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Abstract

Charcot—Marie-Tooth (CMT) disease comprises a heterogeneous group of inherited
peripheral neuropathies for which effective therapies are still lacking. Limited understanding
of the molecular and developmental mechanisms underlying the most common CMT
subtypes represents a major obstacle to therapeutic progress. This thesis addresses this gap by
investigating two complementary aspects of CMT pathogenesis and treatment: the
developmental origins of CMT1A neuropathy and a targeted therapeutic strategy for CMT1B.

In the first part of the work, we explored the early structural and molecular alterations
occurring in a rat model of CMT1A. Through an integrated longitudinal approach combining
high-resolution lipidomics and quantitative morphometric analyses, we characterized the
maturation of peripheral myelin and myelinated fibers from early postnatal stages to
adulthood. We demonstrate that CMT1A nerves exhibit a profound developmental delay,
evident as early as postnatal day 20, affecting both myelin lipid composition and axonal
growth. CMT1A myelin fails to become enriched in long-chain sphingolipids and retains
features typical of unspecialized plasma membranes. These molecular abnormalities are
paralleled by defective axonal enlargement, reduced fiber diameters, and persistent
hypermyelination of small-caliber axons. Together, these findings indicate that CMT1A is
primarily a disorder of impaired neurodevelopment and dysmyelination rather than
progressive demyelination and identify a critical temporal window for potential therapeutic
intervention.

In the second part, we focused on a CMT1B form caused by the dominant-negative
heterozygous D61N mutation in the MPZ gene. Exploiting a knock-in mouse model faithfully
recapitulating the human disease, we tested an allele-specific RNA interference strategy
aimed at selectively silencing the mutant MPZ allele while preserving the wild-type.
Candidate siRNA sequences were identified in vitro and are now being tested in dorsal root
ganglia myelinating cultures using lentiviral vectors. Ongoing studies aim to validate
functional rescue ex vivo and in vivo.

Overall, this work provides novel mechanistic insight into CMT pathogenesis and
establishes a translational framework for mutation-specific therapy. By revealing the
developmental nature of CMT1A and advancing allele-specific silencing for CMT1B, this
thesis contributes to both fundamental knowledge and therapeutic direction in the field of
inherited peripheral neuropathies.
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Introduction

Charcot-Marie-Tooth (CMT) disease is a heterogeneous group of inherited peripheral
neuropathies affecting about 1 in 5000 people worldwide and 1 in 3000 in Europe [1,2]. It is
classically categorized into three broad subgroups: dys/demyelinating CMT1, characterized
by subnormal nerve conduction velocity (NCV) (<35 m/s); axonal CMT2 characterized by
normal NCV (45 m/s); and intermediate CMTs characterized by intermediate NCV (35-45
m/s) [3,4]. CMT1 subgroups are further distinguished based on the genetic cause. CMT1A 1is
caused by the duplication of the gene PMP22 (peripheral myelin protein 22), while CMT1B
is caused by mutations of the gene MPZ (myelin protein zero) [5].

Despite its significant socio-economic burden, effective therapeutic options for CMT are
currently lacking, and its management remains solely supportive and symptomatic. This is
mainly due to the fact that our understanding of the molecular mechanisms underlying the
majority of CMT subtypes is still incomplete. This work aims at addressing this gap from two
complementary perspectives:

(1) We investigated the alterations in early development of myelinated fibers in a rat
model of CMT1A and revealed a critical time window in which CMT1A fibers
experience a developmental impairment at a structural and molecular level,
shedding light on the etiology of this disease.

(i1))  We explored the effectiveness of a gene therapy approach based on allele-specific
gene silencing for a CMT1B subtype caused by a heterozygous dominant-negative
mutation of the MPZ gene.

CMTI1A

CMTIA is the most common inherited myelin disorder of the peripheral nervous system
(PNS), caused by the duplication of a large DNA segment of 1.5 Mb containing the PMP22
gene. Although the genetic defect has been known for a long time, the pathogenic
mechanisms underlying the neurological phenotype are still underexplored [6—8].

Growing evidence supports the dysmyelinating rather than demyelinating nature of
CMT1A, albeit developmental myelin and axonal deficiencies as critical features in the
pathogenesis of the disease have not been deeply investigated yet [9,10]. CMT1A patients
display a remarkable and uniform NCV slowing that does not significantly change throughout
their lives. The mean NCV is around 20 m/s and is similar in nerves of both upper and lower
limbs and among different patients [8,9,11-13]; moreover, CMT1A patients almost never
show temporal dispersion and conduction blocks [12]. This highly preserved
electrophysiological picture is rather inconsistent with a typical demyelinating phenotype,
which instead occurs in acute and chronic inflammatory demyelinating polyneuropathies
[9,11]. Interestingly, the uniform reduction of NCV in CMTI1A is detectable starting from the
first years of life and is stable for decades with signs of dysmyelination already present in
children [12—15]. In this regard, CMT1A electrophysiology also challenges the theory of
repetitive de/remyelination, which sometimes has been reported to cause onion bulb
formations, in favor of an altered differentiation of Schwann cells (SCs), which likely remain
in excess during development [9,12,16,17].

Nerve conduction properties are tightly dependent on geometric parameters of myelinated
fibers (MFs); in fact, altered CMT1A neurophysiology reflects pathological nerve
abnormalities, including reduced myelin thickness of large fibers, increased myelin thickness
of small fibers, and shortened internodes [12,18]. Myelination and specific axon—glial
interaction tightly regulate the increase in axonal diameter during development [19-21]. For
this reason, it is not surprising that CMT1A peripheral nerves display an altered distribution



of axon populations, with a reduction in larger axons and an increase in smaller ones [19,22—
24].

Until now, axonal defects were considered secondary to myelin abnormalities [25].
However, NCV studies and neuropathological evidence support a defect of PNS development
in CMT1A likely involving both axon and myelin maturation.

