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Imbalance of NRG1-ERBB2/3 signalling
underlies altered myelination in
Charcot-Marie-Tooth disease 4H

Lara El-Bazzal,* Adeline Ghata,® Clothilde Estéve,® Jihane Gadacha,® Patrice Quintana,®
Christel Castro," Nathalie Roeckel-Trévisiol,* Frédérique Lembo,? Nicolas Lenfant,*
André Mégarbané,? Jean-Paul Borg,” Nicolas Lévy,' ®Marc Bartoli,* ®Yannick Poitelon,*
Pierre L. Roubertoux,' ®Valérie Delague™' and ®Nathalie Bernard-Marissal®™"
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Charcot-Marie-Tooth (CMT) disease is one of the most common inherited neurological disorders, affecting either ax-
ons from the motor and/or sensory neurons or Schwann cells of the peripheral nervous system (PNS) and caused by
more than 100 genes. We previously identified mutations in FGD4 as responsible for CMT4H, an autosomal recessive
demyelinating form of CMT disease. FGD4 encodes FRABIN, a GDP/GTP nucleotide exchange factor, particularly for
the small GTPase Cdc42. Remarkably, nerves from patients with CMT4H display excessive redundant myelin figures
called outfoldings that arise from focal hypermyelination, suggesting that FRABIN could play a role in the control of
PNS myelination. To gain insights into the role of FGD4/FRABIN in Schwann cell myelination, we generated a knock-
out mouse model (Fgd4°“"), with conditional ablation of Fgd4 in Schwann cells. We show that the specific deletion of
FRABIN in Schwann cells leads to aberrant myelination in vitro, in dorsal root ganglia neuron/Schwann cell co-cul-
tures, as well as in vivo, in distal sciatic nerves from Fgd4°“”~ mice. We observed that those myelination defects
are related to an upregulation of some interactors of the NRG1 type III/ERBB2/3 signalling pathway, which is known
to ensure a proper level of myelination in the PNS. Based on a yeast two-hybrid screen, we identified SNX3 as a new
partner of FRABIN, which is involved in the regulation of endocytic trafficking. Interestingly, we showed that the loss
of FRABIN impairs endocytic trafficking, which may contribute to the defective NRG1 type III/ERBB2/3 signalling and
myelination. Using RNA-Seq, in vitro, we identified new potential effectors of the deregulated pathways, such as
ERBIN, RAB11FIP2 and MAF, thereby providing cues to understand how FRABIN contributes to proper ERBB2 traffick-
ing or even myelin membrane addition through cholesterol synthesis. Finally, we showed that the re-establishment
of proper levels of the NRG1 type III/ERBB2/3 pathway using niacin treatment reduces myelin outfoldings in nerves of
CMT4H mice.

Overall, our work reveals a new role of FRABIN in the regulation of NRG1 type III/ERBB2/3 NRG1signalling and mye-
lination and opens future therapeutic strategies based on the modulation of the NRG1 type III/ERBB2/3 pathway to
reduce CMT4H pathology and more generally other demyelinating types of CMT disease.
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Introduction

Charcot-Marie-Tooth (CMT) disease, also known as hereditary mo-
tor and sensory neuropathy (HMSN), is one of the most common in-
herited group of neurological diseases, with an overall prevalence
of about 1/2500.* Clinically, CMT diseases are characterized by pro-
gressive muscular weakness starting at the distal extremities, pes
cavus deformity, loss of deep tendon reflexes, associated with
mild to moderate distal sensory loss.? Two main subgroups can
be defined based on electrophysiological and histopathological
characteristics: the demyelinating form (CMT1) resulting from pri-
mary damage of myelinating Schwann cells (SCs) and the axonal
form (CMT2), affecting the axons from motor (MNs) and/or sensory
neurons (SNs). Patients affected with CMT1 have reduced nerve-
conduction velocities (NCVs; <38 m/s), whereas patients affected
with CMT2 show slightly reduced to normal NCVs but reduced am-
plitudes (>38 m/s).’ In addition, CMT disease is characterized by ex-
tensive clinical and genetic heterogeneity, with around 100 genes
identified to date and mutations segregating following all modes
of inheritance.*

In 2007, we and others identified FGD4/FRABIN as the causative
gene of CMT4H,” a rare autosomal recessive demyelinating form of
CMT.®” The disease is characterized by typical findings of CMT,
such as distal amyotrophy and foot deformities, with early-onset
and slow progression. Motor and sensory NCVs are strongly re-
duced in all patients, but there is a strong inter- and intra-familial
variability in the severity of the disease. The diagnosis is estab-
lished by the presence of biallelic pathogenic variants in the FGD4
gene, encoding the protein FRABIN. More than 30 mutations are de-
scribed to date in FGD4, most of them resulting in a loss of the pro-
tein or a non-functional truncated protein.®®° Remarkably, nerves
from patients affected with CMT4H display characteristic myelin
abnormalities defined as myelin outfoldings, which arise from ab-
errant focal hypermyelination. In the peripheral nervous system
(PNS), the myelination process is mainly regulated by the NRG1
type III/ERBB2/3 pathway: notably, the amount of axonal NRG1
type III and its downstream signalling, via the activation of the
ERBB2/3 receptors, determines the thickness of the myelin
sheath.’®! In consequence, this pathway has to be tightly regu-
lated to avoid improper myelination. Previous work has reported
that myelin outfoldings might arise from an enhanced NRG1 type
III/ERBB2/3 signalling, as well as the overactivation of the down-
stream effectors AKT/mTOR."*** A growing body of work suggests
that the dysregulation of ERBB receptor trafficking may be the cause
of an impairment of NRG1 type III/ERBB2/3 signalling in SCs and a
common pathogenic mechanism for several CMT4 subtypes, such
as CMT4B1 (OMIM #601382), CMT4B2 (OMIM #604563), CMT4C
(OMIM #601596)*>'® and CMT4D (OMIM #601455).”” However, in
CMT4H, the implication of FRABIN in the regulation of PNS myelin-
ation and the above-mentioned signalling pathways remains
poorly studied.

FRABIN is a ubiquitously expressed protein containing five func-
tional domains: a Dbl domain, responsible for the guanine ex-
change factor (GEF) activity toward CDC42 and RACI, an
N-terminal F-actin binding domain and three domains [two pleck-
strin homology (PH) and one FYVE domain] implicated in binding to
phosphoinositides (PIs).*®*° Pls are known regulators of endocytic
trafficking”® and previous work by Horn et al.?* has shown an im-
pairment of endocytosis in the absence of FRABIN, without provid-
ing a link to the aberrant hypermyelination in CMT4H.

We hereby provide evidence that FRABIN is required for proper
myelination of the PNS by regulating NRG1 type III/ERBB2/3 signal-
ling in both in vitro and in vivo models of CMT4H. In particular, we
show that the specific deletion of FRABIN in SCs leads to aberrant
myelination in vitro, in dorsal root ganglia (DRG) neurons/SCs co-
cultures and in vivo, in distal sciatic nerves of conditional knock-out
mice. We demonstrate that the myelination defects in CMT4H are
related to impaired NRG-1 type III/ERBB2/3 signalling and defective
endocytic trafficking. Finally, we show that the re-establishment of
proper levels of the different actors of the NRG1 type III/ERBB2/3
pathway, using niacin treatment, reduces the proportion of myelin
outfoldings in nerves of our CMT4H mouse model.

Material and methods

To generate a conditional Fgd4 null allele, we first generated a
mouse with a floxed allele by flanking Fgd4 exon 4 with lox-P sites.
Its excision, by crossing with a transgenic mouse expressing the
Cre-recombinase, introduces a frameshift and is predicted to gen-
erate a premature stop codon in exon 5. Mice heterozygous for
the Fgd4 floxed allele (Fgd4"*) have been developed on a pure
C57BL/6N background in collaboration with ‘La Clinique de la
Souris’ (ICS; Strasbourg; http:/www.ics-mci.fr) by performing hom-
ologous recombination in embryonic stem cells (ES) derived from
C57BL/6N mouse. The Fgd4"* line was maintained on a pure
C57BL/6N background (Taconic Biosciences A/S, Denmark).
Genotyping of Fgd4"* mice was performed by PCR on DNA isolated
from tail biopsies using direct PCR lysis reagent (#VI-102-T, Viagen
Biotech Inc.), following the manufacturer’s instructions, using the
primers flox-LF (5'-CGAACCCTTAGCGATCTGTT-3’) and flox-LR
(5'-TTTTCCTAGCTGGCGTGTTT-3).

