of heterophilic CHL1 interactions but also
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interaction of CHL1 with PDCD6. Furthermore, CHL1
peptide P1 may interfere with interactions of CHL1 with
the binding partners ezrin, patched-1, or Hsc70 to affect
cell survival.

The observation that CHL1-ICD peptides do not affect
neurite outgrowth and migration of cerebellar neurons
suggests that CHL1 association with PDCD6 is mainly
important for cell survival (Figure S3). This agrees with
previous reports on CHL1 or PDCD6 regarding cell surviv-
al.1223:48:59-61 ppCPe expression in CHL1-deficient mouse
brains is normal and similar during development and in
adulthood, suggesting that PDCD6 engages with binding
partners other than CHL1 that could contribute to main-
taining its normal levels. Interestingly, CHL1 peptide P1,
which contains the RGGKYSV motif involved in cortical
neuron outgrowth,55 did not affect the cerebellar neuro-
nal outgrowth in our study. These results suggest that the
ERM motif within CHL1-ICD is not important for neurite
outgrowth of cerebellar neurons nor is it required for early
postnatal development.

Other studies showed that CHL1 triggers patched-
1- and smoothened-dependent signal transduction path-
ways to promote neuronal survival in murine cerebellum
and that CHLI-deficient mice show abnormal death
of cerebellar granule cells during the second postnatal
week.'> CHL1-deficient mice show increased numbers
of caspase-3- and NeuN-positive neurons in the internal
granule layer at postnatal days 10 and 14 when compared
to their wild-type littermates, suggesting that this cell
death may be caspase-3-dependent.'? In addition, juvenile
CHL1-deficient mice show abnormally high numbers of
parvalbumin-expressing hippocampal interneurons, but
a loss of these cells is observed in CHL1-deficient adult
mice.”> Whether or not these cells are eliminated via
caspase-3-dependent mechanisms was not determined.
Cell death via a caspase-3-dependent pathway occurs
after co-transfection of PDCD6 and death-associated pro-
tein kinase 1 cDNA into a tumor cell line, while transfec-
tion of PDCD6 alone did not change caspase-3 activity.*’
Human ovarian carcinoma cells over-expressing PDCD6
showed activation of caspase-3, -8, and -9 as well as in-
hibited cell growth, and caspase-3 and -9 inhibitors pro-
tected cells from PDCD6-induced apoptosis.” Induction
of tumor cell death and knock-down of PDCD6 led to sup-
pression of caspase-3 activation.®® We here show that lev-
els of PDCD6 are unaltered in CHL1-deficient brains and
thus cannot account for the different levels of cell death
seen in the cerebellum in the second postnatal week. Yet,
interaction or association of CHL1 and PDCD6 could in-
fluence caspase-3-dependent neuronal death during this
time period. Since PDCD6 does not only act upstream,
but also downstream of the caspase signaling cascade,!
CHL1 may also influence PDCD6 activity via regulation
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of caspase activities. Interestingly, PDCD6-deficient mice
develop normally,* whereas CHL1-deficient mice show a
significant loss of Purkinje and granule cells in the adult
cerebellum,* indicating different functions for CHL1 and
PDCD6 during brain development.

In addition to its functions in the nervous system, CHL1
is involved in tumor growth. It is a tumor suppressor in
many tumors, such as neuroblastoma, nasopharyngeal
carcinoma, esophageal squamous cell carcinoma, and
non-small cell lung cancer.®*"® Reduced tissue expression
and enhanced serum levels of CHL1 in gastrointestinal
stroma tumors correlate with advances of tumor stages and
shorter recurrence-free survival.®® CHL1 also promotes cell
proliferation, and metastasis of human glioma cells both
in vitro and in vivo, and CHL1 expression is upregulated
in glioblastoma cells.”’” Interestingly, in xenograft tumors
in nude mice, administration of siRNA targeting CHL1
not only downregulates CHL1 expression in vivo, but also
upregulates activated caspase-3 levels.®” Caspase-3 upreg-
ulation in glioblastoma after knock-down of CHLI1 is con-
sistent with enhanced caspase-3 activity found in cerebella
of CHL1-deficient mice, suggesting that CHL1 influences
caspase-3 activation. Like CHL1, PDCD6 expression is up-
regulated in several tumors and high levels of PDCD6 are
a poor prognostic factor in lung adenocarcinoma, while
low levels are correlated with poor survival of gastric can-
cer patients.®®® PDCD6 also stimulates cell migration and
invasion of metastatic ovarian cancer cells.”’ These stud-
ies indicate that upregulation of CHL1 and PDCD6 in tu-
mors can be a good or bad prognostic sign depending on
the tumor type and that both proteins may suppress or en-
hance tumor growth. Nevertheless, both proteins influence
cell migration and survival in the tumor context where
they might cooperate.

Both CHL1 and PDCD6 affect vesicle functions, such
as trafficking or uncoating: CHL1 deficiency reduces tar-
geting of Hsc70 to the synaptic plasma membrane and
disrupts the CHL1/Hsc70 complex, resulting in accumu-
lation of abnormally high levels of clathrin-coated vesicles
with a reduced ability to release clathrin.** PDCD6 has
not yet been shown to influence synaptic vesicle transport
but is involved in non-synaptic vesicle transport. These
functions are linked to the Ca**-dependent interaction of
PDCD6 with various proteins that function in the endoso-
mal sorting complex required for the transport (ESCRT)
system and regulation of endoplasmic reticulum (ER)-to-
Golgi vesicular transport.”* Via interaction with Sec31A,
a component of the coat protein complex II, PDCD6
regulates vesicle trafficking and cargo packaging.”” In
addition, several PDCD6 targets are physically and func-
tionally associated with the plasma or organelle mem-
branes (reviewed in Ref.”"), indicating a role for PDCD6
in membrane-linked processes. Alix, also called AIP1, was

the first PDCD6-binding protein identified,”>”* and it is
associated with components of the ESCRT system, which
is important in a plethora of cellular processes associated
with membrane remodeling, including endosome forma-
tion, fusion of autophagosomes and amphisomes with
lysosomes, as well as plasma and nuclear envelope mem-
brane repair (reviewed in Refs.”>’®). CHL1 together with
PDCD6 and Alix could also play a role in membrane re-
modeling and repair. This would be an interesting topic for
future investigations.
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Additional supporting information may be found online
in the Supporting Information section.
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