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Myelination is dependent on complex reciprocal interactions between the Schwann cell (SC) and axon. Recent evidence suggests that the
SC-axon interface represents a membrane specialization essential for myelination; however, the manner in which this polarized-apical
domain is generated remains a mystery. The cell adhesion molecule N-cadherin is enriched at the SC-axon interface and colocalizes with
the polarity protein Par-3. The asymmetric localization is induced on SC-SC and SC-axon contact. Knockdown of N-cadherin in SCs
cocultured with DRG neurons disrupts Par-3 localization and delays the initiation of myelination. However, knockdown or overexpres-
sion of neuronal N-cadherin does not influence the distribution of Par-3 or myelination, suggesting that homotypic interactions between
SC and axonal N-cadherin are not essential for the events surrounding myelination. To further investigate the role of N-cadherin, mice
displaying SC-specific gene ablation of N-cadherin were generated and characterized. Surprisingly, myelination is only slightly delayed,
and mice are viable without any detectable myelination defects. 3-Catenin, a downstream effector of N-cadherin, colocalizes and coim-
munoprecipitates with N-cadherin on the initiation of myelination. To determine whether (3-catenin mediates compensation on
N-cadherin deletion, SC-specific gene ablation of 3-catenin was generated and characterized. Consistent with our hypothesis, myelina-
tion is more severely delayed than when manipulating N-cadherin alone, but without any defect to the myelin sheath. Together, our
results suggest that N-cadherin interacts with 3-catenin in establishing SC polarity and the timely initiation of myelination, but they are

nonessential components for the formation and maturation of the myelin sheath.

Introduction

The generation of cell polarity is critical for development, serving
to organize and integrate complex molecular signals in order for
cells to function properly and make decisions concerning fate and
differentiation. In the nervous system, the initiation of myelina-
tion requires the coordination and integration of multiple signals
that result in dynamic morphological changes and the subse-
quent unidirectional wrapping of multiple layers of membrane
concentrically around an axon. Ensheathment and wrapping are
initiated at the site of the Schwann cell (SC)—axon interface and
require specific molecular cues for axonal recognition, adhesion,
and induction of this process (Nave and Salzer, 2006; Chan,
2007). Although myelination is unquestionably a highly polar-
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ized process, the mechanisms involved in the generation of SC
polarity remain mostly uncharacterized.

The partitioning defective (Par) proteins represent a family of
molecules involved in establishing cell polarity, mediating cellu-
lar asymmetry through the formation of a molecular complex
(Munro, 2006; Goldstein and Macara, 2007). Par-3 is asymmet-
rically localized to the SC—axon interface and this localization is
dependent on SC—axon contact. Disruption of the localization of
Par-3 inhibits myelination, without affecting cell division, migra-
tion, or axonal alignment (Chan et al., 2006). This finding repre-
sents a unique membrane specialization in the SC that may be
responsible for the recruitment of signaling molecules and recep-
tors to the SC—axon interface that leads to the unidirectional
wrapping of the SC membrane. Although much has been learned
concerning the establishment and stabilization of cell polarity,
relatively little is known about the extrinsic cues that initiate
asymmetry.

In mammalian epithelial cells, intercellular contact and focal
adhesions recruit the Par complex to the apical and lateral do-
mains of the cell (Perez-Moreno et al., 2003). These focal adhe-
sions are formed by homotypic interactions of cadherin
molecules. N-cadherin is expressed on both SCs and neurons
alike and is necessary throughout SC development. It plays im-
portant roles in proliferation, in migration, and in early SC pre-
cursor—axon interactions (Wanner and Wood, 2002; Wanner et
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al., 2006; Gess et al., 2008). We set out to characterize and ma-
nipulate the expression and localization of N-cadherin in both
SCs and DRG neurons in an in vitro coculture system, and find
that N-cadherin, 3-catenin, and Par-3 colocalize at the SC—axon
interface and that asymmetric localization is induced on contact.
Knockdown of N-cadherin in SCs disrupts Par-3 localization and
delays the initiation of myelination. However, knockdown of
neuronal N-cadherin does not alter the redistribution of Par-3 in
SCs nor does it elicit any observable effects on the initiation of
myelination, inconsistent with the hypothesis that homotypic
interactions between SC and neuronal N-cadherin initiate polar-
ity and myelination. We report that myelination in mice display-
ing SC-specific ablation of N-cadherin is only slightly delayed. To
determine whether 3-catenin could be responsible for a compen-
satory mechanism in the N-cadherin deletion, SC-specific abla-
tion of B-catenin was generated and characterized both in vitro
and in vivo. Myelination was more severely delayed; however, the
mice were without any detectable myelination defects. Together, we
conclude that, although the cell adhesion molecule N-cadherin may
contribute to focal adhesion and establishing SC polarity, it is a non-
essential molecular component in the initiation and maturation of
the myelin sheath. Additional investigation and identification of ad-
hesion molecules that share similar functions to N-cadherin in SC—
axon interactions will provide insight into the compensatory
mechanisms behind these findings.

Materials and Methods

Primary SC and DRG coculture. Purified DRG and SC cultures were
established using methods described previously (Chan et al., 2006). Be-
fore isolating DRG neurons, tissue culture-treated plastic or glass cover-
slips were coated with rat tail collagen 2—3 d before dissection. DRGs are
individually removed from rat embryos [embryonic day 15 (E15)] under
sterile conditions and placed in a 15 ml conical centrifuge tube with 5 ml
of L15 medium plus 10% heat-inactivated FBS and allowed to settle. The
DRGs were washed with 10 ml of L15 medium without serum and then
replaced with 5 ml of 0.25% trypsin. The DRGs were incubated at 37°C
for 45 min. Trypsin was removed and DRGs were washed with 10 ml of
L15 plus 10% FBS. The DRGs were allowed to settle or were centrifuged
gently at 250 X g for 10 min. The medium was removed and replaced
with 45 ml of DRG medium (high-glucose MEM, 10% heat-inactivated
FBS, and 100 ng/ml NGF). The ganglia were triturated with a fire-
polished Pasteur pipette until the suspension was homogeneous and the
dissociated DRGs were plated onto collagen-coated tissue culture-
treated plastic or glass coverslips at a density of ~150,000 total cells per
25 mm coverslip at a volume of 400 ul. The next day, the wells were
flooded with 1 ml of medium containing antimitotic [high-glucose
MEM, N2 supplement, 100 ng/ml NGF, and FdU (fluorodeoxyuridine)].
After 2 d, the medium was replaced with 1 ml of the DRG medium. This
feeding cycle was maintained by feeding cells with DRG medium or
antimitotic medium alternately every 2 d for three complete cycles. The
purified DRG neurons were cultured for an additional week before add-
ing purified SCs.