To obtain an allele with specific deletion of Fgd4 in SCs, we
crossed Fgd4"* mice with transgenic mice expressing the
Cre-recombinase under a promoter-specific for SCs [B6N.FVB-
Tg(Mpz-cre)26Mes/]], ‘so-called PO-Cre mice’, available at the
Jackson Laboratories (#017927).22 We obtained Fgd4™/*; PO-Cre, so-
called Fgd45¢”* that we backcrossed for at least 10 generations
on C57BL/6N (Taconic) background. The PO-Cre transgene was
detected by PCR wusing the following primers: POCre-F
(5'-CCACCACCTCTCCATTGCAC-3’) and POCre-R (5-GCTGGCCCAA
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ATGTTGCTGG-3'). For ubiquitous deletion of Fgd4, Fgd4™/*; CMV-Cre,
mice, so-called Fgd4”*, were generated by crossing the
floxed Fgd4"* line with transgenic mice expressing the
Cre-recombinase under the CMV promoter [B6.C-Tg (CMV-cre)
1Cgn/]], available at the Jackson Laboratories (#006054). The
CMV-Cre transgene was detected by PCR using the following
primers: CMVCre-F (5- AGGTTCGTTCACTCATGGA-3) and
CMVCre-R (5-TCGACCAGTTTAGTTACCC-3’). The excision of
the exon 4 in the Fgd4”* mice was detected using the
primers flox-LF (5'-CGAACCCTTAGCGATCTGTT-3’) and flox-ER
(5’-CAAGCCTCAGCTTCACTTCC-3’). Animals were housed in an
animal facility with a 12 h light/12 h dark environment and ad libi-
tum access to water and a normal diet. All experiments were done
in accordance with a national appointed ethical committee for
animal experimentation (Ministére de ’Education Nationale, de
I’Enseignement Supérieur et de la Recherche; Authorization No.
2019062110352453 v4).

One-month-old Fgd45“”~ mice were injected daily with saline solu-
tion or niacin (60 mg/kg) for 8 weeks (n= 4 saline-treated animals
and 5 niacin-treated animals). Nicotinic acid (#PHR1276, Niacin,
Sigma-Aldrich) was diluted in sterile saline solution and was daily
injected intraperitoneally at a dose of 60 mg/kg.

Primary rat SCs were prepared from the sciatic nerves of postnatal
Day 3 pups. SCs were maintained in Dulbecco’s Modified Eagle’s
Medium (#41965039 ThermoFisher Scientific), 2 mM r-glutamine
(#25030024, ThermoFisher Scientific), 10% foetal bovine serum
(FBS; #10270098, ThermoFisher Scientific), 2 uM forskolin (#344270,
Merck) and 2 ng/ml recombinant human NRG1-p 1 (#396-HB, R&D
Systems) as described in Poitelon et al.?®> SCs were not used beyond
the fourth passage.

Mouse DRG neurons were isolated after dissecting the spinal cord of
embryonic Day 13.5 (E13.5) embryos and seeded on 12 mm glass
coverslips, as described.?® In detail, after isolation, DRGs were dis-
sociated and then incubated in 0.25% trypsin solution (#25200056,
ThermoFisher Scientific) for 45min at 37°C. DRGs were
mechanically dissociated and ~40000 cells were seeded on
matrigel- (#356234, Corning) coated coverslips in C-medium, com-
posed of minimum essential medium (MEM) (#11090081,
ThermoFisher Scientific)y, 2mM r-glutamine (#25030024,
ThermoFisher Scientific), 10% FBS (#10270098, ThermoFisher
Scientific), 4 mg/ml p-glucose (#G5146, Sigma-Aldrich), 50 ng/ml
nerve growth factor (NGF) (#N6009, Sigma-Aldrich). After 24 h, the
C-medium was replaced by NB medium, composed as follows: neu-
robasal medium (#21103049, ThermoFisher Scientific), 4 g/l
p-glucose (#G5146, Sigma-Aldrich), 2 mM r-glutamine (#25030024,
ThermoFisher Scientific), 50 ng/ml NGF (#N6009, Sigma-Aldrich)
and B27 supplement 1x (50x, #17504044, ThermoFisher Scientific)
and changed every 2 days. After 5 days of NB medium, myelination
was induced by adding 50pg/ml ascorbic acid (#A0278,
Sigma-Aldrich) to the C-medium for 12 days.
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Co-cultures were treated using nicotinic acid (niacin, #PHR1276,
Sigma-Aldrich) diluted in MEM (#11090081, ThermoFisher
Scientific) at a final concentration of 5mM. Endosidin-2 (ES2;
#SML168, 5 mg, Sigma-Aldrich) was diluted in MEM at a final con-
centration of 1 pM. Niacin or ES2 were added concomitantly to as-
corbic acid at Day 6 of the co-culture.

Around 10 fields per coverslip were randomly acquired with a Zeiss
ApoTome.2 microscope (Zeiss) using a x20 objective. Myelin abnor-
malities were defined as an excessive redundant or abnormal thick-
ening of myelin visualized along with myelin basic protein (MBP)
positive segments and quantified in ~150-160 myelinated seg-
ments for each co-culture and at least three co-cultures. Results
were expressed as a percentage of MBP-positive segments showing
myelin abnormalities on the total of MBP-positive fibres.

RNA-sequencing and bioinformatics analysis was performed by the
Genomics and Bioinformatics facility (GBiM) from the U1251/
Marseille Medical Genetics laboratory. mRNA sequencing
(mRNA-Seq) was performed, in duplicate, on total RNA samples ex-
tracted from DRG/SC co-cultures derived from either conditional
knockout (Fgd45¢”") or wild-type (WT) littermates’ embryos (four
samples in total). Total RNA was extracted from each condition
(two coverslips of control Fgd4™? and Fgd45¢~~ DRG/SC co-cultures,
in two replicates), using Purelink silica membrane, anion exchange
resin, spin-column kits, following the manufacturer’s recommen-
dations (Purelink RNA Minikit, #12183018A, ThermoFisher
Scientific). Before sequencing, the quality of total RNA samples
was assessed using the Agilent Bioanalyzer (Agilent
Technologies): only RNAs with RNA Integrity Numbers (RIN) above
8 were deemed suitable for sequencing and used for library prepar-
ation. For each sample, a library of stranded mRNA was prepared
from 500 ng of total RNA after capture of RNA species with poly-A
tail poly(A), using the Kapa mRNA HyperPrep kit (Roche), following
the manufacturer’s instructions. The quality and profile of individ-
ual libraries have been quantified and visualized using Qubit™ and
the Agilent Bioanalyzer dsDNA High Sensibility Kit (Agilent
Technologies), respectively. Indexed libraries were pooled and se-
quenced (2 x 75bp paired-end sequencing) on an Illumina
NextSeq 500 platform (Illumina).

The quality of sequencing reads was assessed using fastQC v0.11.5
(https:/www.bioinformatics.babraham.ac.uk/projects/fastqc/).