In addition to electrophysiological and neuropathological abnormalities, molecular
alterations are also present in CMT1A; among them, an upregulation of markers of immature
SCs and a downregulation of lipid metabolism genes have been found in CMT1A rats
[22,25]. Consistently, it was recently demonstrated by our lab that the lipid composition of
peripheral myelin is also altered in CMT1A [26]. Of note, an impaired myelin lipidome
affects nerve fiber architecture and electrophysiological properties. In fact, interfering with
lipid biosynthetic pathways improves both neurophysiology and the altered geometric
parameters of MFs in CMT1A [25,26].

CMTI1B

MPZ encodes the most abundant structural protein of peripheral myelin, and it is
necessary for proper myelin formation and compaction [27,28]. MPZ mutations account for
about 5% of all CMT cases [29,30], and more than 200 pathogenic mutations of this gene
have been described. These mutations can be classified into three major subgroups according
to the associated clinical manifestation and age of onset [31]:

(i) Hypo/dysmyelinating, including severe and infantile-onset (<6 years old)
neuropathies such as Dejerine-Sottas disease (DSS) and congenital hypomyelinating
neuropathy type 2 (CHN2), childhood-onset “classical” CMT1B, and late-onset (>40 years
old) milder forms of CMT1B.

(i) Axonal, including late-onset CMT2I/J neuropathies, in which the structure of myelin
is relatively intact, but axonal defects are observed.

(ii1) Intermediate, including CMTDID neuropathies.

Recently, our group showed that the D61N mutation in the MPZ gene, which is associated
with a particularly severe and early-onset demyelinating neuropathy with interspersed hyper-
myelinated fibers in sural nerve biopsy, creates a new glycosylation motif (N-X-S/T), which
is absent in the wild-type (WT) protein, resulting in MPZ hyper-glycosylation [32].
Importantly, the same mutation has also been described in a Japanese patient who also
presented a severe early-onset demyelinating neuropathy, thus confirming the pathogenicity
of this variant [33].

For this reason, a knock-in mouse model carrying the heterozygous MPZ-D61N
variant was established using CRISPR-Cas9 (MpzP'¥"T mice) [34]. Previous work from our
lab showed that MpzP*M"T mice develop early motor impairment characterized by tremors,
which worsen with age. The histological analysis confirmed a dysmyelinating phenotype
characterized by diffuse hypomyelination and focal myelin abnormalities reminiscent of the
human phenotype [32]. It was also demonstrated that the mutant MPZ protein is
hyperglycosylated and trafficked to the myelin membrane, where it impairs proper myelin
compaction. Collectively, our data indicate that the MpzP*'¥"T mouse represents an authentic
model of severe CMT1B, affirming gain-of-glycosylation in MPZ as a novel pathogenic

mechanism of CMT1B disease.

As for CMT1A, management of CMT1B is mostly supportive and symptomatic [35].
Preclinical gene therapy approaches have been tested for CMT1A and for some other CMT
forms, such as CMT1X, CMT2A, CMT2D, CMT2S, CMT4C, and CMT4J [36]. Gene
therapy for CMT1B presents challenges due to the various pathogenic mechanisms associated



with different mutations, which include both gain-of-function and loss-of-function effects.
The level of MPZ expression is also critical; while hyperexpression is detrimental to
peripheral myelin, haploinsufficiency leads to a mild neuropathic phenotype [37,38].
Although promising results have been observed with compounds targeting endoplasmic
reticulum (ER) stress in the case of ER-retained MPZ variants, it is unlikely that those drugs
might effectively cure neuropathies due to MPZ variants that reach the myelin sheath but
disrupt the structural integrity of peripheral myelin.

Aims of the Project

Aim I: Overall, data from the literature show that neurophysiological, neuropathological,
and molecular alterations are present in CMT1A, but when they arise and become relevant
has not been investigated yet. To shed light on pathophysiological mechanisms that occur
during development and to investigate the relationship among axonal, myelin, and lipidome
deficiencies in CMT1A, we extensively analyzed the evolution of both myelin lipid profile
and MF structure in WT and CMT1A rats. We found that CMT1A peripheral nerves display
an immature phenotype, characterized by a highly consistent maturation delay in both myelin
lipidome and axon-related morphometric parameters.

Aim II: In parallel, we decided to exploit the MpzP5"V"T mouse model to test a silencing

siRNA approach to reduce the mutant D61N protein expression without affecting WT MPZ
levels. This strategy could provide the proof-of-principle for a therapeutic method that
transforms a severe MPZ-related gain-of-function demyelinating neuropathy into a milder
haploinsufficiency phenotype.



Materials and Methods

Animal Models

The CMTI1A rat has been developed in the K.-A. Nave laboratory by overexpressing the
WT murine Pmp22 gene [39]. Heterozygous CMT1A animals and WT littermates of both
sexes at postnatal day (P) 5, P10, P15, P20, P30, P60, P75, P180, and P365 were used for all
the experiments.

The CMT1B mouse was generated in collaboration with the San Raffaele Institute in
Milan, as described elsewhere [34].

PNS Myelin Isolation

Sciatic nerves from PS5, P10, P20, P30, P60, and P180 rats were used to prepare myelin-
enriched fractions as previously described [40,41]. We analyzed WT (n=7) and CMTI1A (n
= 7) samples for each time point. To obtain a sufficient amount of purified myelin at P5, eight
sciatic nerves from four different rats of the same sex and genotype were pulled together for
each sample; for P10 and P20 myelin samples we used four nerves from two rats of the same
sex and genotype; for P30 myelin samples we used two nerves from one rat; for P60 and
P180 myelin samples, one nerve was used. Both male and female animals were included at
each time point.

