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Cadma3 (Necl-1) interferes with the activation of the PI3
kinase/Akt signaling cascade and inhibits Schwann cell
myelination in vitro

Ming-Shuo Chen, Hyosung Kim, Léonard Jagot-Lacoussiere, and Patrice Maurel
Rutgers, The State University of New Jersey, Newark, NJ 07102

Abstract

Axo-glial interactions are critical for myelination and the domain organization of myelinated
fibers. Cell adhesion molecules belonging to the Cadm family, and in particular Cadm3 (axonal)
and its heterophilic binding partner Cadm4 (Schwann cell), mediate these interactions along the
internode. Using targeted shRNA-mediated knockdown, we show that the removal of axonal
Cadm3 promotes Schwann cell myelination in the in vitro DRG neuron/Schwann cell myelinating
system. Conversely, over-expressing Cadm3 on the surface of DRG neuron axons results in an
almost complete inability by Schwann cells to form myelin segments. Axons of superior cervical
ganglion (SCG) neurons, which do not normally support the formation of myelin segments by
Schwann cells, express higher levels of Cadm3 compared to DRG neurons. Knocking down
Cadma3 in SCG neurons promotes myelination. Finally, the extracellular domain of Cadm3
interferes in a dose-dependent manner with the activation of ErbB3 and of the pro-myelinating
PI3K/Akt pathway, but does not interfere with the activation of the Mek/Erk1/2 pathway. While
not in direct contradiction, these /n vitroresults shed lights on the apparent lack of phenotype that
was reported from /7 vivo studies of Cadm3~/~ mice. Our results suggest that Cadm3 may act as a
negative regulator of PNS myelination, potentially through the selective regulation of the signaling
cascades activated in Schwann cells by axonal contact, and in particular by type I11 Nrg-1. Further
analyses of peripheral nerves in the Cadm™"~ mice will be needed to determine the exact role of
axonal Cadma3 in PNS myelination.
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Introduction

Myelination of axons in the peripheral nervous system (PNS) is a complex process that
results from the integration of numerous signals by the myelinating Schwann cell. These
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signals originate in multiple domains of the Schwann cell, in particular at the adaxonal
(axon-glia) and abaxonal (extracellular matrix-glia) interfaces (Pereira et al. 2012).

Among the molecular mechanisms acting at the axon - Schwann cell interface, signals
provided by axon-derived neuregulin-1 (Nrgl) growth factors have been shown to regulate
many aspects of Schwann cell development. Studies using knockout strategies have provided
compelling evidence that membrane-bound type Il Nrgl is the key isoform required for
Schwann cell proliferation and survival (Meyer et al. 1997; Wolpowitz et al. 2000). Type 111
Nrgl is also the instructive axonal signal that determines in the PNS whether a Schwann cell
ensheathes multiple axons (Remak bundles) or associates in a 1:1 relationship with an axon
and forms a myelin sheath (Taveggia et al. 2005). The levels of type 111 Nrg1 on axons
further regulate the extent of myelination by determining the number of lamellae that
myelinating Schwann cells will form around axons (Michailov et al. 2004; Taveggia et al.
2005). ErbB2 and ErbB3 (erythroblastic leukemia viral oncogene homologs 2 and 3) are the
tyrosine kinase receptors that transduce the Nrg1l signal within Schwann cells (Garratt et al.
2000). The ErbB2/3 complex elicits three major signaling cascades: i) the PI3 kinase/Akt
pathway is involved in the regulation of proliferation and survival (Maurel and Salzer 2000),
as well as myelin thickness (Cotter et al. 2010; Goebbels et al. 2012); ii) activation of the
PLC y/Ca%*/calcineurin cascade results in the nuclear translocation of NFATc4, which with
Sox10 regulates the transcription of Krox20 and Mpz (Kao et al. 2009); iii) activation of the
MEKJ/Erk1/2 cascade, which has been shown to promote Krox20 transcription (He et al.
2010). Interestingly the MEK/Erk1/2 cascade appears to be both pro-myelinating (Newbern
et al. 2011) and inhibitory to PNS myelination (Ogata et al. 2004; Syed et al. 2010).

Axons and Schwann cells also interact through several cell adhesion molecules. These
interactions are important insofar that they participate in the organization of the specialized
domains that are characteristic of myelinated axons (node of Ranvier, paranode,
juxtaparanode) and whose structure and molecular composition are crucial to the fast
propagation of action potentials by saltatory conduction (Salzer et al. 2008). Nectin-like
(Necl) proteins (also referred to as Cadm [cell adhesion molecule] and SynCAM [synaptic
cell adhesion molecule]) are type 1 transmembrane cell adhesion molecules (Biederer 2006;
Takai et al. 2008). Schwann cells mainly express Cadm4 (Necl-4), while DRG neurons
express Cadm3 (Necl-1). Both cell types also express Cadm1 (Necl-2) (Maurel et al. 2007;
Spiegel et al. 2007). They promote axon-to-Schwann cell interaction along the internodal
domain through heterophilic (Schwann cell Cadm4 and Cadm1 to axonal Cadm3) and
homophilic (Cadm1 to Cadm1) binding (Maurel et al. 2007; Spiegel et al. 2007). Schwann
cell-specific Cadm4 has been shown to be a key molecule in initiating PNS myelination
(Maurel et al. 2007; Spiegel et al. 2007). Indeed, shRNA-mediated knockdown of Cadm4
blocked Schwann cell differentiation and myelination in a Schwann cell/DRG neuron
myelinating co-culture system, as was indicated by the absence of myelin proteins and
myelin segments (Maurel et al. 2007). The limited expression of transcription factors Oct-6
and Krox-20 indicated that Schwann cells were arrested before progressing to the
promyelinating stage (Maurel et al. 2007). Experiments using the addition of the
extracellular domains of Cadm4 or Cadm3 to perturb axo-glial interactions at the onset of
myelination in the co-culture system similarly resulted in a drastic reduction in myelin
segments formation (Spiegel et al. 2007). Electron microscopy analysis showed that
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Schwann cells ensheathed but failed to wrap axons (Spiegel et al. 2007). In that respect it is
interesting to note that, among the myelination abnormalities that were described in the
recent analysis of a Cadm4 knockout mouse, there is a delay in the initiation of PNS
myelination (Golan et al. 2013).

The Cadm4 knockout mouse also presents several abnormalities along the axo-glial interface
that are indicative that Cadm4 is essential to promote a proper interaction between the axon
and the myelinating Schwann cell (Golan et al. 2013). Both Cadm3 and Cadm2 (Necl-3) are
binding partners for Cadm4 (Maurel et al. 2007; Thomas et al. 2008). While Cadm2
promotes axo-glial interaction in the central nervous system (CNS) (Pellissier et al. 2007), it
is not as clear in the PNS. While it appears to be present in trigeminal neurons (Pellissier et
al. 2007), Cadm2 is barely detectable in DRG neurons (Maurel et al. 2007; Spiegel et al.
2007). It also appears to be limited to the DRG neuron bodies and absent from the axons
(Maurel et al. 2007). While additional axonal binding partners for Cadm4, as yet
uncharacterized, could be upregulated with myelination, the current data strongly suggest
that Cadm3, on the axon, is the obligate binding partner for Cadm4 present on the Schwann
cell.