SCs were purified from sciatic nerves from 2-d-old rat pups. Nerves
were placed in L15 plus 10% heat-inactivated FBS and allowed to settle.
Sciatic nerves were washed twice with L15 and incubated at 37°C for 15
min in 3 ml of a sterile 3 mg/ml collagenase solution. The collagenase was
removed and replaced with a solution containing 3 ml of fresh collage-
nase and 500 ul of 0.25% trypsin. The nerves were then incubated at 37°C
for 15 min. The collagenase/trypsin solution was removed and the nerves
were gently washed in 10 ml of L15 plus FBS. The nerves were resus-
pended in a solution with 5 ml of fresh L15 plus FBS and triturated with
a fire-polished Pasteur pipette until thoroughly teased. The suspension
was filtered through a 40 wm nylon cell strainer. The strainer was rinsed
with 5 ml of L15 plus FBS. The suspension was centrifuged at 1500 rpm
for 15 min, and cells were resuspended in 5 ml of SC medium (DMEM,
10% FBS, and penn/strep). The suspension was plated into two 10 cm
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tissue culture dishes and the volume was brought up to 10 ml per dish.
The cells were incubated at 37°C overnight. The next day, the antimitotic
AraC (cytosine arabinoside) was directly added to the culture dishes.
Schwann cells were cultured for ~3—4 d and the medium was replaced
with fresh medium without antimitotic. The SC medium was replaced
every third day and the cells were typically cultured for an additional
week before plating onto DRG neurons. Approximately 100,000 SCs
were seeded onto purified neuronal cultures and allowed to proliferate
and ensheath the axons (~1 week). Myelination was then initiated with
the addition of ascorbic acid (50 pg/ml), which allows for the formation
of the basal lamina, an essential component for SC myelination.

Short hairpin RNA and retroviral/lentiviral vectors. N-cadherin and
control short hairpin RNA (shRNA) sequences were obtained through
Clontech small interfering RNA hairpin oligo sequence designer.
N-cadherin shRNA (corresponding to position 97) was as follows:
5'-GACTGGATTTCCTGAAGAT-3'. N-cadherin control shRNA (corre-
sponding to position 1618) was as follows: 5'-CTGCCAACTGGCTGA-
AAAT-3". The N-cadherin shRNA sequences were obtained from previous
studies for N-cadherin knockdown (Maeda et al., 2005; Ezzat et al., 2006).
The N-cadherin control and shRNA sequences were ligated directly into the
PSIREN-RetroR-ZsGreen retroviral plasmid (Clontech). Retroviral produc-
tion was achieved by transfecting Phoenix cells as previously described (Gri-
gnani etal., 1998; Chan et al., 2006). SC-DRG cocultures were infected with
retrovirus during the proliferation stage of the SC (~5 d after seeding onto
DRG neurons) to increase infection efficiency. Retroviral vectors were pre-
pared and purified as previously described (Cayouette and Raff, 2003). The
retroviral supernatants were prepared in MEM medium containing 10%
FBS and NGF and added to cocultures for 48—72 h. Additionally, the
N-cadherin control and shRNA sequences were ligated directly into the
pLentiLox 3.7 lentiviral plasmid. Lentiviral production was achieved by
transfecting 293FT cells with plasmid DNA and viral packaging components
according to the manufacturer’s instructions (Clontech). Supernatant was
harvested 48—72 h after transfection and centrifuged to remove cellular de-
bris. DRG neurons were infected for 48 h and then maintained in MEM
medium containing 10% FBS and NGF for ~2 weeks to allow sufficient time
for expression, as indicated by green fluorescent protein (GFP) in axonal
processes, and to eliminate the risk of infecting SCs.

N-cadherin overexpression and nucleofection. The full-length rat
N-cadherin ¢cDNA (generously provided by Prof. Masatoshi Takeichi,
RIKEN Center for Developmental Biology, Kobe, Japan) was ligated into
the pIRES2-AcGFP1 plasmid (Clontech). By engineering two unique
restriction sites, Xhol and EcoRI, the N-cadherin gene was ligated into
the vector. Overexpression was confirmed by immunostaining and
Western blot for N-cadherin. DRG neurons were transfected using the
Amaxa protocol for DRG neuron nucleofection (Lonza). Nucleofection
typically resulted in the loss of ~50% of the neurons; therefore, the
density of the neurons was compensated by increasing the number of
plated cells. Approximately 300,000 cells were plated per coverslip, rather
than the typical 150,000. DRG neurons were then purified and main-
tained for 2 weeks before SC seeding.