Raw sequencing reads were mapped to the mouse reference gen-
ome (Mus musculus) genome assembly GRCm38 (mm10) using
STAR v2.5.32** and bam files were indexed and sorted using
Sambamba v0.6.6.%> After mapping, the number of reads per feature
(GENCODE v34 annotations) was determined using Stringtie
v1.3.1c.?® Differential gene expression analysis was performed
using a Wald test thanks to the DESeq2 package.”” P-values were
adjusted for multiple testing using the method described by
Benjamini and Hochberg (BH).?® Only transcripts with an adjusted
P-value (false discovery rate, FDR) below 0.05 were considered as
significantly differentially expressed. Relative expressions of the
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most variable features between samples have been plotted as heat
maps using the Pheatmap R package. Differentially expressed
genes (DEGs) were visualized in the form of volcano plots, repre-
senting the Log,FC (log2 of the expression fold change) and the ad-
justed P-value, prepared using the EnhancedVolcano R package.
Enrichment (gene set enrichment Analysis, GSEA) and over-
representation (singular enrichment analysis, SEA) of Gene
Ontology (GO) term annotation in the DEGs were performed using
a Mann-Whitney test and hypergeometric test, respectively, using
enrichGO from the R-package clusterProfiler (v3.10.15). For func-
tional GO annotation, we selected the DEGs with a statistical signifi-
cance of Padj value <0.05 (SEA). Pathway analysis was conducted,
using Reactome, which uses a hypergeometric test with an adjust-
ment of the P-value (BH) to detect pathway, enriched in the data set
of DEGs from the top10 GO biological process (BP) terms.

The applied statistical tests, as well as the number of replicates, are
indicated in the figure legends. For all experiments based on pri-
mary co-cultures, results were obtained from at least three inde-
pendent cell cultures.

Animals were matched by gender, genotype and age. Mice were
randomly assigned to experimental groups and gait experiments,
as well as processing and analysis of the tissues, were performed
inblind. The significance of the results for electron microscopy, pri-
mary cultures and in vivo niacin treatment was evaluated with one-
or two-way ANOVA or two-tailed Student’s t-test according to ex-
perimental design. Statistical analyses were performed using
GraphPad Prism. All data are presented as mean + SEM.

For gait analysis, each mouse was characterized by the median
score of the left and right paw for motor function studies. The
scores were analysed according to the ANCOVA statistics with
weight at the corresponding age as a covariate, using? and SPSS
Statistics 19.%° We calculated the effect size and its confidence
interval. Results were expressed as means and SEM.

The authors confirm that the data supporting the findings of this
study are available within the article and/or its Supplementary
material. These data are available from the corresponding author
upon reasonable request.

Results

To determine the pathomechanisms underlying CMT4H disease,
we generated mice with an Fgd4 floxed allele, in order to study
the effect of Fgd4 ablation in the different cell types constitutive
of the PNS (i.e. motor and DRG neurons and Schwann cells), by
crossing them with transgenic mice expressing Cre-recombinase
under the requested cell-specific promoter (Fig. 1A). To this aim,
the exon 4 of Fgd4 was flanked with LoxP sites by homologous re-
combination. Because previous work from Horn et al.?* showed
that the clinical phenotype and the molecular basis of CMT4H re-
lied on the loss of function of FGD4/FRABIN in SCs, without detect-
able primary contributions from neurons, we generated a
conditional null allele mouse model, referred to as Fgd45"", by
abolishing FRABIN’s expression specifically in SCs. Conditional ab-
lation of Fgd4 in SCs was obtained by mating mice homozygous for
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the floxed allele (Fgd4™") with transgenic PO-Cre mice to drive ex-
pression of the Cre-recombinase in SCs at E13.5.> We demon-
strated the effective deletion of the floxed exon 4 in this
conditional knockout Fgd45“”~ mouse model, by RT-PCR, using total
RNA extracted from sciatic nerves of Fgd4°“”~ and control mice
(Fig. 1B and C). As expected, we show that the deletion of exon 4
leads to a shorter fragment amplified between exons 3 and 7, in
the mutant nerves (374 bp in Fgd45¢”~ versus 882 bp in the WT).
Due to the lack of antibodies recognizing specifically mouse
FRABIN, we were, unfortunately, unable to assess the deletion by
western blot.

We previously observed that the loss of FRABIN leads to aber-
rant myelin structures called outfoldings in nerves of patients af-
fected with CMT4H.>®° Here, we wanted to assess whether such
abnormalities could be reproduced in our Fgd4°“”~ mouse model
both in vitro and in vivo. In vitro, we established DRG/SC co-cultures
from E13.5 Fgd4°“~ embryos, in which myelination was induced for
15 days using ascorbic acid. Myelinated segments were visualized
by MBP immunostaining (Fig. 1D and E). Indeed, we noticed irregu-
larly shaped MBP-positive fibres reflecting focal hypermyelination
(Fig. 1E), similar to those previously described in a co-culture model
derived from the mouse model for CMT4B1.>>! In Fgd45“~~ DRG/SC
co-cultures, the proportion of these abnormal MBP+ fibres repre-
sented 71.4 +4.3% of total MBP+ fibres, as compared to control co-
cultures, where they represent 21.6 +8.3% (Fig. 1D). To determine
whether the presence of those myelin defects was related to a
loss of Fgd4/FRABIN, we overexpressed Fgd4/FRABIN in our mutant
Fgd45“"~ co-culture model using lentivirus (Lv). Overexpressing
Fgd4/FRABIN led to a significant decrease in the proportion of ab-
normal MBP+ segments in mutant Fgd4”~ co-cultures (39.8+
5.6%) to a level comparable to control conditions (23.1+2.9%;
Fig. 1F). This finding confirms that the loss of Fgd4/FRABIN in SCs
is a major contributor to the altered myelin phenotype.

Altered myelination was in parallel evaluated, over-time, in vivo,
in the sciatic nerves of both Fgd4°“”~ and control mice. We observed
out- and infoldings, as described in the nerves of CMT4H pa-
tients>’™ (Fig. 1H) and confirming the observations by Horn
et al.** in their CMT4H mouse model, where a Dhh promoter was
used to drive Cre recombinase expression, leading to Fgd4 ablation
specifically in Schwann cells The proportion of abnormal myelin-
ated fibres was higher in Fgd4°“”~ nerves as compared to controls,
as soon as 3 months old, and increased significantly over time (3
months old: control 0+0,1% and Fgd4°¢”~ 4.9+1.9%; 6 months
old: control 0.46 +0.32% and Fgd4°°”~ 9.1+5.1%; 18 months old:
control 0.44+0.26% and Fgd45”~ 11.7 +2.1%; Fig. 1G and H). The
presence of altered myelin was, however, not correlated to a defect
of myelin thickness, as attested by similar g-ratios in mutant versus
control sciatic nerves at all studied time points (Fig. 1I and
Supplementary Fig. 1A). Finally, in addition to myelination defects,
12-month-old Fgd4°¢"~ mice display significant denervation of the
neuromuscular junctions (NMJs) of the gastrocnemius muscle (%
of fully innervated NMJs: WT 75.3 +3.1% versus Fgd45°”~ 50.3+7%;
% of intermediate NMJs: WT 14.5+1.9% versus Fgd4“/~ 27.06
+6.6% and % of denervated NMJs: WT 10.1 + 1.4% versus Fgd45¢"~
22.6+1.6%), suggesting late distal axonal degeneration
(Supplementary Fig. 1B and C).