Surprisingly, the analyses of two independent Cadm3 knockout mice have shown no
detectable defects in PNS myelination (Golan et al. 2013; Park et al. 2008). This could
potentially be attributed, in part, to the complexity of /n vivo systems in which redundancy
and functional overlap may obscure the detection of a phenotype. We therefore investigated
in vitro a potential role for axonal Cadm3 in myelination, using the well-established
Schwann cell/DRG neuron myelinating co-culture system that has been central to many key
insights in the molecular mechanisms involving axo-glial interactions, domain formations
and myelination. An expected outcome of suppressing the expression of Cadm3 in DRG
neurons would have been a decrease in myelination by Schwann cells. However we report
that the ablation of Cadm3 from DRG neurons results in a 2-fold increase in the number of
myelinated segments. Conversely, increased expression of Cadma3 at the surface of DRG
neuron axons results in an almost complete inability by Schwann cells to form myelin
segments. We show that SCG neurons, which do not normally support (both /n vitroand in
vivo) the formation of myelin segments by Schwann cells, express higher levels of Cadm3
compared to DRG neurons. Knocking down Cadm3 expression in SCG neurons promotes
myelination. Finally we show that the binding of the extracellular domain of Cadm3 to
Schwann cells inhibits activation of the ErbB3/PI3K/Akt signaling cascade by the EGF-like
domain of Nrg1p1. These results, obtained /n vitro, are in contrast to the apparent lack of
phenotype /n vivo. While they point to a regulatory function for axonal Cadm3, to suppress
myelination, further detailed studies of the Cadm3 knockout mice will be needed to
determine the exact function of Cadm3 in /7 vivo PNS myelination.

Material and Methods

Animals, culture media, antibodies and growth factors

Sprague-Dawley rats were from the colony maintained at the animal facility at Rutgers, The
State University of New Jersey, Newark NJ. They were housed and cared for in accordance
with an animal protocol approved by Rutgers University Institutional Animal Care and Use
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Committee. DMEM and MEM were from Mediatech, neurobasal media, Ham’s F12, B27
supplement, N2 supplement, GlutaMAX™L-| and trypsin were from Invitrogen, glucose,
Forskolin, 5-fluorodeoxyuridine, uridine and ascorbic acid were from Sigma-Aldrich, FBS
was from Atlas Biological, and Matrigel was from Beckton Dickinson. For
immunofluorescence staining, primary antibodies included mouse monoclonals to myelin
basic protein (MBP) (Covance SMI-94R at 1:300) and HA epitope (Covance HA.11 at
1:500), and the chicken monoclonal to neurofilament M (Covance PCK-593P at 1:3000). For
Western blot analyses, primary antibodies included mouse monoclonals to p-actin (Sigma
Aldrich A1978 at 1:5000), GFAP (Cell Signaling Technology 3670 at 1:1000), Cadm4
(Necl4, NeuroMab 75-247 at 1:1000), ErbB2 (Thermo Scientific MS-730 at 1:500), ErbB3
(Thermo Scientific MS-201 at 1:500), phospho-Akt (S473; Cell Signaling Technology 4051
at 1:1000), Erk1/2 (Cell Signaling Technology 4696 at 1:1000), mouse polyclonal against
the Fc portion of human 1gG (Jackson ImmunoResearch 209-005-098 at 1:1000), rabbit
polyclonals against phospho-ErbB2 (Tyr248: Santa Cruz sc-12352-R at 1:500), phospho-
ErbB3 (Tyr!289: Cell Signaling Technology 4791 at 1:500), Akt (Cell Signaling Technology
9272 at 1:1000), phospho-Erk1/2 (Thr292/Tyr204: Cell Signaling Technology 9101 at
1:1000), PTPN13 (Santa Cruz sc-15356 at 1:200), neuregulin-1-p1 (Santa Cruz sc-348 at
1:250), TrkA ((Clary et al. 1994) at 1:500), Cadm2 (Necl3; (Maurel et al. 2007)), guinea pig
polyclonal against Cadm3 (Necl1; (Maurel et al. 2007)) and chicken monoclonal against
Cadm1 (Necl2, MBL CM004-3 at 1:1000). Recombinant EGF domain of human
neuregulin-1-p1 (rhNrgl-EGFD) was from R&D Systems (396-HB) and 2.5S NGF was
from AbD Serotec (PMP04Z).

Schwann cells, dorsal root ganglia (DRG) neurons, superior cervical ganglia (SCG)
neurons, and myelinating co-cultures

The preparation of primary Schwann cells, DRG and SCG neurons, and myelinating cultures
has been previously described (Kim and Maurel 2010). Briefly, Schwann cells were isolated
from 2-day old rats and expanded in standard Schwann cell medium (DMEM, 1%
GlutaMAXT™-|, 10% heat-inactivated FBS) supplemented with 5 ng/ml of rhNrg1-EGFD
and 2 pM Forskolin. In all experiments Schwann cells were used at the 4th passage. DRGs
and SCGs were collected from embryonic day 15 rat embryos and 2-day-old rats,
respectively. After trypsinization cells were plated on g10mm glass coverslips coated with
Matrigel, in standard neuronal medium (neurobasal medium, 2% B27 supplement, 1%
GlutaMAX ™, 0.08% glucose, and 50 ng/ml 2.5S NGF). DRG and SCG cells were seeded
at a density of 1.3 and 0.8 ganglia per coverslip, respectively. Alternately feeding the
cultures every 2 days with standard neuronal medium supplemented or not with 5-
fluorodeoxyuridine and uridine (10 uM each) for 10 days removed non-neuronal cells.
Purified neurons were then kept in standard neuronal medium until use. To establish co-
cultures, purified neurons were repopulated with purified primary rat Schwann cells at a
density of 200,000 cells per coverslip, in MEM supplemented with 10% heat inactivated
FBS, 0.4% glucose and 50 ng/ml NGF. After 3 days, myelination was initiated by
supplementing the media with 50 gg/ml of ascorbic acid. The formation of compact myelin
segments was assessed by immunostaining for MBP, 10 days (DRG co-cultures) or 60 days
(SCG co-cultures) later. To quantify the extent of myelination, 15 to 20 random fields were
captured per culture (Nikon Eclipse TE2000-U, 20x/0.75 Plan Fluor objective). For each
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condition, the average number of MBP-positive segments per field of view was calculated
and normalized to that of the control cultures (100%). Counting was done with the ImageJ
software (Schneider et al. 2012).

RNA interference of Cadm3 expression in DRG and SCG neurons

Two 21-nucleotide long shRNAs (#1, GGCCAGAAGCTGTTGTTACAT and #2,
GTGCCAAGTGAAAGACCATGA) targeting in the extracellular domain of Cadm3 at
position 733-753 and 911-931, respectively (GenBank NM_001047103), were designed
using the following online tools: Easy siRNA (ProteinLounge), BLOCK-iT RNAI designer
(Invitrogen) and siRNA sequence selector (Clontech). The shRNA stem loops consisted of a
sense ShRNA sequence followed by a short non-specific loop sequence (TTCAAGAGA) and
the reverse/complement antisense ShRNA sequence, followed by six thymidines that serve as
a stop signal for the RNA polymerase I11. The oligonucleotides were cloned into the Hpal-
Xhol sites of the pLentiLox pLL3.7 lentiviral vector (Addgene, plasmid 11795), in which
the U6 promoter drives the expression of the sShRNA while the GFP marker is expressed
under a CMV promoter (Dillon et al. 2005; Rubinson et al. 2003). The lentiviral constructs
were transfected into 293FT cells together with packaging plasmids pMD2.G (Addgene
plasmid 12259) and psPAX2 (Addgene plasmid 12260) using Lipofectamine 2000
(Invitrogen). We used a pLL3.7 construct encoding an shRNA against luciferase as a control
for non-specific effects. Viral supernatants were collected 48 hrs after transfection,
centrifuged at 1,600xg for 20 min to pellet cell debris, and supernatants were aliquoted for
one-time use and kept frozen at —80°C. For the infection, DRG or SCG cultures were treated
with viral supernatants (supplemented with NGF at 50 ng/ml) 24hrs after plating the cells.
The following day, alternate feeding to remove non-neuronal cells was initiated as described
above. The knockdown of Cadm3 expression was confirmed by Western blotting before
using the cultures.

Expression of Cadm3 in DRG neurons

The sequence encoding the influenza hemagglutin (HA) epitope was added by PCR to the
amino-terminus of Cadm3 protein immediately after the signal peptide as predicted by the
SignalP program (Nielsen et al. 1997). The cDNA encoding HA-Cadm3 was then inserted in
the pLenti6/V5-D vector by directional TOPO cloning (Invitrogen) and the construct was
confirmed by sequencing. The lentiviral construct was transfected into 293FT cells together
with packaging plasmids pLP1, pLP2, and pLP/VSVG (Invitrogen) using Lipofectamine
2000. The pLenti6/V5 vector was used as control. Viral supernatant collection and infection
of the DRG neurons was as described in the RNA interference section. Expression of HA-
Cadma3 at the surface of axons was confirmed by live immunostaining for the HA tag, 10
days post infection, before use.