Lipid Extraction

Samples were added with 1 mL of IPA (previously added with 1 mL/mL of SPLASH®
Lipidomics® Mass Spec Standard), incubated for 15 min on a shaker at room temperature,
and then sonicated in ice-cold water for 10 min. After that, the suspension was centrifuged at
20,000 g for 20 min at 4°C. The supernatant was then transferred into a new tube. The pellet
was re-extracted with 100 mL of methanol: MTBE (1:1, v/v), incubated for 15 min on a
shaker, and centrifuged at 20,000 g for 20 min at 4 °C. The supernatant was then pooled with
the one collected in the previous extraction and dried under a nitrogen stream. Concentrated
samples were resuspended with 50 pL. of methanol: chloroform (9:1, v/v) for untargeted
liquid chromatography with tandem mass spectrometry (LC-MS/MS) analyses. Samples were
randomized and split into four different batches. Each batch included a consistent number of
quality control (QC) samples (extracted from commercial mouse plasma), that were used to
re-align and normalize data derived from different batches.

Untargeted LC-MS/MS Analyses

The lipidomic analyses were carried out on an ACQUITY UPLC system coupled to a
Synapt G2 QToF high-resolution mass spectrometer (Waters, Milford, MA, USA), acquiring
both in positive (ESI+) and negative (ESI—) ion modes.

Lipids were separated on a reversed-phase CSH C18 column (2.1x50 mm, 1.7 pm), whose
temperature was kept at 50 °C and eluted at a flow rate of 0.450 mL/min using the eluents: A
= 10 mM ammonium formate in acetonitrile/water (60:40 v/v), B =10 mM ammonium
formate in isopropyl alcohol/acetonitrile (90:10 v/v). The gradient was the following: 0.0-1.0
min 10% B, 1.0-4.0 min 10 to 60% B, 4.0-8.0 min 60 to 75% B, 8.0-9.5 75 to 100% B and
kept for 1.5 min. Then the column was reconditioned at 10% B for 2 min. The total run time
was 13 minutes and the injection volume was set to 3 uLL and 5 pL for acquisition in ESI+
and ESI—, respectively.

The scan range was set from 50-1200 m/z. Cone voltage was set at 35 V. Source

temperature was set to 90 °C, desolvation temperature was set to 400 °C, and desolvation gas
and cone gas (N2) flows were set to 600 and 30 L/h, respectively. The scan time was set to 0.3



s, low collision energy was set to 4 eV. Leucine enkephalin (2 ng/mL) was infused as lock
mass for real-time spectra recalibration. MassLynx software version 4.1 (Waters) was used
for data acquisition.

Features were extracted from raw data using TargetLynx software version 4.1 (Waters).
Features with a signal-to-noise ratio below 10 were removed. Features with more than 50%
of missing values and features with RSD (relative standard deviation) > 25% in the QC
samples were removed. For the principal component analysis and heatmap visualization, data
were log transformed and Pareto scaled.

Quantitative Neuropathology on Sciatic Nerves During Development

Morphological and morphometric studies were carried out on sciatic nerves from P5, P10,
P15, P20, P30, P75, P180, and P365 WT (n = 3 for each time point) and CMT1A (n = 3 for
each time point) rats fixed in 2.5% glutaraldehyde in cacodylate buffer and embedded in
Epon. Semithin sections (0.8 um) were cut, stained with toluidine blue, and photographed at a
1000x magnification with an Olympus PROVIS AX60 microscope connected to a JVC
digital camera. Morphometric evaluation was performed using a custom macro based on the
Image Pro-Plus Software version 7.0 (Immagini e Computer, Rho, Milan, Italy), which was
able to extract nine different morphometric parameters from digitized images. For each MF,
the fiber perimeter and axon perimeters were traced, automatically obtaining the respective
areas; fiber and axon diameters were derived from a circle of the corresponding area. The G-
Ratio (axon diameter/fiber diameter) was calculated and plotted as a function of axon
diameter; fiber density and roundness (defined as m x diameter/perimeter) were also
measured. Fibers associated with “hyperintense” cells (cells appearing dark blue following
toluidine blue staining) were manually excluded, since they were not correctly segmented by
our macro. Average values were obtained for all parameters for the two genotypes at each
time point. Fiber Roundness was defined as m % diameter/perimeter. This parameter can be
used as a parameter of tissue integrity since it is sensitive to physiological strains acting on
myelinated fibers during development; for the same reason, it is a useful criterion to exclude
from the analyses fibers displaying artifacts due to tissue processing.

At PS5, at least 1000 MFs were evaluated for each rat; at later time points, at least 3000
MFs were evaluated for each rat, for a total of about 130,000 MFs.

For transmission electron microscopy analysis, 70 nm ultra-thin sections were cut and
stained with 1% uranyl acetate and lead citrate solution. Images were collected with a Jeol
JEM 1011 (Jeol, Japan) electron microscope, operating with a maximum acceleration voltage
of 100 kV, and recorded with a 2 Mp charge-coupled device camera (Gatan Orius SC100).

Plasmids and siRNAs

The plasmids carrying MPZ-D61N and MPZ-D61N, and the shRNA lentiviral vectors
were synthesized by VectorBuilder. The 19 siRNA sequences were synthesized by Eurofins
Genomics. The lentiviral packaging plasmids (pMDLg/pRRE, pRSV-Rev, and pMD2.G)
were a gift from Didier Trono (Addgene plasmids #12251, #12253, and #12259) [42]

In vitro siRNA Screening

HeLa cells were grown in DMEM (Gibco, #11965092) supplemented with 10% FBS
(Gibco, #A5256701) and 2 mM L-Glutamine (Gibco, #A2916801) in a humidified incubator
at 37°C and 5% CO2.