Mouse genotyping. Mice were cared for in accordance with animal
protocols approved by the University of Southern California and were
monitored by the University of Southern California Department of An-
imal Resources at Zilkha Neurogenetic Institute. Mice containing floxed
N-cadherin and $3-catenin were obtained through The Jackson Laboratory.
Dhh transgenic mice were generated at Erasmus Medical Center (Rotter-
dam, The Netherlands) and have been described previously (Jaegle et al.,
2003). Mice were genotyped by PCR. Briefly, genomic DNA was isolated and
standard PCRs were performed with the following primers: N-cadherin,
forward, 5'-CCAAAGCTGAGTGTGACTTG-3'; N-cadherin, reverse,
5'-TACAAGTTTGGGTGACAAGC-3'; B-catenin, forward, 5'-AAGG-
TAGAGTGATGAAAGTTGTT-3'; B-catenin, reverse, 5'-CACCATGTC-
CTCTGTCTATTC-3'; Dhh, forward, 5'-ACCCTGTTACGTATAGCCGA-3';
Dhbh, reverse, 5'-CTCCGGTATTGAAACTCCAG-3'. N-cadherin primers
amplified a DNA fragment of 290 bp corresponding to the floxed allele and a 250
bp fragment corresponding to the wild-type allele. 3-Catenin primers amplified
a DNA fragment of 324 bp corresponding to the floxed allele and a 221 bp
fragment corresponding to the wild-type allele. Dhh primers amplified a 300 bp
fragment from the DhhCre transgene as previously described (Jaegle etal., 2003).
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Immunoprecipitation, immunoblotting, and Western analysis. Samples
from cocultures and rat/mouse sciatic nerves were prepared for immu-
noprecipitation and Western blot analysis as previously described (Yam-
auchi et al., 2003; Chan et al., 2006). Briefly, coimmunoprecipitation of
N-cadherin and 3-catenin were performed on newborn rat sciatic nerves
and from SC-DRG cocultures. Samples were dounced in lysis buffer
containing the following: 50 mm Tris, pH 8.0, 150 mm NaCl, 2 mm EDTA,
1 mMm Na;VO,, 2.5 mm NaF, Complete protease inhibitor (Roche), 1%
NP-40, 0.5 Na-deoxycholic acid. SDS (0.1%) was added to the lysis buffer
when performing Western analysis. Samples were vortexed and superna-
tants were collected after centrifugation. Thirty microliters of protein
A/G beads (Santa Cruz) and 2 pg of antibody [mouse monoclonal anti-
N-cadherin and mouse monoclonal anti-B-catenin (BD Biosciences
Transduction Laboratories)] were added to the samples and allowed to
rotate at 4°C overnight. Samples were washed three times in lysis buffer,
resuspended in sample buffer with SDS and B-mercaptoethanol, and
boiled for 2 min before loading. Electrophoretic separation of the sam-
ples and the extracts was performed on 10% discontinuous SDS-
polyacrylamide gels. Proteins were transferred to nitrocellulose
membranes and probed with specific antibodies. Antibodies for Western
blot analysis were as follows: mouse monoclonal anti-N-cadherin (BD
Biosciences Transduction Laboratories), mouse monoclonal anti-f-
catenin (BD Biosciences Transduction Laboratories), rat monoclonal
anti-MBP (Millipore Bioscience Research Reagents), mouse monoclonal
anti-P0 (Astexx), mouse monoclonal anti-B-actin (Sigma-Aldrich), rab-
bit polyclonal anti-Oct-6 (Jaegle et al., 2003), and mouse monoclonal
anti-myelin-associated glycoprotein (MAG) (Millipore Bioscience Re-
search Reagents). The Alexa Fluor goat anti-rabbit, anti-mouse, and anti-
rat 680 IgG antibodies (Invitrogen) were used as secondary antibodies for
near-infrared fluorescent detection performed on the Odyssey Infrared
Imaging System (LI-COR).

Immunostaining. Immunostaining of purified SC cultures and SC—
DRG cocultures were performed as previously described (Ng et al.,
2007). Briefly, SC and SC-DRG cocultures were fixed using 4% parafor-
maldehyde, dehydrated, and permeabilized and blocked by incubation
with 20% goat serum and 0.2% Triton X-100 in PBS. Myelin was detected
with a rat monoclonal anti-MBP antibody (Millipore Bioscience Re-
search Reagents). Axons were detected using a rabbit polyclonal anti-
neurofilament (NF) antibody (145 kDa, medium chain) (Millipore) and
amouse anti-NF antibody (160 kDa, medium chain) (Serotec). SCs were
detected by using a rabbit polyclonal antibody to S100 (Dako). Par-3 was
detected using a rabbit polyclonal anti-Par-3 antibody (Millipore).
N-cadherin and B-catenin were detected by using a mouse monoclonal
anti-N-cadherin antibody and a mouse monoclonal anti-3-catenin an-
tibody (BD Biosciences Transduction Laboratories). p75™™ was de-
tected using a rabbit polyclonal anti-p75™"™ antibody (Promega). The
Alexa Fluor anti-rat 594, anti-rabbit 488 and 594, and anti-mouse 488
and 594 IgG antibodies (Invitrogen) were used as secondary antibodies
for fluorescence detection. Cell nuclei were stained with mounting me-
dium containing 4',6-diamidino-2-phenylindole (DAPI) (Vectashield;
Vector Laboratories). Colocalization was determined by fluorescence
microscopy combined with Z-stack acquisition and three-dimensional
reconstruction performed on the Zeiss Apotome.

Sciatic nerve isolation and electron microscopy. Sciatic nerves from post-
natal day 0 (P0), P5, P15, and adult animals were fixed through perfusion
with 4% paraformaldehyde, and then submerged in 4% paraformalde-
hyde from 4 h to overnight. All nerves were stained with 1% osmium
tetroxide for 1 h at 4°C and counterstained with 1% uranyl acetate over-
night. Nerves were rinsed with distilled water and dehydrated in a series of
ethanol dehydration treatments (50, 70, 95, and 100% EtOH). Embedding
was performed in a 1:1 resin (EMBed-812; Electron Microscopy Sciences)
and propylene oxide (Electron Microscopy Sciences) mix for 1 h at room
temperature, followed by a 2:1 resin/propylene oxide mix overnight at room
temperature. Nerves were then placed in 100% resin for 3 h at room temper-
ature. Ultrathin sections (70 nm) were obtained from the Norris Center Cell
and Tissue Imaging Core at the University of Southern California, Keck
School of Medicine, and visualized with a JEM1400 Electron Microscope
(JEOL) in the Zilkha Neurogenetic Institute.
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Results

N-cadherin and Par-3 colocalize at the SC-SC and

SC-axon interface

The expression of N-cadherin was initially examined in purified
DRG neurons, SCs, and SC-DRG cocultures (Fig. 1 A). The SC-
DRG coculture system is instrumental for the observation of var-
ious stages preceding, during, and after active myelination. On
contact with axons, SCs migrate and proliferate rapidly, occupy-
ing the available axonal space, before ensheathing and coordinat-
ing the length of myelin internodes. N-cadherin expression is
robustly detected in purified DRG neurons, SCs, and in the co-
cultures alike (Fig. 1A). SCs were seeded onto purified DRG neu-
rons and allowed to proliferate and migrate for 7 d before the
induction (I) of myelination with the addition of ascorbic acid.
The expression of Oct-6, a transcription factor indicative of pr-
emyelinating SCs, initially increases because of the proliferation
of SCs and then gradually decreases as myelination is initiated.
Myelination is observed by the increase in the expression of the
myelin-specific proteins, MAG and P0.