Immunostaining

DRG neurons, DRG-Schwann cell or SCG-Schwann cell cultures were rinsed in phosphate
buffered saline (PBS) and fixed in 4% paraformaldehyde for 20 minutes. After washing with
PBS, samples were permeabilized in ice-cold methanol for 20 minutes and incubated in
blocking solution (5% normal donkey-serum, 0.3% Triton X100) for 1hr at room
temperature. This was followed by an overnight incubation at 4°C with primary antibodies
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against MBP and neurofilament M prepared in blocking solution. After washing with PBS,
samples were incubated with secondary antibodies for 1hr. Nuclei of cells were visualized
by staining with DAPI. Cultures were mounted in antifading agent Citifluor (Ted Pella).
Preparations were examined by epifluorescence on a Nikon Eclipse TE2000-U (20x/0.75
objective) microscope. 15 to 20 random field images were acquired per culture using the
MetaMorph software package (Molecular Devices). Quantitation was done in ImageJ.

Proliferation Assay

75,000 Schwann cells were plated onto dissociated DRG neuron cultures, in MEM
supplemented with 10% heat inactivated FBS, 0.4% glucose and 50 ng/ml NGF. After 24 hr,
cultures were fed with fresh media for another 24 hrs. Schwann cell proliferation was
assessed using an EdU nuclear labeling assay. EdU (10 uM final concentration) was added
during the last 4 hrs of culture, and was detected using the Clik-iT Alexa 488 kit according
to the manufacturer’s instructions (Life Technologies). Neurites were detected by
immunostaining for neurofilament M and nuclei by DAPI. All cultures were mounted on
glass slides in Citifluor and examined by epifluorescence microscopy. Images were acquired
using the MetaMorph software package. EdU- and DAPI-labeled nuclei from 20 to 30
random fields per culture were counted. Three cultures per condition in three separate
experiments were analyzed. Typically over 1000 cells were counted per condition. EdU
incorporation was expressed as a percentage of Edu-labeled versus DAPI labeled nuclei.

Cadm3-Fc production, signaling pathways experiment and Western blot analysis

The cloning of Cadm3-Fc into the pcDNA3.1 TOPO vector (Invitrogen) and the production
of the Cadm3-Fc fusion protein were previously described (Maurel et al. 2007). Schwann
cells were plated at a density of 300,000 cells per well of a 24-well plate (Techno Plastic
Products) coated with poly-L-lysine. The following day, cells were incubated for 3 hrs in
defined media (DMEM/Ham’s F12 (1/1), N2 supplement, 1% GlutaMAX™-1) to down
regulate signaling pathways. Cells were then incubated for 30 minutes at room temperature
with Cadm3-Fc at concentrations ranging from 0 to 20 nM. rhNrg1-EGFD (2.5 and 10 nM)
was then added and cultures were incubated at 37°C for 10 min, at which time cell lysates
were prepared in 25 mM Tris buffer pH 7.4, containing 95 mM NaCl, 1% SDS, protease and
phosphatase inhibitors cocktails (Pierce). Lysates were boiled for 10 min and cleared by
centrifugation at 16,000xg for 10 min. Protein concentrations were determined by the BCA
method (Pierce). Ten micrograms of proteins were fractionated on 10% Bis/Tris
polyacrylamide gels and transferred onto 0.2um nitrocellulose membranes (Biorad).
Appropriate regions of the blots were cut out and incubated with specific primary antibodies
to probe for ErbB2, ErbB3, Akt, Erk1/2, Cadm3 and p-actin. After incubating with
appropriate infrared secondary antibodies (LI-COR), protein bands were visualized and
quantified with the Odyssey imaging system (LI1-COR). For each signaling molecule
analyzed, the ratio of phosphorylated versus total was first determined. Then for each
Cadm3-Fc group, the background (0 nM of rhNrgl-EGF-D) was subtracted. Finally each
value was normalized to the activation of the control (no Cadm3-Fc) at 10 nM of rhNrg1-
EGFD (100%).
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Co-immunoprecipitation analysis

3x10% Schwann cells were plated per 8100mm plates coated with poly-L-lysine, in standard
Schwann cell medium supplemented with rhNrg1-EGFD and Forskolin. After 24hrs, cells
were incubated for 3 hrs in defined media to down regulate signaling pathways, and then
were further incubated for 30 minutes at room temperature with either Cadm3-Fc or human
19G (hu-1gG) at 20 nM. rhNrg-EGFD (10 nM) was then added and cultures incubated at
37°C for 10 min, at which time pathway stimulation was stopped by washing the cultures 3
times with ice-cold PBS. Proteins were extracted in 200 ul of a 1% NP-40 detergent solution
prepared in 20 mM Tris, pH 7.4, 10% glycerol, 2.5 mM EGTA, 2.5 mM EDTA, protease and
phosphatase inhibitors. Cell lysates were centrifuged (16,000xg for 15 min at 4°C) and
protein concentrations of supernatants determined. For each condition (hu-lgG or Cadm3-Fc
treated, plus or minus rhNrg1-EGFD stimulation), 300 g of protein lysate was pre-cleared
with 40 pl of agarose-conjugated goat anti-mouse beads (50% slurry; Sigma A6531) at 4°C
for 30 min. Beads were then removed by a 15-sec centrifugation (16,000xg, 4°C) and pre-
cleared lysates incubated overnight at 4°C with 1 pg of mouse anti ErbB3 antibody. ErbB3
was then immunoprecipitated with 40 pl of agarose-conjugated goat anti-mouse beads (50%
slurry) for 90 min at 4°C. Beads were collected by a 15-sec centrifugation (16,000xg at
4°C), washed 3 times in 500 pl of lysis buffer, and boiled in Laemmli sample buffer for 5
min. Immunoprecipitated proteins were fractionated as described in the previous section.
Appropriate regions of the blots were cut out and incubated with specific primary antibodies
to probe for ErbB2, ErbB3, Cadm3-Fc, Cadm1, Cadm4 and PTPN13. After incubating with
appropriate infrared secondary antibodies, protein bands were visualized with the Odyssey
imaging system.

Neurite membrane preparation

Neurite membranes were prepared according to established protocols (Maurel and Salzer
2000; Salzer et al. 1980b; Taveggia et al. 2005). Briefly, purified DRG neuron cultures from
24-well plates (12 wells) were washed with ice-cold PBS, collected in a 1ml Dounce
homogenizer (Kontes Co., Vineland, NJ) in 1 ml of ice-cold PBS, and homogenized with 30
strokes. The homogenate was centrifuged (80 g, 20 min, 4°C) to remove debris and collagen.
The supernatant, diluted up to 7 ml, was then centrifuged at 35,000 g for 1 hr, at 4°C. The
supernatant was discarded and the pellet was resuspended in ice-cold lysis buffer.