For the quantification of fluorescence intensity, transfections were performed using
Lipofectamine 3000 (ThermoFisher, Cat#L.3000001) following the manufacturer’s protocol.
Specifically, cells were plated on a 96-well cell culture plate (BioFil, #TCP011024) to ensure



about 80% confluency at the time of transfection; 0.2 ug of MPZ-WT plasmid, 0.2 pg of
MPZ-D61N plasmid, and 0.3 pL of Lipofectamine were added to each well, together with
different amounts of siRNAs. Cells were imaged 48h after transfection using the Incucyte
SXS5 live-cell analysis system with a 20x objective. The mean red and green fluorescence
intensity was measured using Fiji software [43] and averaged for at least two separate wells.
Three independent replicate experiments were performed.

For Western Blot quantification, cells were lysed 48 hours after transfection in 40 uL of
RIPA buffer (NaCl 150 mM, Triton X-100 1%, sodium deoxycholate 0.5%, SDS 0.1%, Tris-
HCI 50 mM in deionized water, pH adjusted to 7.4) supplemented with NaF to a final
concentration of 5 mM, NaVOs to a final concentration of 1 mM, Phenylmethylsulfonyl
fluoride to a final concentration of 1 mM, and phosphatase and protease inhibitor cocktail
(Merck P8340, used 1:100). Cell lysates were diluted in Laemmli buffer (Tris 62 mM, SDS
8%, glycerol 10%, bromophenol blue 0.1%, 2-mercapto-ethanol 5%) and loaded into 4-15%
Mini-PROTEAN® TGX Stain-Free™ Protein Gels (BioRad, #4568084). Gel was activated
using a BioRad Chemidoc MP Imager and then transferred onto a PVDF membrane (BioRad,
1620177). After blotting, the membrane was imaged using the Chemidoc Imager to quantify
total protein content for each lane and blocked with 5% BSA in TBST for 1h at room
temperature. Then, the membrane was incubated with the ant-MPZ primary antibody (Abcam
#ab31851, used 1:5000 in TBST) overnight at 4°C. After washing with TBST, the membrane
was incubated with the HRP-conjugated secondary antibody (Santa-Cruz, #sc-2357, used
1:5000) for 90 minutes at room temperature, and then washed again with TBST. Finally, the
membrane was imaged using BioRad Chemidoc MP Imager after incubation for 5 minutes
with Clarity™ Western ECL Substrate (BioRad, #1705060). Densitometric quantification
was performed using the BioRad Image Lab software (v. 6.1.0).

DRG Cultures Preparation

Dorsal root ganglia (DRG) cultures were prepared as described elsewhere [26,44].
Specifically, WT females were mated with MpzP5"M"Tmales (or vice versa) and inspected
daily for the presence of a vaginal plug. Pregnant dams were euthanized at gestational day 14
(considering day 0 as the day the vaginal plug was found). After collecting the embryos, the
DRGs were dissected and incubated in a solution containing 0.25% Trypsin for 1 hour in the
incubator. DRGs were then centrifuged to remove trypsin, washed two times with L-15
medium (Gibco, #11415064) supplemented with FBS 10% (Gibco, #A5256701), and
resuspended in C-Medium [MEM (Gibco, #11095080) supplemented with FBS 10% and
NGF (Gibco, #13257-019) 10 ng/mL]. Then, they were triturated by pipetting, and DRG cells
were plated in 24-well plates at a density of 36000 cells/well. Twenty-four hours after
plating, the culture medium was changed in Neurobasal (Gibco, #21103049) supplemented
with B-27 (Gibco, #17504044), and lentiviral vectors were added to the culture medium to
transduce DRG cells. Five days after seeding, the culture medium was changed again to C-
Medium supplemented with ascorbic acid 50 ng/mL (Gibco, # 011188.22) to induce
myelination. After 2 additional weeks, cultures were lysed in RIPA buffer for Western blot or
fixed in paraformaldehyde 4% in PBS for immunohistochemistry.

Lentiviral Vectors Preparation

To prepare lentiviral vectors, HEK293T cells (ATCC #CRL-3216) were grown in DMEM
(Gibco, #11965092) supplemented with FBS 10% (Gibco, #A5256701), and L-Glutamine 2
mM (#Gibco, #2916801); The day before transfection, cells were plated in 10 cm Petri dishes
(4x10° cells/dish); The day of transfection, the culture medium was replaced with DMEM
supplemented with L-Glutamine 2 mM (without FBS), and 4 h later cells were transfected
using Calcium Phosphate Precipitation. First, a solution was prepared containing 26 pg/ml of



transfer vector, 26 pg/ml of pMDLg/pRRE plasmid, 6 pg/ml of pRSV-Rev plasmid, 6 png/ml
of pMD2.G plasmid, and 250 mM CaCl2 in deionized water; then, this solution was added
dropwise to an equal volume of HBS buffer (NaCl 270 mM, KCI 20 mM, NaHPO4 1 mM,
HEPES 42 mM, Glucose 0.2%), while bubbling air into the HBS buffer using an automatic
pipette controller. After incubation at room temperature for 25 minutes, 1 mL of the final
DNA/Calcium Phosphate solution was added dropwise to each 10 cm dish.

Statistical Analysis and Data Visualization

To choose the appropriate statistical test, Shapiro—Wilk and Kolmogorov—Smirnov tests
were used to test for normality, and an F test was used to test for equality of variance. For the
comparison of morphometric parameters, one-way ANOVA was performed, followed by
Sidak’s multiple comparison test; For the comparison of G-Ratios, a Kruskal-Wallis test was
performed, followed by Dunn’s multiple comparison test. The threshold for statistical
significance was set at p< 0.05. For each experiment, the statistical test used is reported in the
figure legends. Lipid enrichment analysis was performed using the LION web tool
(LION/web|Lipid Ontology enrichment analysis) [45,46].