The polarity protein Par-3 is asymmetrically localized in SCs at
the SC-SC and SC—axon interface (Fig. 1 B). We hypothesize that the
localization is initiated in similar fashion to the formation of apical
domains of epithelial cells, where intercellular contact and focal ad-
hesions recruit the Par complex to membrane specializations (Perez-
Moreno et al, 2003). These focal adhesions are formed by
homotypic interactions of cadherin molecules. To investigate the
possible role of N-cadherin in the localization of Par-3, the expres-
sion of N-cadherin in purified SCs and in SC-DRG cocultures was
analyzed and similarlylocalized to the SC-SC and SC—axon interface
(Fig. 1C). By coimmunostaining for Par-3 and N-cadherin, we dem-
onstrate colocalization of N-cadherin with Par-3 and partial colocaliza-
tion of N-cadherin with Par-3 in SC-DRG cocultures at the SC-axon
interface (Fig. 1 D), indicating a potential role for N-cadherin in the
initiation of SC polarity and proper localization of Par-3.

The classic view of N-cadherin is that it transduces signals
through intracellular interactions with -catenin, which in turn as-
sociates with a-catenin, the actin cytoskeleton, as well as numerous
adaptor proteins and transcription factors (Daniels et al., 2001;
Ivanov et al., 2001). To determine whether B-catenin colocalizes
with N-cadherin and Par-3, we coimmunostained for 3-catenin and
Par-3 (Fig. 1E) and B-catenin and N-cadherin in SC-DRG cocul-
tures (Fig. 1 F). B-catenin colocalizes asymmetrically with both Par-3
and N-cadherin on SC-SC and SC—-axon contact (data not shown).
Furthermore, B-catenin and N-cadherin associate with one another
directly and can be coimmunoprecipitated from the developing sci-
atic nerves of newborn rat pups using antibodies to N-cadherin and
B-catenin (Fig. 1G). Additionally, N-cadherin and 3-catenin were
coimmunoprecipitated in SC-DRG cocultures and clearly associate
with one another throughout the myelination time course (Fig.
1 H,I). Intriguingly, this association was more robust after the in-
duction of myelination by ascorbic acid, indicating a potential role
for the association of N-cadherin and B-catenin in the initiation of
SC polarity and proper localization of Par-3. Together, the interac-
tion of N-cadherin with 8-catenin in SCs suggests the formation ofa
classical, yet novel adherens junction between the SC and the axon.

Knockdown of SC N-cadherin disrupts the asymmetric
localization of Par-3 at the SC—axon interface and delays the
initiation of myelination

To determine the role of N-cadherin in the asymmetric localiza-
tion of Par-3, three different non-overlapping shRNA were de-
signed and generated against N-cadherin and coexpressed with
GFP in a retroviral expression system (Fig. 2A, C). Since retrovi-
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Figure 1. Expression and colocalization of Par-3 and N-cadherin in SCs. A, Western blot analysis of purified DRG neurons, SCs, and SC=DRG cocultures before (N+SCs) and after induction of
myelination (denoted by I). Westerns blots were probed for N-cadherin, Oct-6, a transcription factor expressed by premyelinating SCs, and myelin proteins (MAG and P0). 3-Actin serves as a loading
control. B, The polarity protein Par-3 (red) is asymmetrically localized on SC—SC and SC—axon contact. p75 "™ (green; first panel) is counterstained to identify the SCs and NF (green; second panel)
for the axon. C, Similar to Par-3, N-cadherin (red) is asymmetrically localized on SC—SC and SC—axon contact. S100 (green; first panel) is counterstained to identify the SCs and NF (green; second
panel) for the axon. The cell nuclei are detected by DAPI (blue). D, Par-3 and N-cadherin colocalize to the SC—axon interface in premyelinating SC-DRG cocultures. Par-3 (green) and N-cadherin (red)
display asymmetric localization, and the merged image (third panel) displays colocalization (yellow). E, Par-3 and 3-catenin colocalize to the SC—axon interface in premyelinating SC~DRG
cocultures. Par-3 (green) and 3-catenin (red) display asymmetric localization, and the merged image (third panel) displays colocalization (yellow). F, N-cadherin and 3-catenin colocalize to the
SC-axon interface in premyelinating SC—DRG cocultures. N-cadherin (green) and 3-catenin (red) display asymmetric localization, and the merged image (third panel) displays colocalization
(yellow). The nucleus is detected by DAPI (blue). Scale bars, 10 um. G, N-cadherin and 3-catenin coimmunoprecipitate in newborn rat sciatic nerves. (3-Catenin coimmunoprecipitated with an
antibody to N-cadherin and was detected by immunoblotting with an antibody to 3-catenin. N-cadherin coimmunoprecipitated with an antibody to 3-catenin and was detected by immunoblot-
ting with an antibody to N-cadherin. Normal IgGs were used as a control for the immunoprecipitation. The blots were stripped and reprobed with the antibody for each of the respective targets. The
post-immunoprecipitation (IP) lysates were also probed to demonstrate depletion of the target and the respective binding partner. H, I, N-cadherin and 3-catenin coimmunoprecipitate in SC-DRG
cocultures. The immunoprecipitation using either the N-cadherin (H) or 3-catenin (/) antibody clearly demonstrates a robust association, which is enhanced after the induction of myelination by
ascorbic acid. The asterisks highlight the limited association between N-cadherin and 3-catenin before the induction of myelination. The IgG heavy chain illustrates the proper loading of the
samples.
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Figure2.  Knockdown of SCN-cadherin disrupts the asymmetric localization of Par-3 and delays the initiation of myelination. A, SC—DRG cocultures were infected with retroviral vectors coexpressing GFP and
the shRNA for N-cadherin. N-cadherin is detected by immunostaining (red), and SCs infected with shRNA-T are identified by the expression of GFP (green). The arrow indicates an infected SC and the
corresponding knockdown of N-cadherin. B, SC-DRG cocultures were infected with shRNA-1 against N-cadherin and stained for Par-3 (red). The arrows indicate uninfected SCs displaying asymmetriclocalization
of Par-3, whereas Par-3 localization is disrupted in the SC expressing GFP. Scale bars, 10 wm. €, To determine the efficiency of knockdown with shRNA, purified SCs were infected with a control (GFP only), a
scrambled shRNA, shRNA-1, -2, and -3. Cells were extracted and analyzed by Western blot analysis. Quantification of the Western blot is displayed as a percentage decrease normalized to 3-actin. D, SCs infected
with scrambled shRNA, shRNA-3 (control), and shRNA-1 against N-cadherin were quantified as a percentage of infected SCs that display asymmetric Par-3. Knockdown of N-cadherin using shRNA-1 resultsin a
twofold decrease in the number of infected SCs displaying asymmetric Par-3. E, Manipulation of N-cadherin expression does not have an appreciable effect on SC proliferation, as determined by the number of
SCs perimage field. Error bars indicate SD. F, G, Using SC—DRG cocultures, SCs were infected with either shRNA-3 (control) or shRNA-1 against N-cadherin and immunostained for MBP (red) 10 d after induction
of myelination. Infected cells were indicated by the concomitant expression of GFP (green). The arrows indicate myelinating SCs expressing the control shRNA. SCs infected with shRNA-1 against N-cadherin did
not form myelin as detected by MBP expression (red). Scale bars: F, 10 wm; G, H, 50 um. H, After 15 d of induction of myelination, SCs infected with shRNA-1 were indistinguishable from the control cultures and
were myelinating axons in similar proportions (red). The arrows indicate cells expressing GFP (green) and MBP (red), indicating that the knockdown of N-cadherin in SCs delays but does not inhibit the initiation
of myelination.
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ral vectors infect only actively dividing cells, this method ensures
that only SCs are infected whereas the DRG neurons remain un-
perturbed. Expression of N-cadherin was significantly attenuated
by shRNA-1 and -2 as shown by immunostaining and Western
blot analysis (Fig. 24, C), whereas shRNA-3 did not alter expres-
sion, similar to uninfected cultures (control) or cultures infected
with a scrambled shRNA. Knockdown of N-cadherin in SCs re-
sulted in an approximate twofold decrease in the percentage of
infected SCs displaying asymmetric localization of Par-3 at the
SC—axon interface (Fig. 2B,D). In addition, manipulation of
N-cadherin expression did not alter SC alignment (Fig. 2 A, B;
supplemental Fig. 3, available at www.jneurosci.org as supple-
mental material) with axons and did not affect proliferation or
migration of the SCs, as the number of SCs was unaffected in
the cocultures (Fig. 2 E). These findings suggest a critical role
for N-cadherin and cell adhesion in the initiation of polarity in
the SC.