PCR for splice variants of Cadm3

TRIzol reagent (Invitrogen) was used for the extraction of total RNA from purified DRG
neuron cultures. Total RNA was then used as template with the SuperScript 111 First-Strand
Synthesis kit (Invitrogen) to produce cDNA from which specific targets were amplified by
gRT-PCR performed on a LightCycler 480 Il (Roche) using the Maxima SYBR green/ROX
gPCR master mix (Thermo Scientific). Primers were designed using the online version 4.0.0
of Primer3web (Koressaar and Remm 2007; Untergasser et al. 2012). Sense primers were
designed so that the last 5 bases overlapped exons 1-2 (X1 variant; 5’-
ATCTTTCCCAGGACGGCTAC) or exons 1-3 (canonical variant, lacks exon 2; 5°-
CAATCTTTCCCAGGACGATAGC) boundaries. Antisense primers were specific to exon 2
(5’-AGGGCTGGCTATCTTGACTG) or to exon 3 (5’-AGACCACTGCAGAGATGAGT).
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Control primers were designed against HPRT1 (sense 5’-
TGACACTGGTAAAACAATGCAGA in exon 6, and antisense 5’-
ACTTCGAGAGGTCCTTTTCACC in exon 7). Melting point (Tm) curve analysis was done
on all gRT-PCRs to verify the detection of a unique peak for each reaction, at the expected
Tm. All endpoint reactions were separated on a 15% DNA polyacrylamide gel to confirm
the detection of a unique amplicon of the expected size (Cadm3 canonical: 118bp; Cadm3
X1 variant: 129bp and HPRT1: 105bp)

Statistical Analysis

Results

Myelination and proliferation data obtained were analyzed by one-way ANOVA followed by
Bonferroni post-tests. Quantitative Western blots for Cadm2, Cadm3 and Nrgl were
analyzed by paired Student’s t-test. The effects of Cadm3-Fc on the stimulation of pathways
by rhNrg1-EGFD were analyzed by two-way ANOVA. Tests were performed with the Prism
software package from GraphPad.

Axonal Cadm3 is not necessary to promote Schwann cell myelination in vitro

To characterize the function of axonal Cadm3 in Schwann cell myelination, we created
constructs expressing short-hairpin RNAs specific to Cadm3 and delivered them into DRG
neurons by lentiviral infection. The viral constructs also encode for GFP, whose extensive
expression in the neurite network of the infected DRG neurons demonstrates efficient
transduction (Figure 1A). Both Cadm3 shRNAs that were tested effectively suppressed
Cadma3 expression in DRG neurons, whereas a control ShRNA directed against luciferase did
not affect Cadm3 expression (Figure 1B). Immunostaining for neurofilament did not show
any obvious defects in the formation of a dense neurite network by DRG neurons deficient
in Cadm3, when compared to control (Figure 1A). We then tested the ability of Schwann
cells to myelinate DRG neurons lacking Cadma3 at the surface of their neurites. Schwann
cells myelinated equally well both control and shLuc-infected DRG neurons (Figure 1C-D).
Cadm3-deficient neurites also efficiently supported the formation of compact myelin
segments by Schwann cells. In fact a substantial and significant 3.5-fold increase in the
number of myelin segments was observed (figure 1C-D). At 65+1 um, the average myelin
segment length was not statistically different from that of control (69+3 pm) and shLuc-
infected DRG neurons (652 pm; p=0.485; one-way ANOVA; n = 4 experiments (ctrl,
shLuc and shCadma3 #1); n = 3 experiments for shCadm3 #2; 3 cultures per condition, per
experiment). These results suggest that Cadm3 expression on axons is not necessary to
promote Schwann cell myelination. However they also suggest that axonal Cadm3 may be
inhibitory to myelin formation.

Increased expression of axonal Cadm3 impairs Schwann cell myelination in vitro

To test the hypothesis that axonal expression of Cadm3 may be inhibitory to myelination, we
used lentiviral infection of DRG neurons to deliver a cDNA construct that encoded for full
length Cadm3 to which the hemaglutinin epitope (HA) was added at the N-terminus (Maurel
et al. 2007). Live immunodetection of the HA tag indicated that Cadm3 was properly
targeted at the surface of neurites (Figure 2A, top panels, red), and that the extent of the
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neurite network was comparable to that of control DRG neuron cultures (Figure 2B, bottom
panels, green). While Schwann cells formed numerous and comparable numbers of compact
myelin segments around neurites from control DRG neurons (Figure 2B—C), there was a
dramatic decrease (75%) in the numbers of myelin segments formed by Schwann cell in
contact with DRG neurites expressing increased amounts of Cadm3 (Figure 2B-C). This
result strongly suggests that indeed axonal Cadm3 may be inhibitory to myelination.

Superior cervical ganglion neurons are myelinated when deficient in axonal Cadm3

To further address a possible inhibitory role of Cadm3 in myelination, we compared by
quantitative Western blotting the levels of Cadm3 expression between NGF-dependent
peripheral neurons isolated from two different sources: the dorsal root ganglia (DRG) and
the superior cervical ganglia (SCG). SCG neurons are sympathetic neurons whose axons are
mostly ensheathed and unmyelinated /77 vivo. In co-culture with Schwann cells, SCG axons
are also poorly ensheathed (Obremski et al. 1993) and remain largely unmyelinated.
Interestingly we found that SCG neurons expressed about 2-fold more Cadm3 than DRG
neurons did (Figure 3A, B). To account for a possible difference between DRG and SCG
axons due to a different surface-to-volume ratio, data was normalized to either $-actin or
TrkA, without any significant difference (Figure 3B). To test whether these high levels of
Cadma3 expression may prevent Schwann cells to myelinate these normally unmyelinated
axons, SCG neurons were infected with the lentiviral ShRNA constructs that effectively
suppressed expression of Cadm3. As with DRG neurons, neurite outgrowth was not
impaired and an extensive network developed (Figure 3C; right panels). Rat Schwann cells
were then added to control or Cadm3-deficient SCG cultures, and the resulting co-cultures
maintained in myelinating media for 60 days. While few myelin segments were detected in
control cultures, significant numbers of compact myelinated segments were visualized, by
MBP staining, around axons deficient for Cadm3 (Figure 3C-D).

Axonal Cadm3 inhibits axon-mediated cell proliferation

To elucidate whether axonal Cadm3 was involved in regulating axon-mediated Schwann cell
proliferation, we cultured Schwann cells onto the neurites of DRG neuron cultures that
either normally expressed Cadm3, or that had been knocked-down with ShRNA against
Cadma3. Proliferation was assessed by the nuclear incorporation of Edu. As shown in Figure
4, the ablation of Cadm3 expression at the surface of DRG neurites resulted in a two-fold
increase in the incorporation of Edu by Schwann cells. This result strongly indicates that
contact-dependent stimulation of Schwann cell proliferation is regulated by the expression
of Cadma3 at the surface of axons.

Type Il Neuregulin-1 and Cadm2 expression is not affected by the presence or absence of
Cadm3 in DRG neurons

DRG neurons regulate Schwann cell proliferation and myelination through several axon-
derived factors (Pereira et al. 2012), in particular the type 111 isoform of Neuregulin-1 (Nrg1)
(Michailov et al. 2004; Taveggia et al. 2005). We therefore performed quantitative Western
blot analyses on lysates from neurite membrane preparations to determine possible changes
in the expression of type 111 Nrgl by DRG neurons in the absence of, or over-expression of
Cadma3. As shown in Figure 5 changes in Cadm3 expression did not affect the expression of
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type 11 Nrgl significantly. We also analyzed for the expression of Cadm2, the only other
identified cell adhesion ligand for Cadm4 to date (Maurel et al. 2007; Thomas et al. 2008).
As for type 111 Nrgl, Cadm2 expression was not affected in DRG neurons knocked-down
for, or over-expressing Cadm3 (Figure 5A, B).

Comparative levels of expression of Cadm3 in vitro and in vivo

Cadma3 levels are developmentally regulated /7 vivo (Figure 6C, p0 and p30 comparison), a
finding that is in line with our previous /n vitro data showing upregulation of Cadm3 upon
axo-glial contact, in non-myelinating and myelinating conditions (Maurel et al. 2007). Since
Cadma3 levels can potentially be regulated by context, we attempted to evaluate the relative
amount of Cadm3 expression by DRG neurons /n vivo and in vitro. Quantitation was done
for the band at 43 kDa. The molecular weight corresponds to that calculated for the
canonical form of Cadm3, it is DRG-specific (Figure 6A), and both the shCadm3 (Figure
1B) and the PCR for canonical Cadm3 (Figure 6B) confirm that it is Cadm3. PCR analysis
failed to confirm the expression of a putative splice variant (X1; NCBI XM_006250323.2)
with an expected MW of 47 kDa that has been predicted by automated computational
analysis (NCBI annotation; (Kapustin et al. 2008)). Relative intensities of the 43 kDa band
were measured by quantitative Western blots (Figure 6C, top panel) from purified DRG
neurons, p0 and p30 sciatic nerve extracts, and normalized to relative intensities of
neurofilament M (DRG marker). In sciatic nerves, Cadm3 expression is increased almost 8
fold from pO to p30 (Figure 6C, bottom panel). The relative amount of Cadm3 in purified
DRG neurons is about 50% that observed in p30 sciatic nerves (Figure 6C, bottom panel).