GraphPad Prism software version 9 (GraphPad Software Inc., San Diego, CA, USA) was
used to perform all the statistical comparisons and to generate most of the graphs. The R
packages factoextra (v. 1.0.7) (CRAN—Package factoextra (r-project.org) and ggplot2 (v.
3.4.4) (CRAN—Package ggplot2 (r-project.org) were used to generate the principal
component analysis (PCA) plots of lipidomic data and the axon diameter frequency density
plots. The heatmap of lipidomic data was generated using MetaboAnalyst
(https://www.metaboanalyst.ca/MetaboAnalyst/, version 6.0). Network visualization of lipid
metabolism was generated using Cytoscape (v. 3.10.1) (https://cytoscape.org/).

All figures were prepared using Adobe Illustrator 2023 (Adobe, San Jose, CA, USA).

Results 1

Maturation of Myelin Lipid Composition is Delayed in CMT1A

Our lab recently demonstrated that the lipid composition and structure of peripheral
myelin are altered in adult CMT1A rats [26]. Whether this alteration is due to impaired
myelin maturation or a maladaptive response to chronic nerve damage during disease
progression remains to be proven. To address this issue, we first monitored the lipid profile of
WT and CMT1A myelin during development from P5 to P180 using high-resolution liquid
chromatography with tandem mass spectrometry (LC-MS/MS).

The PCA score plots of lipidomic data show that, in both WT and transgenic rats, myelin
lipid composition changes over time, indicating a continuous maturation process (Figure 1a
and Supplementary Figure 1a). CMT1A and WT myelin are mostly similar in the first ten
days after birth. However, from P20 onwards, CMT1A myelin significantly diverges from the
WT (Figure 1b, ¢). Consistently, when P5-P180 CMT1A lipid profiles are individually
plotted together with the WT, starting from P20, they were shifted towards earlier
developmental stages (Supplementary Figure 1b). Interestingly, we found that P20 CMT1A
myelin is characterized by a marked decrease in almost every sphingomyelin (SM) and
hexosylceramide (HexCer) species compared to WT (Supplementary Figure 1c¢), together
with an increase in acylcarnitines (CAR) and some glycerophospholipid (GPL) species
(Supplementary Figure 1c¢). Several SM species show a decrease in CMT1A myelin already
at P5 and P10 (Supplementary Figure 2a, b), indicating that myelin abnormalities, even if
subtler, are already present at an early postnatal age. To gain knowledge about this
developmental impairment, we defined lipid groups based on the trajectory pattern of their



levels (Figure 1d, e). We identified two groups displaying a significant difference between
WT and CMT1A myelin: group A, consisting of HexCers and long-chain SMs, whose
concentration markedly increases in WT but not in CMT1A myelin; and group B, including a
subgroup of phosphatidylcholines (PC) and phosphatidylethanolamines (PE), whose
concentration decreases during development but remains significantly higher in CMT1A
(Figure 1d). We also identified two additional groups displaying a similar developmental
trajectory in the two genotypes: group C, consisting of long-chain poly-unsaturated
triglycerides (TG), whose concentration increases during development; and group D,
including other subgroups of PC and PE, whose concentration decreases during development
(Figure 1d).

To further investigate the biological significance of these results, we performed a lipid
ontology search on the four groups. Interestingly, group A was significantly enriched in
saturated and mono-unsaturated very long-chain fatty acids (C22-24), whilst group B was
enriched in short-chain fatty acids (Figure 1e). Finally, group C and group D were enriched
in triacylglycerols and unsaturated short- and medium-chain fatty acids (C18 and C20),
respectively (Supplementary Figure 3).

Overall, lipidomic profiling revealed a delayed maturation of CMT1A myelin already
detectable at P10, which becomes substantial at P20. In particular, CMT1A myelin is
deprived of lipid species that are deemed important to guarantee optimal structural and
electrophysiological properties, while displaying higher levels of lipids typical of
unspecialized plasma membranes [47,49,50].

Maturation of Myelinated Fibers Structure is Delayed in CMTI1A

We then paralleled lipidomic data with an extensive quantitative neuropathology study
from P5 to P365, to pinpoint at which developmental stage the morphological alterations
arise. We analyzed nine different geometric parameters of over 130.000 fibers, using an ad
hoc semi-automated image analysis algorithm based on the Image Pro-Plus Software (v. 7.0;
Immagini e Computer, Rho, Milan, Italy), previously developed in our lab (see Materials and
Methods for details).

We found that, from P15-P20 onwards, CMT1A nerves display reduced axon and fiber
diameter (Figure 2a, b). Moreover, the myelinated area is lower in CMT1A compared to WT
(Figure 2b), while fiber density and roundness are not affected by any relevant change
(Supplementary Figure 4a, b). We also identified and quantified a subset of myelinating
SCs that we called “hyperintense cells” due to their dark-blue appearance in toluidine blue-
stained sections. The number of these cells is high at early developmental stages (P5), and
decreases over time, albeit to a lesser extent in CMT1A than in WT nerves (Supplementary
Figure 4c¢, d). Electron microscopy micrographs showed that “hyperintense cells” are
characterized by an extensive endoplasmic reticulum network (Supplementary Figure 4e), a
typical feature of cells characterized by high protein and lipid biosynthesis [51,52].