To assess the locomotor performance of our CMT4H model, we
monitored footprint analyses using the gait test at 6, 12 and 18
months. For measures of intensity parameters on which the body
mass could have an impact, an ANCOVA was performed, using
the genotype as a fixed factor (Fgd4°¢~ versus respective control)
and body mass as covariate, at the three ages. In 18-month-old
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Figure 1 Generation and phenotypic characterization of a new mouse model of CMT4H. (A-C) Generation of a conditional knockout mouse model for
CMT4H. (A) The floxed allele (Fgd4*) was generated by flanking exon 4 with loxP sites (black arrowheads) in the Fgd4 gene leading to a frameshift by
generation of a premature stop codon in exon 5. The conditional deletion of Fgd4 in SCs is induced by crossing Fgd4™ mice with mice expressing the cre
recombinase under the Mpz/P0 promoter. For simplification the conditional knockout Fgd4™; POcre mice are referred to as Fgd4°“~. (B) Fgd4 transcript
before (top) or after (bottom) excision of exon 4 following cre-recombinase expression. (C) Excision of the exon 4 from Fgd4 transcript was verified by
RT-PCR using RNA extracted from the sciatic nerves of Fgd4°“”~ and control mice. Due to exon 4 excision, the size of the amplified amplicon was
882 bp and 374 bp in WT and Fgd45”~ sciatic nerves, respectively. (D and E) Loss of Fgd4/FRABIN alters myelination in vitro. (D) Number of myelin anom-
alies quantified in WT and Fgd45”~ co-cultures. The presence of focal hypermyelination defects was evaluated in 150-160 myelinated segments per
coverslip and three independent cultures. Myelinated segments were visualized by immunolabelling of MBP. Data are expressed as mean + SEM.
Statistical analysis: two-way ANOVA with Sidak post hoc test. (E) Illustration of myelinated segments in control and Fgd45”~ co-cultures. Examples
of myelin abnormalities that can be observed in the enlarged image and identified by asterisks. (F) Overexpression of Fgd4/FRABIN in Fgd4°”~ co-
cultures reduces the proportion of abnormally myelinated fibres. Fgd45°”~ co-cultures were infected with Lv-EGFP or Lv-Fgd4, 1 day after seeding.
Data are expressed as mean percentage + SEM (n=4 independent cultures). Statistical analysis: unpaired Student’s t-test. (G and H) Loss of Fgd4/
FRABIN alters PNS myelination in vivo. (G) Proportion of abnormal myelinated fibres in the distal part of the sciatic nerve of 3-, 6- and 18-month-old
WT and Fgd4°¢~ mice (n=3 animals per genotype). Data are expressed as mean percentage + SEM. Statistical analysis: two-way repeated-measures
ANOVA (group x time) with Sidak post hoc test. (H) Electron microscopy pictures illustrating myelination of sciatic nerves of WT (left) and Fgd45~~ (right)
mouse. Asterisks indicate outfoldings. Scale bar = 5 ym. (I) g-Ratio analysis revealed no statistical difference in myelin thickness in the sciatic nerve of
at 3-, 6- and 18-month-old WT and Fgd45“”~ mice. A total of 500-1000 axons between 0.5 and 6 pm for animals (n =3 per genotype) were analysed. Data
are presented as mean + SEM (n=3 animals). (J and K) Maximum and mean forepaw intensities are significantly decreased in Fgd4°“”~ mice compared
to WT mice. Data are expressed as mean +SEM (n=11 WT and n=13 Fgd4%“”~ mice). *P < 0.05, **P <0.01, **P <0.001.
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mice, we detected impaired motor functions, as evidenced by a dif-
ference in parameters reflecting the pressure exerted by each paw
(i.e. intensity parameters). Indeed, the maximal forepaw intensity
was lower in Fgd4“”~ mice (92.4 + 3.9) compared to controls (110.6
+4.8) [F(1,24)=8.37, P <0.008] as well as the mean forepaw inten-
sity: 31.08+0.7 for Fgd45¢”~ versus 37.7+1.6 for WT [F(1,24)=
17.28, P <0.001]. These differences exceed the limits between path-
ology and typicality as shown by the large effect’s sizes (4> =0.28, CI
from 0.11 to 0.57 and 4?=0.43, CI from 0.19 to 0.53, respectively;
Fig. 1J and K).

Previous studies reported that myelin outfoldings might arise from
an enhanced NRG1 type III/ERBB2/3/AKT/mTOR pathway activa-
tion.’'? Therefore, we assessed, by western blot, the level of ex-
pression of key components of this pathway, both in vitro and in
vivo (Fig. 2 and Supplementary Fig. 5). In vitro, we noticed a signifi-
cant increase in the levels of the phosphorylated Erbb2 receptor
(P-ERBB2), phosphorylated AKT (P-Akt) and mTOR, in Fgd45”~ co-
cultures as compared to control (Fig. 2A and B and
Supplementary Fig. 5A-G). The level of full-length and cleaved
forms of NRG-1 type III was not significantly different in vitro
(Supplementary Fig. 1D and E and Supplementary Fig. 61 and J).
Abnormal regulation of the NRG1 type III-ERBB2/3 pathway was
confirmed in vivo, in the sciatic nerves of full knockout mice
(Fgd4™"). We used full knockout animals (Fgd4™"), rather than con-
ditional knockout animals (Fgd4°¢"") because, in the latter, the nor-
mal expression of Frabin in the axons (which are not knockout) may
compensate for any change in the level of expression of the NRG1
type III/ErbB2/3 pathway due to the knockout in Schwann cells. In
Fgd4™~ sciatic nerves, we observed, by western blot, a significant
upregulation of ERBB2 and mTOR, as compared to control nerves,
while levels of AKT and its phosphorylated form were not different
(Fig. 2C and D and Supplementary Fig. 5SH-M). We also noticed a sig-
nificant decrease of the full-length NRG1 type III (i.e. the pro-
protein) and a concomitant increase of the levels of the
C-terminal NRG1 fragment,® which indicates an increase in the
cleavage of the NRG1 type III pro-protein (Supplementary Fig. 1F
and G and Supplementary Fig. 6K and L). Overall, those observa-
tions demonstrate an enhanced activation of the NRG1 type III/
ERBB2/3/AKT/mTOR pathway.

To examine global gene expression involved in the myelination ab-
normalities linked to the absence of FRABIN in SCs, we performed
bulk mRNA-sequencing on duplicates from Fgd4°¢”~ and WT co-
cultures. The heat map of unsupervised hierarchical clustering of
the four samples (two Fgd4°“”~ and two WT) showed that the
Fgd4“"~ samples clustered separately from the controls (Fig. 3A).
GSEA on the entire set of expression data highlighted a total of
2451 genes DEGs between Fgd4°¢”~ and WT co-cultures. Among
them, 1679 were overexpressed and 772 underexpressed (Fig. 3B).
Functional GO annotation of the DEGs, with statistical signifi-
cance of Padj value<0.05, showed enrichment in several BPs.
Interestingly, in the top enriched BP GO terms, we found ‘positive
regulation of protein kinase activity’ (GO:0045860), ‘regulation of
GTPase activity’ (GO:0043087), ‘second-messenger-mediated
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signalling’ (GO:0019932) or ‘cell-substrate adhesion’ (Fig. 3C), which
arerelated to the known functions of FRABIN (regulation of GTPase,
binding to PIs) and important processes in myelination.
Enrichment analysis of the reactome pathways using the list of
the 536 DEGs from the top 10 enriched GO terms confirmed major
deregulations in signal transduction in Fgd4°¢”~ co-cultures. As ex-
pected, considering the known function of FRABIN as a GEF for
small RhoGTPases, we observed enrichment of genes encoding pro-
teins involved in the RAC1 GTPase cycle (#R-HSA-9013149), Rho
GTPase cycle (#R-HSA-9012999) and intracellular signalling by
second messengers (#R-HSA-9006925; Fig. 3D). In addition, this
analysis of pathway enrichment highlights new signalling trans-
duction pathways, which might be important for proper myelin-
ation, such as integrin cell surface interactions (Fig. 3D).

In-depth analysis of DEGs from the top enriched GO terms re-
vealed several deregulated genes, such as members of the integrin
family (in particular Itgb8), members of the G protein-coupled re-
ceptor (Gpcr) family, such as Gpr65, or other signalling proteins
(Nfat5, Tnf, Cybb, stabl; Supplementary Table 1). These genes are
highlighted in Fig. 3B. We did not reveal any changes of expression
in NRG1 type III/ERBB2/3 pathway and associated canonical down-
stream pathways, nor in myelin structural genes (Supplementary
Table 1). However, very interestingly, we observed a significant
change of expression of Maf (FC=1.57, Padj =8.2 x 10~%) in Fgd45¢"~
co-cultures, a transcription factor acting downstream of the neure-
gulin signalling and regulating cholesterol biosynthesis in
Schwann cells®® (Supplementary Table 1). Also, there was a signifi-
cant upregulation of Erbin (FC=1.65, Padj=0.000341), a protein in-
teracting with ERBB2, which regulates ERBB2’s function and
localization at the membrane.?* Finally, we noticed an upregulation
of Rab11fip2 (FC=1.69, Padj=0.000378), a regulator of membrane
trafficking.>>3¢

Interestingly, we were able to confirm that the protein levels of
ERBIN are significantly increased in the sciatic nerves of 1-year-old
Fgd4™~ animals in comparison to control animals (Supplementary
Fig. 2A and B).