Cadma3 negatively regulate Neuregulin-1-mediated activation of ErbB3 and Akt

Key to Schwann cell proliferation and myelination is the activation of the PI3 kinase/Akt
signaling cascade by Nrgl (Maurel and Salzer 2000; Ogata et al. 2004). Another major
pathway activated by Nrgl, with important implication to PNS myelination, is the Mek/Erk
signaling cascade (He et al. 2010; Maurel and Salzer 2000; Newbern et al. 2011; Ogata et al.
2004; Syed et al. 2010). To determine whether Cadm3 interaction with Schwann cells could
have an impact on the activation of these signaling pathways by Nrg-1, Schwann cells were
first incubated for 30 minutes with Cadm3-Fc (0 to 20 nM), and then stimulated for 10
minutes with rhNrg1-EGFD (at 2.5 and 10 nM). Quantitative Western blotting (Figure 7)
was used to determine the phosphorylated levels of Akt (S473), Erk1/2 (Thr202/Tyr204),
ErbB3 (Tyr!289) and ErbB2 (Tyr1248). In all conditions, ErbB2, ErbB3, Akt and Erk1/2 were
significantly (Two-way ANOVA p < 0.0001) phosphorylated in a concentration-dependent
manner by rhNRG1-EGFD treatment (Figure 7A-D). However the extent of activation of
Akt and ErbB3 was dramatically and significantly (p < 0.0001) reduced (~50%) by the
presence of Cadm3-Fc (Figure 7A-B), in a concentration-dependent manner. Although there
appeared to be an inhibitory trend on the Erk1/2 phosphorylation (~#30%; Figure 7C), it was
not significant (p = 0.1012). ErbB2 phosphorylation on Tyr1248 was not affected as well
(Figure 7D, p = 0.8292).

These experiments were designed to detect and measure the effect mediated on Schwann
cells solely by the extracellular domain of Cadm3, independent of possible effects of Cadm3
levels on DRG axons, and demonstrate concentration-dependence, hence the use of Cadm3-
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Fc. The Fc portion insures that the extracellular domain is presented as a ¢is-homodimer,
similar to the normal assembly of full-length Cadm3 (Kakunaga et al. 2005). One caveats of
course if that one cannot control the presentation of the Fc chimeric protein to the cells (¢/s
or trans). The results are nonetheless informative as to the role of an interaction of the
extracellular domain of Cadm3 with Schwann cells on signaling pathways activation, at
concentrations (nM range) that are likely to be physiological. As to the EGF-like domain of
neuregulin, it is necessary and sufficient to activate ErbB receptors and downstream
signaling cascades (Buonanno and Fischbach 2001). Furthermore, within the time frame
used in our experiments (10 min. treatment), the EGF-like domain of Nrgl activates ErbB
receptors with Kinetics that are similar to that of full-length neuregulins (Syed and Kim
2010; Warren et al. 2006).

ErbB3 co-immunoprecipitates with Cadm3, but not with Cadm4 and Cadm1

The effect of the extracellular domain Cadm3 on ErbB3 and Akt activation suggested a
possible interaction, direct or indirect, between Cadm3 and the ErbB receptors. To determine
whether exogenous Cadma3 could be part of a complex with Schwann cell ErbB receptors,
Schwann cells were first incubated for 30 minutes with Cadm3-Fc at 20 nM (human IgG at a
similar concentration was used as a control), and then stimulated, or not, for 10 minutes with
rhNrgl-EGFD at 10 nM. Schwann cells were then lysed, ErbB3 immunoprecipitated and the
immunoprecipitated material analyzed by Western blotting (Figure 8). ErbB2 was co-
immunoprecipitated with ErbB3 upon Nrg-1 stimulation (Figure 8), demonstrating effective
recruitment of ErbB2 by ErbB3 upon ligand binding. There was no obvious difference
between Schwann cells that had been treated with Cadm3-Fc or human IgG. Interestingly,
Cadm3-Fc was also dramatically enriched in ErbB3 IP lanes, with or without rhNrg1-EGFD
stimulation. As the human IgG was not co-1Ped with ErbB3 in the control experiment, it is
inferred that Cadm3-Fc co-immunoprecipitated with ErbB2/ErbB3 through an interaction,
direct or indirect, that involves the extracellular domain, and not the Fc portion fused to it.
The detection, in all ErbB3 IP lanes, of trace amounts of PTPN13 (a phosphatase that has
been shown to down-regulate ErbB3 phosphorylation (Zhu et al. 2008), appears independent
of Cadm3-Fc treatment and rhNrg1-EGFD stimulation. Cadm1 and Cadm4 (solid triangle),
which have previously been shown to interact with ErbB3 (Kawano et al. 2009; Sugiyama et
al. 2013), were not co-immunoprecipitated with ErbB3, regardless of the conditions. The
band detected in the IP lane for Cadm4 (open triangle) corresponds to the heavy chain of the
mouse anti-ErbB3 antibody used for the co-immunoprecipitation.

Discussion

In the present study we investigated the role of cell adhesion molecule Cadm3 during
Schwann cell myelination. Cadm3 is expressed at the surface of the axons of DRG neurons
(Maurel et al. 2007; Spiegel et al. 2007) while its heterophilic ligands Cadm1 and Cadm4
(Maurel et al. 2007; Thomas et al. 2008) are expressed by Schwann cells and are localized to
the adaxonal membrane that is in close apposition with the axon (Maurel et al. 2007; Spiegel
et al. 2007). Therefore the Cadms are thought to promote axo-glial interactions through
Cadm3/Cadm1 and Cadm3/Cadm4 associations. The detachment of the adaxonal membrane
away from the axon that is observed in the Cadm4 knockout mouse supports that view
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(Golan et al. 2013). In addition the delayed onset of myelination observed in this knockout
mouse (Golan et al. 2013) is also in agreement with /n vitro studies that showed that
Schwann cells whose Cadm4 function has been abolished or perturbed fail to progress to the
pro-myelinating stage (Maurel et al. 2007) and are stopped at the one-full-turn association
with an axon, failing to spiral wrap further to form compact myelin sheathes (Spiegel et al.
2007).

Considering the strong heterophilic interaction exhibited between Cadm3 and Cadm4
(Maurel et al. 2007; Thomas et al. 2008), it is interesting that the analysis of two
independent Cadm3 knockout mice (Golan et al. 2013; Park et al. 2008) did not reveal any
phenotypes affecting myelination in the PNS. These results may suggest that either 1)
Cadma3 is dispensable for PNS myelination, 2) compensatory mechanisms are involved, 3)
Cadm3 does not provide the pro-myelinating function as Cadm4 does, or 4) Cadm3 provides
different regulatory mechanisms — pro-myelinating or inhibitory — depending on its binding
partners on Schwann cells. It is also possible that the time frame of the /n vivo analyses (7
days (Park et al. 2008) to 60 days (Golan et al. 2013; Park et al. 2008)) does not overlap with
the time frame of Cadm3 function or observable phenotype. For example, the E-cadherin
knockout mouse has a delayed onset of myelination observable at post-natal day p2 that is
recovered from by post-natal day p14 (Basak et al. 2015).