Given that axonal diameter and myelin thickness increase during physiological
development and deeply influence nerve conduction velocity, we further examined these
parameters in WT and mutant animals. First, to characterize axonal growth, we analyzed the
axon diameter frequency distribution at each time point. The results show that, in WT
animals, the frequency distribution steadily shifts towards larger caliber axons until P180, and
then stabilizes (Figure 3a). Instead, in CMT1A animals, the frequency distribution remains
stable until P20, and then displays just a small shift between P30 and P365 (Figure 3a).
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Figure 1. Impaired maturation of peripheral myelin lipid composition in CMT1A rats. (a) PCA plot of
lipidomic data from WT (left) and CMT1A (right) purified peripheral myelin isolated from the sciatic nerve of
PS5, P10, P20, P30, P60, and P180 rats. n = at least 6 samples for each group. (b) Same data as in a, but WT and
CMT1A samples at the same time point are plotted together in the same PCA plot (¢). Same data as in a, but
CMT1A P20 samples are plotted together with WT samples, to highlight the maturation delay experienced by
CMT1A myelin at this time point. (d) Heatmap of lipidomic data. The four black rectangles highlight groups of
lipids with a similar developmental trajectory. (e) On the left, average value of lipids in group A (top) and group
B (bottom); on the right, results of enrichment analysis performed using LION software version 2023.04.14 on
lipids in group A (top) and group B (bottom). The dotted line marks the p value significance threshold (0.05).
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Figure 3. CMT1A myelinated fibers display impaired axon growth and aberrant myelination. (a) Frequency
distribution of axon diameters in WT (left) and CMT1A (right) sciatic nerves at different developmental stages.
(b) Same data as in a, but the frequency distributions of WT and CMT1A axons at the same time point are
plotted together. The dotted line marks the 4 um threshold. The fraction of fibers with an axon diameter larger
than 4 pm is reported in each graph. (¢) Boxplots of the G-Ratio for each fiber class in WT and CMT1A rats at
different developmental stages. For P5 animals, 3000 myelinated fibers from three different animals per
genotype were evaluated; for later time points, 9000 myelinated fibers from three different animals per genotype
were evaluated. The dot inside each box represents the mean. *: p < 0.05, **: p <0.01, ***: p <0.001. p values
were calculated using the Kruskal-Wallis test followed by Sidak’s multiple comparisons test between the two
genotypes for each axon diameter class.
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Overall, these data indicate that axonal growth in CMT1A animals is severely impaired
and delayed compared to the WT; as a result, juvenile and adult CMT1A nerves show a
progressive accumulation of small-caliber fibers and a concomitant deprivation of large-
caliber ones (Figure 3b). As an example, at P180 and P365, the percentage of fibers with an
axon diameter larger than 4 um (which we assumed as a threshold to divide small- from
medium/large-caliber axons) was above 80% in WT nerves, while it was below 60% in
CMT1A nerves (Figure 3b).

Then, in order to monitor myelin development and characterize the growth of the myelin
sheath, we analyzed the average G-Ratio of WT and CMT 1A fibers, following their grouping
based on axonal diameter. This grouping is crucial for the correct description and
interpretation of the results; in fact, since G-Ratio strongly depends on axon caliber
(Supplementary Figure 5a), only G-Ratios measured from axons of the same size and at the
same developmental stage can be meaningfully compared. We found signs of hypo-
(increased G-Ratio) and hyper-myelination (decreased G-Ratio) in CMT1A fibers already at
P10 (Figure 3c and Supplementary Figure 5b). In particular, the largest fibers are
significantly reduced and hypo-myelinated in CMT1A compared to the WT at each time
point, while the smallest fibers are increased and hyper-myelinated (Figure 3c¢). Interestingly,
small/medium-caliber fibers (2-5 um of axon diameter), which are the largest fibers at early
time points and the smallest at later stages, are hypo-myelinated in young CMT1A nerves,
but become hyper-myelinated at later stages (Supplementary Figure 5c¢). This result
suggests that myelination in CMT1A nerves progresses at a different pace than in the WT
nerves and that it possibly also occurs in a shifted time window. Overall, this evidence
indicates that axonal growth is delayed and defective in CMT1A; consequently, CMT1A
nerves display an accumulation of small-caliber fibers, which are also hyper-myelinated.

Results 11

Identification of siRNA Sequences That Can Selectively Silence the Mutant MPZ Allele
in vitro

To assess allele-specific gene silencing as a therapeutic strategy in our MpzP*'V"T mouse
model, we first wanted to identify a siRNA sequence that could selectively target the mutant
MPZ-D61N allele over the WT. To do this, we screened all possible 21 base pair-long siRNA
sequences targeting the region of the MPZ mRNA containing the mutant nucleotide (Figure
4a), using a double fluorescence reporter assay. Specifically, we transfected HeLa cells with
two plasmids, one carrying the mutant MPZ protein conjugated with EGFP and one carrying
the WT MPZ conjugated with mCherry, together with one of the siRNAs. Two days after
transfection, we evaluated fluorescence intensity as a readout for silencing efficiency. The
results showed that several siRNA sequences showed effective and specific silencing (Figure
4b, Supplementary Figure 6). For the seven most promising siRNA sequences, silencing
was also confirmed using Western blot (Figure 4c). We selected for the following
experimental step the three sequences showing the most effective silencing of MPZ-D61N
protein (>80% reduction of the protein level) and the lowest effect on the MPZ-WT protein
(<20% reduction of the protein level).
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Figure 4. In vitro siRNA screening. (a) Schematic representation of the 19 siRNA sequences tested in this
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Testing siRNA Sequences ex vivo

To test these sequences in a more physiological setting, we decided to deliver them to
dorsal root ganglia (DRG) myelinating cultures using lentiviral sShRNA-expressing vectors. It
has already been demonstrated that DRG cultures prepared from MPZP*N"T embryos show
myelin abnormalities reminiscent of the so-called focal hypermyelination observed in vivo
[34, also see Supplementary Figure 7]. For this reason, we hypothesized that transducing
mutant DRG cultures with lentiviral sShRNA-expressing vectors carrying the siRNA
sequences selected in the previous step would result in the reduction of myelin abnormalities.

First, we confirmed, using DRG cultures prepared from WT embryos, that we were able to

infect myelinating Schwann cells with good efficiency (>70%) (Figure 5).