Cadherins can recruit the Par complex directly, but can also
indirectly recruit the Par complex through interactions with ad-
ditional binding partners, such as Jam-1 and/or the nectins
(Perez-Moreno et al., 2003; Wei et al., 2005). To determine
whether N-cadherin could directly recruit Par-3 to the SC—axon
interface, coimmunoprecipitation assays were conducted with
antibodies against N-cadherin and Par-3. In all of the experimen-
tal conditions analyzed the association of N-cadherin and Par-3
could not be detected, whereas positive controls for N-cadherin
(B-catenin) and Par-3 (p75 NTR) (Chan et al., 2006) were clearly
observed (data not shown). Therefore, although SC N-cadherin
expression is essential for the asymmetric localization of Par-3,
the molecular mechanism responsible for the recruitment of
Par-3 to the SC—axon interface remains unclear.

Although previous studies demonstrate the importance of
N-cadherin in SC proliferation, migration, and early SC—axon
interactions (Wanner and Wood, 2002; Wanner et al., 2006; Gess
et al., 2008), its specific role in the initiation of myelination re-
mains uncertain. To determine the function of N-cadherin in SC
myelination, shRNA to N-cadherin was expressed in SCs, and
myelination in SC-DRG cocultures was analyzed 10 d after in-
duction with ascorbic acid (Fig. 2 F). Typically, robust SC myeli-
nation is detected 10 d after addition of ascorbic acid, represented
by the maximal expression of myelin proteins as a percentage of
the total protein (Fig. 1A). SCs infected with control shRNA
(GFP) formed myelin segments similar to the control cultures.
Approximately 10% of the SCs infected with the scrambled or
control shRNA formed myelin segments as indicated by the ex-
pression of MBP. However, knockdown of N-cadherin resulted
in a twofold reduction in the percentage of myelinating SCs after
10 d of induction (Fig. 2 F, G; supplemental Fig. 1A, available at
www.jneurosci.org as supplemental material). To further deter-
mine the essential nature of N-cadherin and whether SCs lacking
N-cadherin are simply delayed, we analyzed cocultures 15 d after
induction by ascorbic acid. Interestingly, after the additional 5 d
of induction, SCs infected with the shRNA to N-cadherin formed
myelin normally and at a similar percentage to the control cultures
(Fig. 2 H; supplemental Fig. 1A, available at www.jneurosci.org as
supplemental material). Together, knockdown of N-cadherin in
SCs delays myelination in vitro, without affecting SC alignment,
migration, or proliferation. Therefore, N-cadherin is not an es-
sential component in the formation of myelin, but instead func-
tions to polarize the SC and initiate myelination in a timely
manner.
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The asymmetric localization of Par-3 in SCs does not depend
on the expression of neuronal N-cadherin

Cadbherins are a family of adhesion proteins that interact homo-
typically to promote the formation of adherens junctions. To
disrupt the homotypic interactions of N-cadherin in SC—axon
interactions, purified DRG neurons were infected with shRNA
against N-cadherin using a lentiviral expression system (Fig. 3A).
Knockdown of N-cadherin was observed in purified neurons co-
expressing sShRNA-1 and GFP as detected by immunostaining for
N-cadherin (Fig. 3A). One week after infection, purified SCs were
seeded onto the neurons, which began to proliferate and migrate
along the axons normally (Fig. 3F). Two days after induction of
myelination, the SCs that were aligned along GFP-positive axons
were examined for Par-3 localization (Fig. 3 B,C). Surprisingly,
knockdown of N-cadherin in the neurons did not affect the dis-
tribution of Par-3 at the SC—axon interface. Additionally, the
expression of neuronal N-cadherin did not alter SC myelination
even at 10 d after induction as indicated by the expression of MBP
(Fig. 3 D, E; supplemental Fig. 1 B, available at www.jneurosci.org
as supplemental material). Although the results do not reach sta-
tistical significance, knockdown of N-cadherin in the axons re-
sulted in robust myelination and in some cases augmented the
number of myelin segments formed. These findings prompted an
investigation into the overexpression of N-cadherin in purified
DRG neuronal cultures (Fig. 3G). The full-length rat N-cadherin
was transfected using Amaxa Nucleofection and coexpressed
with GFP in a mammalian expression vector containing an inter-
nal ribosomal entry site (IRES). Three weeks after nucleofection
of the neurons, SCs were seeded and induced to form myelin for
10 d. Similar to the knockdown studies, neuronal N-cadherin
expression did not reduce or enhance the number of myelin seg-
ments formed (Fig. 3H; supplemental Fig. 1C, available at www.
jneurosci.org as supplemental material). These findings suggest
that homotypic interactions between SC and axonal N-cadherin
do not play a significant role in the localization of Par-3 at the
SC—axon interface and do not alter any of the events surrounding
the initiation or formation of the myelin sheath.