Emerging data propose that dysregulation of ERBB receptor traffick-
ing may be the cause of the impairment of NRG type III/ERBB2/3 sig-
nalling in SCs and represent a common pathogenic mechanism in
several CMT4 subtypes.™ FRABIN is a GEF responsible for GDP/
GTP exchange on the small RhoGTPases CDC42 and RACI, and
also contains two PH and one FYVE domains, which are implicated
ininteractions with PIs. PIs are lipid regulators of endocytic traffick-
ing.?° Previous work by Horn et al.** has shown an impairment of
endocytosis in the absence of FRABIN, but its impact on myelin-
ation defects has not been studied. To determine whether the mye-
lination defects observed in the Fgd4°¢”~ mice are connected to
defective endocytic trafficking, we looked at the expression of the
early endosomal marker RABS5 and the recycling endosomal marker
RAB11, in vitro. In Fgd45“”~ co-cultures, RABS expression levels are
increased compared to controls but without reaching statistical sig-
nificance. In contrast, RAB11 is significantly upregulated in Fgd45¢~
co-cultures compared to control (Fig. 4A and B and Supplementary
Fig. SN-Q). To follow more precisely the endocytic trafficking fol-
lowing FRABIN’s loss, we monitored the trafficking of
pHrodo-transferrin (pHrodo-TF), over time, in primary SCs
knocked-down (KD) for Fgd4/FRABIN, as well as in control cells.
We induced Fgd4/FRABIN KD using a shRNA targeting Fgd4
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Figure 2 Neuregulin-1 type III/ERBB2/3/AKT/mTOR pathway is upregulated in CMT4H models. (A and B) Phosphorylated ERBB2 (P-ERBB2) and AKT
(P-AKT) as well as mTOR expression are significantly increased in Fgd4°¢~ co-cultures compared to control. (A) Levels of expression of P-ERBB2,
ERBB2, P-AKT, AKT and mTOR were assessed by western blot analysis. Data are expressed as mean +SEM (n=3-4 co-cultures) and normalized to
the control values. Statistical analysis: unpaired Student’s t-test. (B) Western blot pictures illustrating the expression of the markers described in A.
(C and D) Levels of expression of P-ERBB2, ERBB2, P-AKT, AKT and mTOR were assessed by western blot analysis in the sciatic nerves of Fgd4”~
mice compared to WT mice. (C) Data are expressed as mean + SEM (n=3 animals per genotype). Statistical analysis: unpaired Student’s t-test. (D)
Western blot pictures illustrating the expression of the markers described in C. *P <0.05, *P <0.01, **P < 0.001.

(SHFgd4), previously described by Horn et al.,?* delivered in rat pri-
mary SCs, using a Lv (Supplementary Fig. 3C). SCs were then pulse-
labelled, 48 h post-infection, with fluorescent pHrodo-TF for 30 min
at 4°C to prevent uptake and then chased by incubating at 37°C to
allow uptake (15 min) and recycling (30 and 45 min). pHrodo-TF
has the property to become fluorescent once internalized in the en-
dosomes. By quantifying the levels of fluorescence of pHrodo-TF,
we noticed similar levels of internalized TF in SCs expressing a con-
trol shRNA (SHcontrol) or SHFgd4, after 15 min of incubation, sug-
gesting a similar capacity of TF-endocytosis between the control
and Fgd4 KD conditions (Fig. 4C and D). In both control and Fgd4
KD conditions, the level of fluorescence of phrodo-TF decreases
over time due to TF recycling back to the membrane.
Interestingly, in comparison to the control conditions, the levels
of fluorescence of pHrodo-TF are significantly lower after 45 min
of incubation in Fgd4 KD conditions (SHcontrol: 7.7 +1.3 a.u. and
SHFgd4: 2.07+0.4 a.u.; Fig. 4C and D). This decrease in
TF-retention in the endosomes suggested an increase of
pHrodo-TF recycling back to the membrane in conditions of loss
of Fgd4/FRABIN.

To assess whether the observed endocytic trafficking defect
could participate in the improper myelination observed in the
Fgd45“"~ co-cultures, we treated the co-cultures with ES2 (1 pM), a
compound known to reduce exocytosis and endosomal recycling.’
Interestingly, treating Fgd4°¢”~ co-cultures with ES2 decreases

significantly the number of myelin abnormalities observed in con-
ditions of loss of FRABIN (non-treated Fgd45“"~: 47+6.8%,
ES2-treated Fgd4°c”~: 17.5+5.7%; Fig. 4E). Altogether, these data
support a defect in endosomal trafficking following Fgd4/FRABIN
loss, which may compromise proper myelination signalling and
contribute to the abnormal myelination observed in vitro
(Supplementary Fig. 4).

As the function of FRABIN in vesicle trafficking remains poorly
studied, we searched for FRABIN interactors that could be in-
volved in this process. To achieve this, we performed a yeast
two-hybrid (Y2H) screening analysis in a human foetal brain li-
brary, using Fgd4 cDNA as bait. Among the partners identified,
we focused on Sorting nexin 3 (SNX3). SNX3 belongs to the
Sorting nexin protein family, implicated in membrane traffick-
ing. SNX3is associated with the early endosomes through its PX
domain and interacts, as FRABIN, with the polyphosphoinosi-
tide PI3P.*® In addition, SNX3 is known to facilitate the recycling
of the transferrin receptor.®® We first assessed the localization
of FRABIN and SNX3 in the S16 rat SC line by immunofluores-
cence. We noticed vesicular staining of the endosomal marker
SNX3, as previously described by Xu et al.,*® and colocalization
with FRABIN, especially at the perinuclear region (Fig. 5A). In
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Figure 3 Transcriptional profiles of in vitro myelin samples (DRG/SC co-cultures) from conditional knockout (Fgd45°"") and control (WT) mice. (A) Full
heat map of unsupervised hierarchical clustering of the four samples (n=2 replicates for Fgd4°“”~ and 2 replicates for WT). The scale bar unit is ob-
tained applying a variance stabilizing transformation to the count data (DESeq2: VarianceStabilizingTransformation) before normalization. (B)
Volcano plots showing the distribution of gene expression fold changes and adjusted P-values between the two conditions. A total number of 21
794 genes were tested. Padj < 0.05 was used as the threshold to reject the null hypothesis and consider the difference in gene expression. Red plots re-
present significantly deregulated genes [adjusted P-value < 0.05, with fold change (FC) > 2 or <-2]. Genes with significant deregulation (adjusted P-value
<0.05) but with small FC (-2 < FC < 2) are indicated in blue. Green and grey dots represent genes with non-significant fold changes (adjusted P > 0.05). (C)
Top 10 BP GO terms enriched in the DEGs. We identified BPs with an adjusted P-value lower than 0.05. The bars on the left represent the percentage of
DEGs determined for each represented GO term from the total number of DEGs. Light grey bars on the right represent the enrichment score (-Log;o of
adjusted P-value) for each GO term. GO terms with particularly interesting functions, regarding the NRG1 type IIl pathway and FRABIN, are highlighted
in red. (D) Top 25 reactome pathways enriched for the 536 genes found in the top 10 significantly enriched GO terms from C (adj. P-value <0.001). The
barsrepresent the number of DEGs found in each reactome pathway. Pathways with particularly interesting functions regarding the NRG1 type Il path-

way and FRABIN are highlighted in red.

parallel, we evaluated their potential interaction by
co-immunoprecipitation. HEK293 cells previously transfected
with FRABIN-His-V5 were subjected to immunoprecipitation
using an anti-V5 antibody. Western blot analysis revealed that
SNX3 was co-immunoprecipitated in the lysate fraction
(Fig. 5B and Supplementary Fig. 6A).