ZD6]N/WT

We are now in the process of preparing DRG cultures from MP. embryos. We will

then infect these cultures with three different lentiviral shRNA-expressing vectors, each
carrying one of the siRNA sequences. Then, we will validate the silencing efficiency and
specificity of each sequence via Western blot, and finally we will determine which sequence
will result in the most effective rescue of the dysmyelinating phenotype. To do this, we will
evaluate several morphological parameters of DRG cultures, including internode length and
diameter, and the density of myelin abnormalities.

Figure 5. Schwann cells transduction efficiency in DRG cultures. (a) Immunofluorescent staining of WT DRG
culture transduced with a lentiviral vector for GFP expression (green) after three weeks in vitro. Cultures were
immunostained for MBP (red) and counterstained with DAPI (blue). Scale bar: 20 pm. (b) Zoomed images of
the region highlighted by the yellow rectangle in a. Scale bar: 10 um. The yellow arrows indicate a GFP-
expressing myelinating Schwann cell.
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Discussion

This thesis addresses the two main research goals of our laboratory: elucidating the
molecular mechanisms underlying CMT1 neuropathies, a prerequisite for the development of
effective therapies, and exploring novel therapeutic strategies for these disorders.

Although both CMT1A and CMTI1B arise from genetic defects affecting structural
proteins of peripheral myelin and ultimately lead to altered myelination in the PNS, they are
characterized by markedly distinct clinical and pathological phenotypes. This divergence
likely reflects profound differences in the underlying molecular mechanisms and suggests
that these conditions require tailored therapeutic approaches rather than a uniform treatment
strategy.

Several studies support the potential efficacy of gene therapy for CMT1A [53-55].
However, when considering the inherent risks associated with gene therapy and the relatively
preserved quality of life of most CMT1A patients, despite chronic neuropathic symptoms
such as muscle weakness, the feasibility of such an approach warrants careful evaluation. In
contrast, for severe forms of CMT1B, including those caused by the MPZ-D61N mutation,
the risk—benefit balance appears more favorable, as the severity of the disease may justify
more aggressive therapeutic interventions.

In the first part of this work, we monitored the maturation of peripheral myelin lipid
composition in WT and CMT1A rats, and we highlighted an early developmental impairment
of CMT1A myelin. Moreover, we analyzed the evolution of morphological parameters in
MFs and found that CMT1A axons and myelin sheaths display defective growth, starting
soon after birth.

Myelination is a complex and finely regulated process that begins during the early stages
of development in mammals and gives rise to long-lasting membrane structures [56—58]. In
particular, the maturation of human PNS begins during early intrauterine life: NCV steadily
increases between 24 and 40 weeks of gestation, reaching values of 20-25 m/s at birth [59],
and approaching adult values (50-60 m/s) at 2—4 years of age, concomitantly with the
anatomical maturation of peripheral nerves and the increased motor skills of the child
[60,61]. In line with that, the structural maturation of peripheral nerves consists of a doubling
in axonal diameter between 5 months and 4 years, an increase of myelin thickness in the first
4-5 years, and an elongation of internodes until the second decade of life by more than a
factor of 4 [60—62].

CMT1A patients display a remarkable, uniform, and persistent NCV slowing (20 m/s) by
the age of 2 years [8,9,11-13]; moreover, CMT1A sensory and motor nerves show structural
abnormalities, including reduced myelin thickness, shortening of internodal length, loss of
large-diameter fibers, and onion bulb appearances [13,63]. Interestingly, CMT1A children
under 1 year old have normal or almost normal NCV and structural organization of peripheral
nerves comparable to healthy subjects of the same age [63,64]. Therefore, NCV studies and
neuropathological evidence support the hypothesis of defective PNS development in
CMTI1A, likely involving both axon and myelin maturation.

To date, chemical features of myelin during PNS development have been poorly
investigated compared with the central nervous system (CNS), and available studies mainly
focus on adult animals or aging processes analyzed by transcriptomic or proteomic analyses
[65-70].

We analyzed the whole lipidome of peripheral myelin in WT and CMT 1A rats during PNS
development. This allowed us to characterize for the first time the evolution of lipid
composition of WT peripheral myelin and to shed light on crucial aspects of CMT1A
etiopathology.
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We selected key time points to cover the temporal window of PNS development. Indeed,
at birth, the fibers of peripheral nerves are almost devoid of myelin, and neurophysiological
studies demonstrated that the NCV of the sciatic nerve in rats rapidly increases during the
first three postnatal weeks, becoming 16 times faster than at birth and stabilizing later at P40—
60 [71-73].

The results obtained from the lipidomic profiling show that PNS myelin in WT rats
changes during development, shifting from a composition typical of unspecialized biological
membranes to that of a specialized multilamellar myelin membrane. In particular, we
observed an enrichment in very long-chain sphingolipids, as already demonstrated at the peak
of myelination in the CNS of normal postnatal rats [66,74,75].

Transcriptomics data showed that CMT1A SCs fail to mount an adequate lipid
biosynthetic program during development [25]. Our data corroborate this finding and are
consistent with our previous results [26], highlighting that this impairment does not just rely
on lipid shortage but rather on the delayed maturation of peripheral myelin composition in
CMTI1A. Although some alterations in CMT1A myelin are already present at P5, the
difference between WT and CMT1A myelin lipid profiles becomes relevant between P10 and
P20, concomitant with the myelination peak. This is not surprising, as defects in lipid
metabolic pathways are exacerbated by the massive increase in lipid biosynthesis required at
this stage [48].

It is also worth highlighting that, while WT myelin at P20 is quite different in lipid
composition compared to earlier time points (i.e., P5 and P10), CMT1A myelin at P20 is still
very similar to early postnatal myelin (Figure 1a). This suggests that CMT1A myelin
maturation is impaired, and the time frame in which myelin maturation occurs might be
shifted in CMT1A rats. From the molecular standpoint, CMT1A myelin displays an
imbalance between long- and short/medium-chain lipids. Given that the high proportion of
saturated long-chain lipid species likely confers to myelin its specific biophysical properties
[47], including ion permeability, fluidity, and localization and maintenance of ion channel
clusters [76—78], we speculate that this could be a critical aspect underlying the altered
functionality of CMT1A myelin.