We therefore turned to an /n vitro approach to determine a possible role for Cadm3 that was
not revealed by the /n vivo approach. We used the long-established Schwann cell/DRG
myelinating co-culture system (Bunge et al. 1967) that has been central to the identification
of key molecules and processes governing axo-glial interactions, domain formation and PNS
myelination (Dzhashiashvili et al. 2007; Eldridge et al. 1989; Eshed et al. 2005; Maurel et al.
2007; Maurel and Salzer 2000; Melendez-Vasquez et al. 2004; Salzer et al. 1980a; Spiegel et
al. 2007; Taveggia et al. 2005). We show strong evidence that Cadm3 may provide an
inhibitory regulatory mechanism to Schwann cell myelination. Ablation of Cadm3
expression from DRG neurons results in a striking increase in the number of myelinated
segments (Figure 1C-D). Conversely, the over-expression of Cadm3 on the axonal surface of
DRG neurons results in an almost complete inability by Schwann cells to form myelin
segments (Figure 2B-C).

An increase in Edu incorporation, suggestive of increased Schwann cell proliferation, was
also observed concomitant with increased myelination (Figure 4). Since exit from the cell
cycle is a pre-requisite to differentiation, it is unlikely that the effect of axonal Cadm3 on
Schwann cell myelination can be attributed to a regulation of the cell cycle. The effect of
axonal Cadm3 could then be a simple consequence of an increase in Schwann cell numbers
resulting in an increase in myelin segments, and vice-versa. However the result obtained
with SCG neurons whose axons do not support myelination, both /n vivoand in vitro
(Brunden et al. 1992; Obremski et al. 1993; Roufa et al. 1986), precludes that possibility. We
found that NGF-dependent SCG neurons express much higher levels of Cadm3 compared to
NGF-dependent DRG neurons (Figure 3A-B) and, most strikingly, decreasing these levels
induced the formation of a significant number of myelin segments (Figure 3C-D). NGF-
dependent SCG and DRG neurons in purified cultures, i.e. in the absence of Schwann cells,
have neurites of similar diameter (Estridge and Bunge 1978; Windebank et al. 1985).
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However to account for a possible difference in surface-to-volume ratio between both type
of neurons in the cultures, Cadma3 relative intensities were normalized to either actin
(axoplasm) or TrkA (axonal plasma membrane). Cadma3 levels were similarly higher in SCG
lysates, 1.7 vs 1.8, actin vs TrkA, respectively (Figure 3A-B). This suggests that the
difference in expression of Cadm3 between SCG and DRG neurons is not dependent on
differences in surface-to-volume ratio, and may represent differences in transcriptional, post-
transcriptional and/or translational controls between myelinated and non-myelinated fibers.
These results therefore suggest that the amount of Cadm3 expressed at the surface of axons
is sufficient to alter the fate of the Schwann cells in contact with these axons. In particular it
suggests that, at least /n vitro, high levels of axonal Cadm3 are inhibitory to Schwann cell
myelin formation whereas low levels would be permissive.

In that respect it is interesting to note the significant decrease in Cadm3 expression in the
4.1B knockout mouse (Einheber et al. 2013) which exhibits an about 3-fold increase in the
number of small caliber axons (1 um) being myelinated in the sciatic nerve (Einheber et al.
2013), as well as a slight, but significant, hyper-myelination across all axon diameters
(Cifuentes-Diaz et al. 2011; Einheber et al. 2013). This is of course an indirect correlation,
and it is quite possible that the phenotype observed in the 4.1B knockout mice is not related
to the decrease in axon-derived Cadm3. However, along with the /n vitro data, it does shed
lights on the apparent lack of phenotype in the PNS of the Cadm3 knockout mouse (Golan et
al. 2013; Park et al. 2008). Indeed one would predict a hypermyelinating phenotype in the
Cadm3~~ mouse. A major difference between the 4.17/~ and the Cadm3~/~ mice is the time
frame at which EM analyses were done: 4 to 13 months (4.1B~/") and 7 days to 2 months
(Cadm37/7). While the difference in g-ratio, in 4.1B~/~ mice, was small at 4 and 6 months, it
was reported to increase in mice growing older (13 months, (Cifuentes-Diaz et al. 2011)). It
is therefore possible that an overall difference in g-ratio may not have been detectable in 2-
month old Cadm3 knockout mice, but could be in older mice. In addition a detailed analysis
of the number of myelinated axons, binned per axon diameter, may reveal an increase in the
number of small caliber axons being myelinated, as was shown in the 4.1B™~ mice
(Einheber et al. 2013). Of course one cannot preclude a possible role for Cadm3 also at the
onset of myelination that, when knocked-out, may produce a transient phenotype no longer
observable at p7 (earliest time point of the Cadm3~/~ analysis; (Park et al. 2008)).
Observation at time points earlier that post-natal p7 may reveal phenotypes such as a higher
number of axons sorted out in 1:1 relationship or a decreased g-ratio in the Cadm3~/~ mice.
Since the Cadm3~/~ mice generated by Park et al. (2008) and Golan et al. (2013) are pan
knockouts, an analysis of the SCG sympathetic track to detect myelinated fibers would also
be informative.

To assess whether the /n vitro inhibitory effect of Cadm3 may be relevant /n vivo, we
attempted to evaluate if Cadm3 expression by purified DRG neurons in vitro was within
physiological levels. The quantitative analysis shown in Figure 6C indicates that while
Cadma3 levels in DRG are higher than that of p0 sciatic nerve extracts, they are 50% lower
than that of p30 nerve extracts. It is important to keep in mind that this comparison is quite
relative, since the /n vivo levels are underestimated due to presence of Schwann cells and
fibroblasts, as well as to the large increased expression in myelin proteins. It is also not
possible to determine cell type contribution. The results however suggest that Cadm3 /n vitro
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levels are likely to be within bounds of /n vivo levels and that the 7 vitro results on
myelination may therefore be physiologically relevant. An /in vivo determination of the
relative amount of Cadm3 on axons of similar calibers, myelinated versus non-myelinated,
as determined by electron microscopy (EM), would be informative. The current Cadm3
antibodies however are not suitable for EM studies.

The lack of phenotype in the Cadm3~/~ mice, as well as the increase in myelination in the
culture system after abolishing Cadm3 expression, could also result from the expression of
another cell adhesion molecule compensating for the loss of Cadm3. A possible candidate is
Cadm2, which, as far as we know, is the only other known ligand for Cadm4 (Maurel et al.
2007; Thomas et al. 2008). Our results (Figure 5) however show that Cadm2 expression by
DRG neurons, at least /n vitro, is not affected by the absence or over-expression of Cadma3.
In addition, we have previously shown that Cadm4 fails to bind to DRG neurons that are
deficient in Cadm3. This further underscores the lack of significant amount and upregulation
of Cadm2, as well as other potential compensatory ligand for Cadm4, in Cadm3-deficient
DRG neurons (Maurel et al. 2007).

If one considers the negative impact of axonal Cadm3 on both Schwann cell proliferation
and myelination, the data suggest that Cadm3 may interfere with a pathway that is common
to both biological outcomes. On the axon, type 11 Nrgl is the key molecule regulating
Schwann cell proliferation and myelination (Michailov et al. 2004; Taveggia et al. 2005),
through the activation of the PI3 kinase/Akt signaling cascade (Doménech-Estevez et al.
2016; Maurel and Salzer 2000; Ogata et al. 2004). Therefore two possibilities come to mind.
i) Cadm3 affects type I11 Nrgl expression and/or plasma membrane presence, which
however does not appear to be the case since type 111 Nrgl levels are not significantly
changed in neurite preparations from Cadml knockdown and over-expressing DRG neurons
(Figure 5). Or ii) Cadm3 affects activation of the ErbB receptors. Consistent with this latter
possibility is our finding that the extracellular domain of Cadm3 significantly inhibits the
rhNrg1-EGFD-mediated activation of ErbB3 on Tyr'289, a docking site for the p85 subunit
of P13 kinase (Schulze et al. 2005)), and that of downstream PI3 kinase effecter Akt (Figure
7A-B). Interestingly, this inhibitory effect is specific to the P13 kinase/Akt pathway insofar
that the activation of the MEK/Erk1/2 pathway by Nrg1 is not particularly affected by
Cadma3 (Figure 7C). This is corroborated by the lack of effect on ErbB2 phosphorylation on
Tyr1248 (Figure 7D), which couples ErbB2 to the Ras/Raf/Erk signaling cascade (Ben-Levy
et al. 1994; Kwon et al. 1997; Muthuswamy et al. 1999).