We then examined the levels of SNX3 in control and knock-
out conditions, by western blot, in vitro and in vivo. We observed
a significant increase in the levels of expression of SNX3 in
Fgd45~~ co-cultures as well as in the sciatic nerves of Fgd4™/~
animals in comparison to controls (Fig. 5C-F and
Supplementary Fig. 6D and E). To determine whether the
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Figure 4 Altered endocytic trafficking contribute to the abnormal myelination observed in Fgd45°”~ conditions. (A and B) Expression of two endosomal
markers (i.e. RAB5: early endosome and RAB11: recycling endosome) in Fgd45¢”~ co-cultures: RAB11 is significantly upregulated in in Fgd45°"~ co-
cultures as compared to control (A). Quantification of RAB5 and RAB11 expression levels in western blot observed in B. Data are expressed as mean
+ SEM (n=3 co-cultures) and normalized to the control values. Statistical analysis: unpaired Student’s t-test. (B) Illustration of RAB5 and RAB11 expres-
sion patterns observed by western blot in control and Fgd45¢~ co-cultures. (C and D) pHrodo-Transferrin (pHrodo-TF) trafficking is altered in primary
SCs infected with a Lv expressing a shRNA control or directed against Fgd4. After Lv infection (48 h), SCs were incubated with pHrodo-TF during 15, 30 or
45 min and immediately fixed in PFA 4%. pHrodo-TF is weakly fluorescent at a neutral pH, but brightly fluorescent in acidic compartments such as en-
dosomes. (C) pHrodo-TF fluorescence was quantified in infected cells (n =60-80 cells for each condition, from three independent cultures) and data are
represented as individual values for each time point. Statistical analysis: unpaired Student’s t-test for each time point. (D) Examples of pHrodo-TF la-
belling after 0, 15, 30 or 45 min in control (shRNA-control) and knocked-down (shRNA-Fgd4) conditions. (E) The blocking of endosomal recycling using
Endosidin-2 (1 uM) reduces significantly the proportion of abnormal myelin in Fgd4°¢”~ co-cultures compared to non-treated conditions. Data are ex-
pressed as mean percentage + SEM (n=3 co-cultures). Statistical analysis: unpaired Student’s t-test. *P <0.05, *P <0.01, ***P <0.001.

upregulation of SNX3 was contributing to CMT4H pathology, we co-cultures +Lv-SH SNX3-1, or 17.8%+1.6 in Fgd4°¢”~ co-

downregulated the expression of SNX3 using RNA interference
in Fgd45¢~~ co-cultures. Fgd45~~ co-cultures were infected with
Lv expressing either a control shRNA or two different shRNAs
targeting Snx3. The efficiency of SNX3 KD was evaluated 1
week post-infection by western blot (Supplementary Fig. 3A
and B and Supplementary Fig. 6M). By quantifying the number
of MBP+ segments harbouring myelination abnormalities, we
noticed a significant reduction in their percentage following
Snx3 KD in Fgd45¢”~ co-cultures with a KD of Snx3: 36.5%+ 1.9
in Fgd45~ co-cultures + Lv-SH control, 22.7% + 1.3 in Fgd45¢~/~

cultures + Lv-SH SNX3-2 (Fig. 5G). We conclude that SNX3 is a
partner of FRABIN in SCs and that an increase in SNX3 levels
is likely to contribute to the focal hypermyelination events in
CMT4H (Supplementary Fig. 4).

It is known that the amount of axonal NRG1-type III, and its down-
stream signalling via the activation of the ERBB2/3 receptors,
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Figure 5 SNX3, a new partner of FRABIN, contribute to abnormal myelination in vitro. (A) FRABIN (red) colocalizes with the endosomal marker SNX3
(green) in the immortalized S16 rat SC line. Colocalization areas are visualized in yellow in the merge picture. Scale bar of the whole picture = 20 pm,
scale bar of the enlarged picture = 10 pm. (B) Co-immunoprecipitation (IP) of SNX3 and FRABIN in HEK293 cells overexpressing V5-tagged FRABIN.SNX3
was detected using an anti-SNX3 antibody after immunoprecipitation of V5-FRABIN using an anti-V5 antibody. Note that both FRABIN and SNX3 are
found only in the IP lysate, and not in the flow-through fraction. (C and D) SNX3 levels are increased in Fgd45¢“~co-cultures. SNX3 levels of expression
were evaluated by western blot in both control and Fgd45¢”~ co-cultures. (C) Quantification of proteins levels of SNX3 observed by western blot in co-
cultures. Data are expressed as mean + SEM (n=3 co-cultures) and normalized to the control values. Statistical analysis: unpaired Student’s t-test. (D)
Western blot illustration of SNX3 expression profile, normalized to tubulin. (E and F) SNX3 levels are increased in sciatic nerves from knockout CMT4H
animals (Fgd4™"). SNX3 levels of expression were evaluated by western blot in sciatic nerves from 1-year-old Fgd4”~ and control mice. (E) Quantification
of protein levels of SNX3 observed by western blot in 1-year-old Fgd4™~ and control’s sciatic nerves. Data are expressed as mean + SEM (n=3 controls
and n=>5 Fgd4™"). Statistical analysis: unpaired Student’s t-test. (F) Western blot illustration of SNX3 expression profile, normalized to GAPDH. (G)
Knockdown of Snx3 reduces significantly the number of myelin abnormalities in Fgd4°“~ co-cultures. Fgd4°“”~ co-cultures were infected at Day 1 after
plating with Lv expressing either SH control, or SH-SNX3 (1 and 2). Myelination was then induced by ascorbic acid (50 pM) treatment over 12 days. Data
are expressed as mean + SEM (n =3 co-cultures). Statistical analysis: one-way ANOVA, with Sidak post hoc test (multiple comparison to SH control). *P <
0.05, *P < 0.01, **P <0.001.

determines the thickness of myelin sheath.’®'* Also, nerves from
patients affected with CMT4H, due to loss of function mutations
in FRABIN, display abnormalities characteristic of aberrant hyper-
myelination, such as outfoldings.>’~° Here we showed that this ab-
normal myelination observed in the absence of FRABIN is due to
abnormal regulation of the NRG1 type III/ERBB2/3 pathway (Fig. 2
and Supplementary Fig. 4). We therefore aimed at lowering myelin-
ation by reducing the NRG1 type III/ERBB2/3 signalling using nicoti-
nic acid (niacin). Indeed, niacin has been shown to promote the
activation of the a-secretase TACE, which leads to a shorter cleaved
form of NRG1-type III unable to link its ERBB2/3 receptors.*’
Therefore, cleavage of NRG1 type IIIl by TACE negatively regulates

PNS myelination. We first tested niacin treatment in vitro by adding
5 mM of niacin, concomitantly to ascorbic acid, every 2 days over 10
days, in Fgd45“”~ co-cultures. We observed that niacin treatment
reduces by ~60% the number of myelin defects (Fgd4°c"": 71.4% +
4.4 versus Fgd4°c”~ +niacin: 28.4% +4.6; Fig. 6A and B). We then
checked, by western blot, whether the benefit of niacin treatment
was due to a downregulation of NRG1 type III/ErbB2/3 signalling.
After niacin treatment, we observed a significant reduction of the
levels of expression of P-ErbB2 and ErbB2 (Fig. 6C and D and
Supplementary Fig. 6I and J).

We then evaluated the myelination status of the sciatic nerves
of niacin-treated Fgd4°¢”~ mice compared with saline-injected
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Figure 6 Downregulating NRG1-type III/ERBB2/3 signalling using niacin reduces myelination defects both in vitro and in vivo. (A and B) Niacin treat-
ment reduces significantly myelin abnormalities in Fgd45®"~ co-cultures. Fgd45“~ co-cultures were treated every 2 days with niacin (5mM) concomi-
tantly to ascorbic acid addition (50 pM) over 12 days. (A) Quantification of the myelin abnormalities. Data are expressed as mean+SEM (n=3
co-cultures) and normalized to the control values. Statistical analysis: unpaired Student’s t-test. (B) Examples of MBP immunostaining in Fgd45®"~ co-
cultures treated (right) or non-treated (left) with niacin. Examples of myelin abnormalities are indicated by asterisks (*outfolding, **tomacula). (C and D)
Niacin treatment leads to a downregulation of the NRG1-type III/ERBB2/3 signalling pathway. P-ERBB2 and ERBB2 expression levels were assessed by
western blot in non-treated and niacin-treated Fgd45“”~ co-cultures. (C) Quantification of P-ERBB2 and ERBB2 protein levels. Data are expressed as
mean + SEM (n=3 co-cultures). Statistical analysis: unpaired Student’s t-test. (D) Western blot pictures illustrating the expression of the markers de-
scribed in C. (E and F) Niacin treatment reduces the proportion of abnormal myelin fibres in vivo. One-month-old Fgd45°~~ mice were daily injected with
saline solution or niacin (60 mg/kg) over 8 weeks. Myelin abnormalities were quantified in the distal part of the sciatic nerves of the mice. (E)
Quantification of the myelin abnormalities in sciatic nerves of treated and non-treated Fgd4°“”~ mice. Data are expressed as mean + SEM (n =4 saline-
treated animals and 5 niacin-treated animals). Statistical analysis: unpaired Student’s t-test. *P < 0.05, **P < 0.01, **P < 0.001 (F) Electron microscopy pic-

tures illustrating myelination of sciatic nerves of saline-treated (left) and niacin-treated Fgd45~ (right) mouse. Asterisks indicate outfoldings. Scale
bar =5 pm.