SC-specific deletion of N-cadherin delays myelination in vivo

Although the in vitro studies presented suggest that the expres-
sion of N-cadherin in SCs may be important for the initiation of
myelination, confirming these results in an in vivo setting is es-
sential. To specifically ablate N-cadherin in SCs, mice possessing
loxP sites flanking exon 1 of the N-cadherin gene (Flox) (The
Jackson Laboratory) were crossed with transgenic mice express-
ing Cre recombinase (Cre) under the control of the Desert hedge-
hog (Dhh) regulatory sequences (Jaegle et al., 2003). The
expression of N-cadherin in SCs from knock-out mice (Dhh-
Cre ™™, Flox-N-cad/Flox-N-cad) and littermate controls (Dhh-
Cre /", Flox-N-cad */~) was examined at embryonic days 13,
15, and 18 (supplemental Fig. 2 A, B, available at www.jneurosci.
org as supplemental material; Fig. 4A,B) and was dramatically
reduced by day 18. Cocultures were also established and SC align-
ment and process extension were essentially unaffected (supple-
mental Fig. 3, available at www.jneurosci.org as supplemental
material). Additionally, expression of N-cadherin was examined
in the sciatic nerves from postnatal day 5 through adulthood by
Western analysis (Fig. 5A). Compared with littermate controls,
the SC-specific knock-out mice displayed a dramatic reduction.
At postnatal day 5, the expression of N-cadherin detected in the
sciatic nerves of the knock-out mice was attributed to axonal
expression (data not shown). Concomitantly, the expression of
Oct-6, a transcription factor indicative of premyelinating SCs,
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remained unchanged, illustrating that early SC events (differen-
tiation, proliferation, and migration) were unperturbed by the
N-cadherin deletion. Furthermore, the myelin-specific proteins,
MBP and PO, were analyzed and compared between the mice.
Although the expression of MBP and PO were clearly detectable,
the SC-specific knock-out nerves displayed a delay and reduction

in the expression of the myelin proteins at postnatal days 5 and 10
(Fig. 5A). On examination of the sciatic nerves by electron mi-
croscopy, myelinated axons were clearly identified at every stage
of postnatal development without any observable defects in
axonal sorting, compaction, or myelin extent (Fig. 5C). Addi-
tionally, the number of SCs and axons were unaffected in the
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B-cat ™/~ and Dhh*/~ Flox-B-cat/Flox-B-cat mice at E15 (littermates). Similar to
N-cadherin, the expression of 3-catenin was still detectable but was significantly diminished.
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SC-specific knock-out of N-cadherin. The only detectable differ-
ence that reached statistical significance was the modest reduc-
tion in the number of myelinated axons observed at postnatal day
0 (Fig. 5B). Although the results demonstrate that SC
N-cadherin is a nonessential component for the formation,
maintenance, and extent of the myelin sheath, the findings are
nevertheless consistent with the in vitro data suggesting that
N-cadherin may be an important component required to ini-
tiate myelination in a timely manner.

SC-specific deletion of 3-catenin delays myelination in vivo

Since B-catenin is a known effector of N-cadherin and associates
with N-cadherin at the SC—axon interface (Fig. 1 F-I), we set out
to determine whether -catenin could be responsible for a pos-
sible compensatory mechanism on the N-cadherin deletion. To
specifically ablate B-catenin in SCs, mice possessing loxP sites
flanking a region of gene sequence from exon 2 to exon 6 of the
B-catenin gene (The Jackson Laboratory) were crossed with
transgenic mice expressing Cre recombinase under the control of
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Dhh. SC-DRG cocultures were initially established from knock-
out mice (Dhh-Cre*’~, Flox-B-cat/Flox-B-cat) and littermate
controls (Dhh-Cre ~/~, Flox-B-cat */7) at 15 d gestation, and
myelination was analyzed in vitro. Similar to the N-cadherin
studies, SC alignment and process extension were unaffected
(supplemental Fig. 4, available at www.jneurosci.org as supple-
mental material), and although the onset of myelination was de-
layed in the B-catenin knock-out cultures after 10 d of induction
(Fig. 6B), the number of myelin segments was recovered after an
additional 5 d in vitro (Fig. 6 A, B; supplemental Fig. 1 D, available
at www.jneurosci.org as supplemental material). Additionally,
the expression of B-catenin in SCs was examined at embryonic
days 13, 15, and 18 (supplemental Fig. 2C,D, available at www.
jneurosci.org as supplemental material; Fig. 4C,D) and in the
sciatic nerves from postnatal day 5 through adulthood by Western
analysis (Fig. 6C). Compared with littermate controls (Dhh-
Cre 7, Flox-B-cat /™), the SC-specific knock-out mice (Dhh-
Cre """, Flox-B-cat/Flox-B-cat) displayed a dramatic reduction
in the expression of B-catenin starting at embryonic day 18 (Fig.
4 D). Concomitantly, the expression of the myelin-specific pro-
teins, MBP and PO, from sciatic nerves, were analyzed and com-
pared between the mice. The SC-specific knock-out nerves
displayed a delay and reduction in the expression of the myelin
proteins at postnatal days 5 and 10 (Fig. 6C). The expression of
Oct-6 remained unchanged, illustrating that early SC events (dif-
ferentiation, proliferation, and migration) were unperturbed by
the B-catenin deletion. On examination of the sciatic nerves by
electron microscopy, myelinated axons were clearly identified
at every stage of postnatal development without any observ-
able defects in axonal sorting, compaction, or myelin extent (Fig.
6 E). Furthermore, the number of SCs and axons were unaffected
in the SC-specific knock-out of B-catenin. The only detectable
difference that reached statistical significance was the reduction
in the number of myelinated axons observed at postnatal days 0
and 5 (Fig. 6D, E), displaying a more severe delay than when
manipulating N-cadherin. Although the results suggest that SC
B-catenin may compensate for the delay in myelination in the
absence of N-cadherin, our findings clearly demonstrate that nei-
ther molecule is necessary for the formation, maintenance, and
extent of the myelin sheath.