These results suggest that the extracellular domain of Cadm3 decoupled the Akt and Erk
intracellular pathways that were activated by rhNrg1-EGFD and the ErbB2/ErbB3 receptors.
A similar finding has been described with Herstatin, which uncouples the Akt and Erk
pathways that are activated by EGF and the EGF receptor (EGFR, (Justman and Clinton
2002)). The specific mechanism(s) that impart this apparent specificity to Cadm3 on Nrg1-
activated pathways is (are) unclear. Although it does not appear to be the mode of action for
Herstatin (Justman and Clinton 2002), one possible mechanism is that the extracellular
domain of Cadm3 affects the apparent concentration of, or alters the binding affinity of the
EGF domain of Nrgl to ErbB3. An alternative is that, as with Herstatin (Azios et al. 2001;
Justman and Clinton 2002), Cadm3 prevents heterodimerization of ErbB2 and ErbB3 upon
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ligand binding to ErbB3. Our colP experiments however, done in conditions of maximum
activation of the Akt and Erk pathways (10 nM of rhNrg1-EGFD; see Figure 7), suggest that
the extracellular domain of Cadm3 does not impair ErbB2/ErbB3 interaction upon rhNrg1-
EGFD binding, since no noticeable differences in the colP of ErbB2 with ErbB3 were
observed between Cadm3-Fc and hu-lgG conditions (Figure 8). This finding also suggests
that extracellular domain of Cadm3 does not affect the binding of rhNrg1-EGFD to ErbB3
since the stabilization of the interaction between ErbB2 and ErbB3 results from a change in
conformation that is mediated upon ligand binding to ErbB3 (Citri and Yarden 2006). These
data are in agreement with that of Kawano et al. (2009) whose results also suggest that the
interaction of Cadm1 with ErbB3 does not prevent ligand binding to ErbB3 and recruitment
of ErbB2. Even in the event of a disruption of ErbB2/ErbB3 dimerization, it would be
difficult to draw a definitive conclusion. Indeed, while Herstatin has been shown to prevent
dimerization of the EGF receptor, along with a decrease in overall EGFR phosphorylation
(Azios et al. 2001; Justman and Clinton 2002), only the Akt pathway was affected, without
any effect on the Erk pathway. This result strongly suggests that Herstatin binding to the
EGFR probably affected the EGFR pattern of phosphorylation, leaving the docking site for
Grb2 (involved in Erk pathway activation (Ravichandran 2001)) unaltered. Interestingly it is
what we observed with Cadm3 (Figure 7), a specific decrease in phosphorylation of Tyr1289
on ErbB3 (docking site for the p85 subunit of PI3 kinase (Schulze et al. 2005)), while the
specific site for activation of the Erk pathway, Tyr1248 on ErbB2, was unaffected. A similar
differential phosphorylation resulting in differential signaling has been described for ErbB4,
albeit induced by different Nrgl ligands (Sweeney et al. 2000). One mechanism that would
alter ErbB phosphorylation profile and impact phospho-tyrosine docking site usage is the
recruitment to ErbB complexes of specific regulatory components. For example,
phosphatases such as Ptprz and PTPN13 have been shown to repress the phosphorylation of
ErbB2 (Scrima et al. 2012; Zhu et al. 2008), ErbB3 (Kawano et al. 2009; Sugiyama et al.
2013) and ErbB4 (Fujikawa et al. 2007). Interestingly, PTPN13 was recently shown to
interact with Cadm1 and Cadm4 (Kawano et al. 2009; Sugiyama et al. 2013), ligands for
axonal Cadma3 that are both present on Schwann cells (Maurel et al. 2007; Spiegel et al.
2007; Thomas et al. 2008). Cadm1 and Cadm4 were also shown to interact with ErbB3
through their extracellular domains (Kawano et al. 2009; Sugiyama et al. 2013). This
interaction does not prevent ErbB2 recruitment upon ligand binding to ErbB3 (Kawano et al.
2009). We did detect PTPN13 in our ErbB3 colP experiments (Figure 8), and this pull-down
was not affected by the presence of Cadm3-Fc. As mentioned earlier, ErbB2 was also
colPed, confirming that PTPN13 is present in ErbB2/ErbB3 complexes. As anticipated we
also colPed Cadm3-Fc. Surprisingly however, neither Cadm1 nor Cadm4 were detected,
which raises the question on how both Cadm3 and PTPN13 are associated with ErbB2/
ErbB3 in Schwann cells. Since Cadm1 and Cadm4 were not detected in the control IP (non
specific human IgG in place of Cadm3-Fc; Figure 8), it is unlikely that Cadm3-Fc displaced
their interaction with ErbB3. Either both Cadm1 and Cadm4 do not interact significantly
with ErbB receptors in an endogenous setting (compared to ectopic over-expression for the
reported interactions), or interactions were disrupted during the colP process. While that
latter possibility cannot be ruled out, it is unlikely since the antibody used for the colP
recognizes an intracellular epitope on ErbB3, and ErbB2 and Cadm3-Fc colP (extracellular

Glia. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 16

interactions) were not prevented. PTPN13 contains five PDZ domains, and it being colPed
in absence of Cadm1 and Cadm4, suggests that additional components may be involved.

To summarize, our in vitro studies strongly support a function for Cadm3 in PNS
myelination. While the molecular regulatory mechanisms are not clearly understood, the
extracellular domain of Cadm3 has the potential to interfere with the activation of the
ErbB3/PI3K/AKkt signaling cascade, which is the pro-myelinating pathway in the PNS.
Interestingly the Erk1/2 pathway, which has inhibitory properties (Harrisingh et al. 2004;
Ogata et al. 2004; Parkinson et al. 2008; Syed et al. 2010; Yang et al. 2012), was unaffected.
The selective inhibitory effect of Cadm3 may represent a regulatory mechanism that help
Schwann cells integrate the neuregulin signal to switch between different biological
outcomes such as proliferation, survival, ensheathment and myelination. There remains to
determine the relevance of these finding to /7 vivo myelination, since analyses of Cadm3~/~
mice have not detected any phenotypes. The lack of phenotype is not however contradictory
in itself. Since Cadm3 is dramatically upregulated at post-natal day 30, when the process of
active myelination is over, Cadm3 may not provide an inhibitory mechanism at the onset of
myelination, but later on during myelin maintenance. An analysis of the Cadm3 knockout
mice at older age, as was done on the 4.1B~/~ mice, may be informative.
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Abbreviations

Cadm cell adhesion molecule

CNS central nervous system

DRG dorsal root ganglia

EGF epidermal growth factor

EGFR epidermal growth factor receptor

EM electron microscopy

ErbB erythroblastic leukemia viral oncogene homolog
GFAP glial fibrillary acidic protein

GFP green fluorescent protein

HPRT1 Hypoxanthine Phosphoribosyltransferase 1
MBP myelin basic protein

Mpz myelin protein zero
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Necl nectin-like
NFM neurofilament medium chain
NGF nerve growth factor
Nrgl neuregulin-1
PBS phosphate buffer saline
PNS peripheral nervous system
rhNrgl-EGFD recombinant human EGF- like domain of Nrg1-p1
ShRNA small hairpin ribonucleic acid
SynCAM synaptic cell adhesion molecule
TrkA Tropomyosin receptor kinase A
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Main points

Cadma3 is a cell adhesion molecule that promotes axo-glial interactions in the PNS.
Increasing levels of axonal Cadm3 inhibit Schwann cell myelination in vitro. The
extracellular domain of Cadm3 negatively affects the ErbB3/PI3K/Akt pathway.
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Figure 1. Axonal Cadm3isnot necessary for the myelination of DRG axons by Schwann cellsin

amyelinating co-culture system

DRG neurons were infected with lentiviruses encoding either an ShRNA to a non-specific

sequence (shLuc), or shRNAs (shCadm3 #1 and #2) specific to Cadm3. (A) Constructs

expressed GFP, whose detection by immunostaining in the neurite network demonstrates

efficient tranduction. Controls (Ctrl) are non-infected cultures. All cultures were co-

immunostained for neurofilament (red). Scale bar = 50 um. (B) Western blot analysis of