Fgd45c”~ mice. As we observed a significant proportion of myelin non-treated animals (Fgd4°”~ + niacin: 5% + 0.7 versus non-treated
defects as soon as 3 months of age in Fgd4°°”~ mice, mice were trea- Fgd4°¢~~: 7.4% + 0.5; Fig. 6E and F).

ted via IP injections for 8 weeks starting from 4 weeks of age (before
the onset of myelin defects). Importantly, we noticed a significant
reduction of the number of defective myelin fibres in treated versus

These observations demonstrate that the overactivation of the
NRG1 type III/ERBB2/3 pathway underlies the myelination anomal-
ies linked to CMT4H pathogenesis. Consequently, reducing NRG1
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type III/ERBB2/3 NRG1 activation via niacin represents an interest-
ing treatment perspective for CMT4H.

Discussion

CMT4H is an autosomal recessive demyelinating subtype of CMT dis-
ease, which we first described in 2005,” and for which we, and others,
described FGD4 as the culprit gene in 2007.%” One distinctive feature of
CMT4H is the presence in the nerves of patients of recurrent loops of
myelin, called outfoldings.>’~>*"*? These rare myelination abnormal-
ities have also been reported in other autosomal recessive demyelin-
ating subtypes of CMT, i.e. CMT4B1 (OMIM #601382), CMT4B2 (OMIM
#604563) and CMT4F (OMIM #614895), linked to mutations, respective-
ly, in MTMR2 (OMIM #603557), SBF2/MTMR13 (OMIM #607697) and PRX
(OMIM #605725), suggesting common pathophysiological mechan-
isms originating from an initial SC defect.*"**** Here, we sought to in-
vestigate these mechanisms by using both in vitro and in vivo models
of CMT4H disease. Indeed, we generated a conditional knockout
mouse model, with specific ablation of Fgd4/FRABIN in SCs, that we
call Fgd4°“”~ and from which we derived our in vitro myelin model
based on DRG/SC co-cultures. We showed that the loss of Fgd4/
FRABIN in SCs was sufficient to reproduce, both in vitro and in vivo,
the characteristic myelin defects (i.e. outfoldings) observed in the
nerves of CMT4H patients. In vivo, we detected the presence of those
myelin abnormalities in the sciatic nerves of Fgd45“”~ animals, as
early as 3 months of age, and showed that their proportion progres-
sively increase over time. Our results agree with previous data ob-
served in another CMT4H mouse model, using a different promoter
(Dhh) to drive Cre recombinase expression in SCs.?! In our Fgd4°¢"~
model, we also provided, for the first time, evidence of secondary
axonal degeneration reflected by late muscle denervation of the
gastrocnemius of 12-month-old mutant mice, a phenomenon previ-
ously described in various de-/dysmyelinating CMT.*** Gait tests re-
vealed that Fgd45“"~ mice display late motor impairment (i.e. at 18
months), resulting in the decrease of the pressure exerted by fore-
paws. These defects may reflect foot misplacement and deformation,
as well as distal muscle weakness and amyotrophy observed in
CMT4H patients.® Overall, we showed that our Fgd4°“”~ mouse model
mimics most of the pathogenic features of CMT4H and is a reliable
tool to study the molecular mechanisms underlying CMT4H-related
aberrant myelination.

In this model and the derived in vitro myelin model, we showed
that the observed myelination defects were connected to a dysre-
gulation of the axo-glial NRG1 type-III/ERBB2/3 pathway and its
downstream effectors, P-AKT and mTOR. Notably, we noticed a
strong upregulation of P-ERBB2, P-AKT and mTOR in the Fgd45¢~
co-cultures and of ERBB2, and mTOR in the sciatic nerves of the
full knockout Fgd4™~ mice. In the PNS, it is known that the amount
of axonal NRG1 type III, and its downstream signalling via the acti-
vation of the ERBB2/3 receptors and downstream effectors AKT and
mTOR,** determines the thickness of the myelin sheath.®!
Previous work from Bolino et al.’® in models of aberrant focal hyper-
myelination suggested that the upregulation of this signalling
pathway is likely to contribute to the hypermyelination process, in-
cluding the generation of aberrant loops of myelin. Also, several
studies reported that myelin outfoldings might arise from the over-
activation of PI3K, AKT and mTOR kinases.'>***” Indeed, constitu-
tive activation of AKT or mTORC1 in SCs results in increased
thickness and aberrant myelin'**#*° and the use of the mTORC1 in-
hibitor, rapamycin, ameliorates myelin outfoldings observed in a
DRG/SC co-culture model of CMT4B1.>°
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Intriguingly, here, the upregulation of the NRG1 type III/ERBB2/
3/AKT/mTOR pathway and aberrant focal hypermyelination in
Fgd45~~ co-cultures is not correlated to the upregulation of myelin
proteins. Indeed, neither the genes encoding structural myelin pro-
teins, from compact (Mpz, Pmp22, Mbp, Pmp2) and non-compact
(Gjb1, Mag, Prx) myelin, nor the transcription factors regulating
their expression (Egr2, Sox10) were found upregulated in Fgd45¢/~
co-cultures. Our results are in accordance with other recent stud-
ies,”*? describing, in different mouse models, an increase in mye-
lin thickness, due to an activation of the NRG1 type III/ERBB2/3
pathway, independently of a change in the expression in the
most common myelin genes or the master Egr2 transcription factor.
Although NRG1 type III/ERBB2/3 interaction promotes myelination
by stimulating three canonical signalling pathways (PI3K/AKT/
mTOR, MAPK/ERK and CaN/NFATc4),**>* which are thought to con-
verge on the activation of EGR2/KROX20, our results provide further
evidence that the activation of the NRG1type III/ERBB2/3 pathway
and its downstream effectors (here PI3K/AKT/mTOR) can lead to
enhanced production of myelin independently of the master mye-
lin gene transcription factor Egr2.

Other downstream NRG1 type II[/ERBB-dependent mechanisms
might cause the increase in myelin thickness in CMT4H, such as the
spatiotemporal regulation of small GTPases regulating actin dy-
namics (e.g. RAC1 or CDC42) to increase membrane spreading and
motility around the axons or else the regulation of cholesterol bio-
synthesis.>* Interestingly, our RNA-Seq data show increased tran-
script levels of the transcription factor Maf in Fgd45¢~ conditions.
Kim et al.*>® showed that Maf is activated following NRG1/ERBB2 sig-
nalling and has a crucial role in PNS myelination through the regu-
lation of cholesterol biosynthesis,*® a major constituent of myelin
membranes. We were not able to confirm this upregulation, at
the protein level, in sciatic nerves from 1-year-old Fgd4™~ mice,
which may due to the late myelination stage at which we tested
its expression. Indeed, Maf expression is strongly induced during
the early phase of SC myelination and its ablation leads to hypo-
myelination. Our results suggest that Frabin has a role in the trans-
duction of signals regulating cholesterol biosynthesis in SCs and
might help to understand how NRG1 type III/ERBB2/3 coordinates
myelin protein production and cholesterol synthesis in these cells.