Discussion

Myelination is a unique example of cell—cell interaction, whereby
a cell wraps multiple layers of its own membrane around a neu-
ronal axon to maximize the efficiency of the functioning neuron.
How is this fascinating process initiated and both spatially and
temporally regulated? Here, we hypothesize that cell adhesion
through cell-cell contact, specifically mediated by the homotypic
interactions between SC and axonal N-cadherin initiates cell po-
larity and the asymmetric localization of Par-3, leading to myeli-
nation. Although the Par proteins were first identified in
Caenorhabditis elegans (Rose and Kemphues, 1998), they are re-
markably conserved across various model organisms and cell
types, illustrating a truly unique intrinsic program that directs
specified function in highly dynamic environments (Rose and
Kemphues, 1998; Hutterer et al., 2004; Le Bivic, 2005). The Par
proteins form a complex, consisting of Par-3, Par-6, and aPKC
(atypical protein kinase C), all of which are evolutionarily con-
served and detected at the earliest stages of development, suggest-
ing that they may function in recruiting essential factors and
establishing membrane specializations (Hutterer et al., 2004; Le
Bivic, 2005). The Par proteins are essential in establishing cell
polarity in the SC, altering cytoskeletal dynamics, morphology,
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and localizing signaling cascades essential A
for myelination. In recent years, extrinsic
growth factors, such as the neuregulins,
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vate ErbB receptors on SCs, only the
NRG1 type III isoform (membrane teth-

ered) induces myelination and controls C
the thickness of the myelin sheath via the
activation of PI-3 kinase (Michailov et al.,
2004; Taveggia et al., 2005). The cellular
mechanisms responsible for this specific-
ity of function achieved by the different
NRGL1 isoforms remain undefined. Al-
though great strides have been made to
identify the environmental signals and
receptors that control SC myelination, it
has become evident that the intracellu-
lar signaling molecules and pathways
involved are highly ubiquitous and gov-
ern a wide range of cellular processes.
Could the intracellular mechanism for
cell polarity control the activation, co-
ordination, and organization of signal-
ing pathways that specify function at the
appropriate time?

Based on extensive research concern-
ing the initiation of epithelial cell polarity,
it is likely that the initiation of SC polarity
is a direct result of cell-cell contact and
the action of cell adhesion molecules, such
as N-cadherin (Wanner and Wood, 2002;
Wanner et al., 2006; Gess et al., 2008),
Necls (Maurel et al., 2007; Spiegel et al.,
2007), and integrins (Benninger et al.,
2007; Nodari et al., 2007). These mole-
cules may recruit Par-3 to the SC—axon
interface, resulting in asymmetric local-
ization and cytoskeletal reorganization by
regulating actin and microtubule dynam-
ics. Par-3 can regulate the Rho-family GT-
Pases through GEFs (guanine nucleotide
exchange factors) to mediate actin reorga-
nization and possibly control axonal sort-
ing and the unidirectional ensheathment
of the axon (Benninger et al., 2007; Bryan
and D’Amore, 2007; Nodari et al., 2007).
Additionally, during asymmetric cell divi-
sion, Par-3 recruits proteins such as In-
scuteable, which in turn recruits Partner of Inscuteable (Pins)
(Cai et al., 2003; Siller et al., 2006). Pins directly associates with
heterotrimeric ~ G-protein  subunits and microtubule-
associated proteins to dictate the orientation of the microtu-
bules and their positioning along the cell cortex (Izumi et al.,
2006; Siller et al., 2006; Morin et al., 2007; Konno et al., 2008).
Could redundant mechanisms exist in the SC, whereby Par-3
recruits microtubule-associated proteins to position and ori-

Figure 5.
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N-cadherin knock-out mice display a slight delay in myelination without impacting SC numbers, ensheathment,
myelin structure, and compaction. A, Western blot analysis was performed using mouse sciatic nerves from SC-specific knock-out
mice (Dhh-Cre ™/, Flox-N-cad/Flox-N-cad) and littermate controls (Dhh-Cre ~/~, Flox-N-cad ™/ ™). Westerns were probed for
N-cadherin, Oct-6, MBP, PO, and -actin (loading control). B, Myelination in knock-out and control mice was quantified as the
number of myelinated axons per square millimeter. The black columns represent the knock-out nerves, and the gray columns are
the littermate controls. Nerves from three separate mice were analyzed, and the values are displayed as the mean number of
myelinated axons = SD. Significance was evaluated using Student’s ¢ test (*p << 0.05). €, The number of Schwann cells, axonal
sorting, compaction, and extent of myelination were examined by electron microscopy of knock-out and control mouse sciatic
nerves at 0, 5, 15 d postnatal and adult nerves.

ent microtubules so that polymerization may lead to elongation,
membrane spreading, and/or proper positioning of the SC as
ensheathment initiates? Par-3 likely controls the activation of
downstream signaling pathways by the recruitment to, or seques-
tration from, the SC—axon interface. This reorganization may
dictate the accessibility of proteins for localized signaling and
ensures that their activation occurs in a spatially and temporally
appropriate manner.