DRG neuron cultures demonstrating the effective knockdown of Cadm3 expression

(shCadm3 #1 and #2) in DRG neurons. Non-infected DRG neurons (ctrl) and DRG neurons

infected with the shLuc lentivirus serve as controls. (C) Representative images of

myelinating co-cultures established with Schwann cells added to control DRG neurons (Ctrl,
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shLuc) or to DRG neurons knocked-down for Cadm3 expression (shCadm3 #1). Myelin
segments were detected by immunostaining for myelin basic protein (MBP, red); Schwann
cell nuclei were labeled with DAPI (blue). Scale bar = 50 pym. (D) Quantitation of the effect
of Cadm3 knockdown (shCadm3 #1, #2) in DRG neurons on Schwann cell myelination.
Controls are non-infected (Ctrl) and shLuc-infected DRG neurons. Mean = SEM from n = 4
(Ctrl, shLuc, shCadm3 #1) and n = 3 (shCadm3 #2) independent experiments. One-way
ANOVA (p = 0.0018) followed by Bonferroni post-hoc analysis (n.s. = not significant; **
p<0.01).
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Figure 2. Increased expression of axonal Cadm3 impairs myelination by Schwann cellsin a
myelinating co-culture system

(A) DRG neurons were infected with a lentivirus driving the expression of Cadm3 (HA-
Cadm3) at the surface of axons, as shown by live immuno-detection of the HA tag (red). (B)
Representative images of myelinating co-cultures established with Schwann cells added to
control DRG neurons (Ctrl = non-infected; pLenti = infected with a construct expressing
GFP), or to neurons over-expressing Cadm3 (HA-Cadm3). Myelin segments were
immunostained for MBP (red); Schwann cell nuclei were labeled with DAPI (blue). Scale
bar =50 um. (C) Quantitation of the effect of Cadm3 over-expression in DRG neurons on
Schwann cell myelination. Controls are non-infected (Ctrl) and pLenti-infected DRG
neurons. Mean £ SEM from n = 4 independent experiments. One-way ANOVA (p = 0.0036)
followed by Bonferroni post-hoc analysis (n.s. = not significant; *** p<0.001).
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Figure 3. SCG neurons are myelinated in the absence of Cadm3
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(A) Lysates of NGF-dependent DRG, and NGF-dependent SCG neurons (three independent
lysates, respectively) were fractionated by Western blotting and quantitatively analyzed (B).
While both types of neurons express Cadm3, the levels of expression are about 2-fold higher
in SCG neurons. Student’s t-test (** p = 0.0019; *** p = 0.0004). (C) Schwann cells form
myelin segments (MBP immunostained red) when associated with SCG neurons that were
first infected with shRNA lentiviruses against Cadm3 (shCadm3 #1). Controls were non-
infected SCG neurons (Ctrl), and SCG neurons infected with the non-specific shLuc
construct. (D) Quantitation of the number of myelinating segments. Mean + SEM fromn =3
independent experiments. One-way ANOVA (p = 0.0008 followed by Bonferroni post-hoc
analysis (n.s. = not significant; ** p<0.01).
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Figure 4. Knockdown of Cadm3 expression in DRG neurons promotes axon-mediated Schwann
cell proliferation

(A) Schwann cells were seeded onto control DRG neurons (Ctrl, shLuc) or DRG neurons
knocked-down for Cadm3 expression (shCadm3 #1). After 24hrs, the co-cultures were
treated with Edu and Schwann cell proliferation was assessed by immunostaining for
incorporated Edu (green). (B) Quantitation of Edu incorporation as a % of Edu-positive
nuclei among DAPI-stained nuclei. Values represent the mean + SEM from n = 3
independent experiments. One-way ANOVA (p = 0.0316) followed by Bonferroni post-hoc
analysis (n.s. = not significant; *, p<0.05).
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Figure 5. Cadma3 levels do no affect expression of Typelll Neuregulin-1 and Cadmz2 on neurites
of DRG neurons

Neurite membranes, prepared from control DRG neurons (pLL, plenti) or DRG neurons
knockdown for (shCadm3) or over-expressing (HA-Cadm3) Cadm3, were analyzed by
quantitative Western blotting for the expression of type I11 Nrgl and Cadm2, a ligand for
Schwann cell Cadm4. pLL is the vector control for the sShRNA data, whereas plenti is the
vector control for the over-expression data. Data was normalized using TrkA as a neurite
membrane marker. No significant changes were observed. Values represent the mean = SEM
from n = 3 independent experiments. Student’s t-test (n.s. = not significant).
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Figure 6. Compar ative assessment of Cadm3 expression in vitro and in vivo
Lysates of Schwann cells (Sc), DRG neurons (DRG), post-natal day 0 (p0, birth) and day 30

(p30) sciatic nerves were qualitatively (panel A) and quantitatively (panel C) analyzed for
the expression of Cadm3. Two bands were detected at 43 kDa (lower band indicated by open
triangle) and 47 kDa. Neurofilament (NFM) and GFAP were used as DRG neuron and
Schwann cell specific markers, respectively. PCR analysis (panel B), done on DRG and
Schwann cell cDNA, detected a specific 118bp product for the canonical (Can), 43 kDa
Cadma3, in DRG neurons only. No band (129bp) for a computationally predicted 47 kDa
splice variant (X1) was detected in Schwann cells. HPRT1 is used as control. The 43 kDa
was used for the quantitation shown in panel C, normalized to NFM. Values represent the
mean + SEM from n = 3 independent experiments.
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Figure 7. Cadm3 inhibits Nrgl-mediated activation of ErbB3 and Akt in Schwann cells
Schwann cells were first maintained in defined media for 24hrs and then incubated with

Cadm3-Fc at various concentrations (0 nM = solid line; 10 nM = dash line; 20 nM = dotted
line) for 30 min., before stimulation with rhNrg1-EGFD (Nrg1; 0, 2.5 and 10 nM).
Phosphorylated and total levels of Akt, ErbB3, Erk and ErbB2 (blots A, B, C and D,
respectively) were analyzed by quantitative Western blotting. Mean = SEM from n = 4
(ErbB2, ErbB3) and n=7 (Akt, Erk1/2) independent experiments. In all Cadm3-Fc
conditions, rhNrg1-EGFD stimulated the activation of ErbB2, ErbB3, Akt and Erk1/2 (Two-
way ANOVA, p < 0.0001). However increasing concentrations of Cadm3-Fc do significantly
reduce by about 50% the effect of rhNrg1-EGFD stimulation (Two-way ANOVA, p <
0.0001). Cadm3-Fc has no inhibitory effect on the activation of ErbB2 (Two-way ANOVA, p
=0.1012) and Erk1/2 (Two-way ANOVA, p = 0.8292).
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Figure 8. ErbB3 and ErbB2 co-immunopr ecipitates with Cadm3
Schwann cells were first maintained in defined media for 24hrs and then incubated with

Cadm3-Fc (20 nM) for 30 min., before stimulation with rhNrg1-EGFD (Nrgl; 10 nM).
Human IgG (hu-1gG) is used as a control for the specificity of the Cadm3-Fc interaction.
ErbB3 immunoprecipitated complexes were then analyzed for the presence of ErbB2,
Cadm3-Fc, Cadm1, Cadm4, and PTPN13. For each condition, three lanes were run: “in”
represents the input lanes (2% of material use for IP), “A” represents the depleted material
after IP (2% of material used for IP, after the IP), and “IP” represents the
immunoprecipitated lanes. The solid triangle indicates Cadm4, whereas the open triangle
corresponds to the heavy chain of the mouse anti-ErbB3 antibody used for the co-
immunoprecipitation.
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