Moreover, our transcriptomic data did not reveal any changes of
expression in the NRG1 type III/ERBB2/3 signalling pathway in
Fgd45“”~ co-cultures, suggesting a regulation of those proteins at
the protein level. In our case, we noticed a significant increase in
the protein levels of ERBB2 and P-ERBB2 but not of NRG1 type III,
showing that the loss of Fgd4/FRABIN in SCs may upregulate specif-
ically ERBB2 levels rather than NRG1 type Ill itself. Indeed, emerging
evidence indicates that ERBB receptor signalling is regulated by en-
docytic trafficking that controls its degradation or recycling to-
wards the plasma membrane.'>*>’ Interestingly, previous work
by Horn and colleagues®’ has shown that the downregulation of
Fgd4/FRABIN in a rat SC line impairs the endocytosis of the trans-
ferrin receptor (Tfrc). Here, by performing transferrin uptake as-
says, we demonstrate that the downregulation of Fgd4/FRABIN in
primary SC do not affect the basal level of Tfrc’s endocytosis but ra-
ther promotes its recycling back to the membrane. In Fgd45“~ co-
cultures, we also observed the upregulation of the small GTPase
RAB11, which regulates the trafficking of cargoes to the endocytic
recycling compartment for direct recycling to the plasma
membrane.*®

In our RNA-Seq data, we also noticed an increase in the levels of
the Rab11fip2 transcript in Fgd4°¢~ co-cultures. Rab11fip2 encodes
an effector of Rabll, member of the Rabll-family interacting
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proteins,®>®® which link endocytic vesicles with cytoskeletal mo-

tors for transport of cargoes along actin and microtubules and regu-
late the balance of transport on these two filament types.*®
Although we were not able to confirm this deregulation at the pro-
tein level due to a lack of specificity of the antibodies used to detect
Rab11FIP2, this result further supports the fact that altered endoso-
malrecycling is a key mechanism underlying CMT4H physiopathol-
ogy. Indeed, in Fgd4°“"~ co-cultures, we showed, for the first time,
that slowing down endosomal recycling using ES2 decreases sig-
nificantly the proportion of abnormal myelinated segments.

Our data support the fact that FRABIN, through binding to PIs,
regulates the endocytic trafficking of cargo proteins, such as ERBB
receptors. Consequently, the enhancement of NRG1 type III/
ERBB2/3 signalling observed in our models could be due to acceler-
ated recycling of the ERBB2 receptor towards the SC plasma mem-
brane, rather than to increased ERBB2 production. The
upregulation of Erbin, observed in our RNA-Seq data in Fgd4“"~ co-
cultures and confirmed in sciatic nerves from 1-year-old Fgd4™~
mice, further strengthens this hypothesis of altered ERBB2 traffick-
ing and recycling in CMT4H. Indeed, ERBIN, through interaction
with ERBB2, is implicated in the stabilization and internalization
of the ERBB2 protein.®* Importantly, deletion of Erbin enhances
ERBB2 internalization and degradation and leads to hypomyelina-
tion of mouse peripheral nerves. Conversely, the upregulation of
Erbin observed here in Fgd4°‘”~ co-cultures and Fgd4™”~ sciatic
nerves, is likely to reduce ERBB2 degradation and increase its levels
at the membrane, hence causing hypermyelination.

Finally, by Y2H experiments, we identified for the first time the
Sorting Nexin 3 (SNX3) protein, as a partner of FRABIN in the PNS.
SNX3belongs to the Sorting Nexins (SNXs) family of PI-binding pro-
teins®® and is associated with early endosomes through its PX do-
main. Most interestingly, we observed that SNX3 is strongly
upregulated in conditions of loss of Fgd4/FRABIN and conversely,
that downregulation of Snx3 using sShRNA, in Fgd45“”~ co-cultures,
reduces the aberrant myelination, typical of the disease.
Accumulating evidence suggests that SNX proteins, in addition to
binding to membranes play a critical role in cargo selection.®?
Interestingly, modulation of SNX3 expression has been reported
to alter the delivery of Tfrc to recycling endosomes.?**° Moreover,
SNX3 has been recently identified as a novel regulator, independent
of the retromer complex, mediating tubular endosomal recycling of
clathrin-independent endocytosis,*® the mechanism by which
ERBB2 and ERBB3%* are internalized,®® and which is likely to impli-
cate actin remodelling and RhoGTPases.®®

The fate and sorting of cargoes packaged in vesicles of the endo-
lysosomal system rely greatly on the heterogeneity of vesicles’
membranes, variously enriched in different PIs that help to shape
compartmental identity.”® Importantly, FGD4/FRABIN, in addition
to one F-actin binding domain and the RhoGEF domain, has two
PH domains with binding specificity to PI(34,5)P3, PI(4,5)P2 and
PI(3,4)P2 and one FYVE domain with binding specificity to PI(3)
P.5¢7 This specific protein structure, together with the demon-
strated interaction with SNX3, strongly suggests that FRABIN could
play a major role in orchestrating ERBB2 trafficking and hence the
activated signalling cascades downstream from NRG1 type III/
ERBB2/3 interaction. Although additional experiments are required
to identify all actors and steps involved in the pathomechanisms
underlying CMT4H, the results of our RNA-Seq experiments point
out integrin signalling as an important downstream deregulated
pathway. Interestingly, in CMT4C, SH3TC2 associates with the lam-
inin receptor, integrin-a6 and aberrant Rab11-dependent endocytic
trafficking of this integrin is thought to be involved in the
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demyelination seen in patients’nerves.®® Like RAB11FIP2, SH3TGC2
is a Rab11 effector.®® It also interacts with ERBB2/3 after its activa-
tion at the plasma membrane’® and plays a role in ERBB2/3 receptor
internalization and/or intracellular trafficking. Therefore, it is
tempting to speculate that SH3TC2 could be implicated in the de-
fective ERBB receptor trafficking observed here in CMT4H and
might act synergistically or antagonistically with FRABIN to regu-
late the activation of NRG1 type III/ERBB2/3 downstream effectors
by targeting them to particular endocytosis compartments.

Overall, our results point to defective endosomal recycling as
one main cause of the aberrant myelination associated with the
loss of Fgd4/FRABIN. Among other genes responsible for autosomal
recessive demyelinating CMT, beyond SH3TC2 (CMT4C, OMIM
#601596), MTMR2 (CMT4B1, OMIM #601382) has also been reported
to regulate endocytic trafficking. All three genes (FGD4, SH3TC2,
MTMR2) encode proteins which are connected to defects in
endocytic signalling.*®”°72 This suggests that defective endocytic
trafficking and NRG1 type III/ERBB2/3 pathway is a key common
pathogenic mechanism for these forms of CMT and a potential
common treatment for those CMTs.

Interestingly, previous work in models of CMT4B1 showed that
treatment with niacin efficiently restored proper myelination.
Nicotinic acid/niacin is a compound known to enhance TACE activ-
ity’® and hence negatively regulates NRG1 type-III/ERBB2/3 signal-
ling.”® Indeed, BACE-1 and TACE are known to cleave NRG1 type III
at distinct cleavage sites, thereby regulating myelination either
positively for BACE-17* or negatively for TACE.”> Because we showed
that the dysregulation of the NRG1 type-III/ERBB2/3 signalling path-
way is a major contributor to aberrant myelination in CMT4H, we
used niacin to assess its capacity to rescue myelin outfoldings in
our models. Remarkably, the use of niacin improved myelination
of both Fgd4°¢”~ co-cultures and animals’ sciatic nerves.

Overall, our study provides new key insights into the patho-
physiological mechanisms underlying CMT4H. We demonstrate
that FRABIN plays a major role in PNS myelination by regulating
the levels of NRG1 type II[/ERBB2/3 signalling through accelerated
recycling of the ERBB2 receptor towards the SC plasma membrane.
By identifying SNX3 as a new interactor of FRABIN or new potential
effectors of the deregulated pathways, such as ERBIN and MAF, we
provide cues to understand how FRABIN contributes to proper
ERBB2 trafficking or even myelin membrane addition through chol-
esterol synthesis.

Our results open new avenues for a better understanding and treat-
ment of CMT4H as well as for other hypermyelinating neuropathies.
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