Lewallen et al. @ N-Cadherin and Schwann Cell Myelination

A

C Dhh-/- FIx-B-cat+/- Dhh+/- Fix-B-cat/FIx-B-cat D
Littermate Control SC Knockout
5 10 15 20 Ad 5 10 15 20 Ad 607
T ~
= a— — — Q -
B-cat e g =
£ 8 40-
Oct-6|=—"" = —— o=
Et
T A EE R B b “55
ver| “EEE S % 7 204
il =
PO|, —— - .-.-‘l g% |
Z
-acti — — . — — — — 0
e '"l ‘l o 5 15 Adult
Days Postnatal
E Dhh-/- Flox-B-cat+/- Dhh+/- Flox-B-cat/Flox-B-cat

Littermate Control

. SC Knockout

0 Days

5 Days

15 Days

Adult
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millimeter. The black columns represent the knock-out nerves, and the gray columns are the littermate controls. Nerves from three
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To determine the molecular mecha-
nism responsible for the asymmetric lo-
calization of Par-3, we set out to identify
adhesion molecules that form homotypic
interactions and are localized on both the
SC and the axon. The adhesion molecule
N-cadherin is a likely candidate, in that it
plays essential roles in proliferation, in
migration, and in early SC—axon interac-
tions (Wanner and Wood, 2002; Wanner
et al., 2006; Gess et al., 2008). It is impor-
tant to note that the principal objective of
this manuscript is to examine the role of
N-cadherin in the establishment of cell
polarity and the initiation of myelination.
Additionally, since Dhh-Cre-mediated
recombination only partially ablates N-
cadherin expression at E13 and E15, conclu-
sions concerning the role of N-cadherin or
B-catenin in early SC development remain
uncertain (supplemental Fig. 2, available at
www.jneurosci.org as supplemental mate-
rial; Fig. 4). To characterize and manip-
ulate the expression and localization of
N-cadherin in both SCs and DRG neurons,
we used retroviral and lentiviral expression
systems using purified SCs and DRG neu-
rons in an in vitro coculture system for my-
elination. In this study, we focus our efforts
on the role of N-cadherin in the establish-
ment of cell polarity and the initiation of my-
elination. We find that N-cadherin and
Par-3 colocalize and that the asymmetric lo-
calization is induced on SC-SC and SC-
axon contact. Infecting SCs with retrovirus
containing shRNA to N-cadherin results in
a specific knockdown of N-cadherin in SCs,
disrupting Par-3 localization and delaying
the initiation of myelination. However,
knockdown of neuronal N-cadherin by len-
tiviral transduction did not alter the redistri-
bution of Par-3 in SCs nor did it elicit any
observable effects on the initiation of myeli-
nation, inconsistent with the hypothesis
that homotypic interactions by SC and neu-
ronal N-cadherin initiate polarity and my-
elination. Additionally, knockdown of
N-cadherin specifically in SCs or in neu-
rons did not alter the alignment of SCs
along axons (supplemental Fig. 3, avail-
able at www.jneurosci.org as supplemen-
tal material) or in the total number of SCs
in vitro (Fig. 2 E). These results are seem-
ingly contradictory to findings by Gess et

<«

separate mice were analyzed, and the values are displayed as
the mean number of myelinated axons = SD. Significance was
evaluated using Student’s t test (*p << 0.05). E, The number of
Schwann cells, axonal sorting, compaction, and extent of my-
elination were examined by electron microscopy of knock-out
and control mouse sciatic nerves at 0, 5, 15 d postnatal and
adult nerves.
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al. (2008) and Wanner and Wood (2002). However, it must be
noted that the previous studies alter N-cadherin function in both
the neurons and the Schwann cells, and the specificity of altering
calcium levels, function-blocking antibodies, and peptides is
highly dependent on the effective concentrations used and may
result in more dramatic outcomes. To confirm our in vitro find-
ings concerning the role of N-cadherin at the SC—axon interface,
we generated mice displaying SC-specific gene ablation of
N-cadherin. We report that myelination in the developing sciatic
nerve is only slightly delayed and that the mice are viable without
any detectable myelination defects. Consistent with this finding,
Par-3 localization was also examined in SCs from the N-cadherin
and B-catenin knock-out mice at E18 and found to be asymmet-
ric at the SC—axon interface (supplemental Fig. 5A, B, available at
www.jneurosci.org as supplemental material), suggesting that
knockdown of N-cadherin or 3-catenin results in a delay in the
asymmetric localization of Par-3 that is eventually recovered. To-
gether, our in vitro and in vivo approaches suggest that, although
the cell adhesion molecule N-cadherin may contribute to initial
focal adhesion and polarity, it is a nonessential molecular com-
ponent in the establishment of SC polarity and in the initiation
and maturation of the myelin sheath. Furthermore, N-cadherin
does not function via homotypic interactions between SCs and
axons. Could N-cadherin function via SC-SC contact to assist in
the spatial distribution of SCs along axons and in determining the
initiation and length of the myelin internode? Although these
results suggest the existence of compensatory mechanisms, abla-
tion of E-cadherin, another member of the cadherin family, does
not influence the formation of myelin by Schwann cells (Young et
al., 2002). Alternatively, it has been proposed that fibroblast
growth factor receptor may interact with N-cadherin as a poten-
tial binding partner (Lom et al., 1998; Utton et al., 2001; Wanner
et al., 2006). FGF receptor 3 is highly expressed in axons of the
peripheral nervous system (Wanner et al., 2006) and may repre-
sent a novel potential mechanism for Schwann cell N-cadherin
function. Additional investigation and identification of adhesion
molecules that share similar functions to N-cadherin in intercel-
lular interactions will provide insight into the alternative conclu-
sions and possible compensatory mechanisms behind these
findings.

Recently, the nectin-like proteins (Necls) were identified as
critical mediators of SC—axon adhesion and myelination
(Maurel et al., 2007; Spiegel et al., 2007). Necl4 expressed by
SCs is apposed to and binds Necl1 along axons. Disruption of
this specific interaction inhibits the initiation of SC myelina-
tion. Nectins and Necls play important roles throughout de-
velopment and promote cellular adhesion, migration, and
polarization (Takai et al., 2003; Kakunaga et al., 2005). Addi-
tionally, both N-cadherin and Necl4 are asymmetrically local-
ized to the SC-axon interface (Maurel et al., 2007; Spiegel et
al., 2007), and the possibility that the Necls may compensate
for the absence of N-cadherin will provide a fascinating hy-
pothesis to pursue. A clear understanding of the conserved
mechanisms that coordinate and integrate signaling pathways
via the Par proteins provides a unique opportunity to investi-
gate how localization of these proteins are able to govern such
a wide range of interactions, albeit with cell-context specific-
ity. To develop potential therapeutic approaches concerning
PNS myelination, it will be essential to resolve the mechanisms
SCs use to interpret and translate extrinsic signals into the
initiation of myelination.
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