Taking into account the difference in developmental stages between rats and humans, the
time interval P10—P20 in rats corresponds approximately to an age of 1-2 years in humans
[79,80]. Notably, CMT1A children under 1 year old have a neurological picture comparable
to healthy subjects of equal age; structural and neurophysiological abnormalities appear by
the age of 2 years in these young patients, corresponding to the temporal window P10—P20 in
rats, when the delay in myelin maturation becomes appreciable. From a translational
perspective, the consistency of our findings in rats with the progression of CMT1A in
humans is quite remarkable.

Moreover, it is well known that the structural parameters of the fibers physiologically
evolve during development, in order to allow an efficient propagation of electrical impulses
along the nerves [73,81]. In particular, axonal diameter is directly correlated with conduction
velocity and, by axon-glia interaction, guides the radial and longitudinal growth of myelin,
impacting myelin thickness and internodal length [82—84]. In fact, as theoretically expected,
among the different morphometric parameters analyzed, the most prominent defect we
observed in CMT1A nerves was delayed and impaired axonal growth. Indeed, as we showed
here, the lack of development of the largest MFs and the persistence of small fibers in adult
nerves, lead to a homogeneous cluster of immature fibers, which are likely responsible for the
electrophysiological properties of CMT1A peripheral nerves (i.e., low conduction velocity)
[73].

Furthermore, axonal defects have also been described in other murine models of peripheral
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neuropathies; for example, in mouse models of CMT1A, HNPP, and CMTA4F, the depletion
of large-caliber axons and the shortening of internodal length are hallmarks that become
evident with age and are present in both peripheral nerves and spinal cord roots [19,71].
Given that these different neuropathies share some neuropathological features, one could also
hypothesize a common aberrant mechanism involving pathological axon-glia interactions and
causing an immature-like state of the fiber, bringing attention to the axon as a possible
primary target for therapeutic approaches.

In CMT1A nerves, small-caliber fibers also appear hypermyelinated and are responsible
for the decreased average G-Ratio [14,15]. Whether hypermyelination originates from an
increased number of stacked myelin lamellae or altered compaction during myelination is still
unknown. Certainly, this hypermyelination appears at a very early stage of development and
persists throughout adult life.

To further support the immature phenotype of CMT1A nerves, we detected a prolonged
presence of metabolically active SCs (hyperintense cells), that progressively decrease in
number during development and almost completely disappear after the first month of life,
suggesting an important role during development.

Our data also highlight a further evolution up to P180, indicating that PN'S maturation is
not complete after the myelination peak [39,85]. In this temporal window of six months, the
rat completes skeletal muscle maturation and massively increases in body size and weight;
realistically, the continuous evolution of PNS myelin lipid composition and structure that we
observed parallels the physiological rat growth, as already described for the CNS [81,86].
This time interval is equivalent to adolescence/early adulthood in humans [80]. This
observation is noteworthy because it offers a solid rationale for considering this extended
temporal window for therapeutic intervention in CMT1A and other PNS myelin diseases.

The second part of this work is based on the hypothesis that gene therapy based on allele-
specific silencing is an effective strategy to treat CMT1B patients with dominant-negative or
gain-of-function MPZ mutations. We identified several sequences that strongly suppressed
the mutant MPZ-D61N protein, with a minor effect on the WT. If the rescue experiment of
MpzPS'™VWT DRG cultures will show a clear rescue of the dysmyelinating phenotype, we will
also perform an in vivo rescue experiment on MpzP'¥"Tmice, by injecting them
intrathecally with an AAV shRNA expression vector. We will then evaluate these mice for
several outcome measures. The most important outcome we hope to obtain is the
improvement of the motor performance of MpzP%/V"Tmice, since motor deficit is the most
debilitating symptom in most CMT1B patients. However, we will also include secondary
outcome measures, including histological parameters (such as myelinated area, myelin
thickness, and G-Ratio) and molecular features (among which Runx2, Apod, Pmp22, and Mbp
gene expression levels). It is also possible that improvements in these measures may not
correspond to a significant improvement in motor performance. In this scenario, we would
still consider the project a partial success, as it would support the validity of our approach for

less severe forms of CMT1B.

Overall, we established a rigorous framework for optimization of allele-specific silencing
strategies. However, it is still possible that the siRNA sequences selected in vitro will not be
able to effectively silence the mutant MPZ-D61N allele ex vivo and in vivo. For example, the
siRNA sequences may fail to bind the target mRNA region due to a particular secondary
structure acquired by the Mpz mRNA or to the steric hindrance of mRNA-binding proteins
that may bind a region in the proximity of the mutated nucleotide. Differences in the
silencing performance of the siRNA sequences between the in vitro and ex vivo/in vivo
models may be also due to the fact that, in the double fluorescence reporter assay, the
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expression vectors for the mutant and the WT Mpz genes carried their cDNA sequence,
leading to the production of an mRNA that did not undergo splicing. This may potentially
result in an mRNA with different chemical and structural features compared to the one
synthesized physiologically by SCs.

Hopefully, our results will provide the proof of principle that allele-specific RNA
interference has potential therapeutic efficacy for CMT subtypes caused by gain-of-function
and dominant-negative mutations.

Conclusions

In conclusion, this Ph.D. work provides novel mechanistic insights into the pathogenesis
and therapeutic targeting of CMT1 neuropathies by addressing two major unmet needs in the
field: understanding disease onset during development and tailoring mutation-specific
therapeutic strategies. By integrating longitudinal lipidomic, morphometric, and
ultrastructural analyses, we demonstrated that CMT1A is fundamentally a
neurodevelopmental disorder characterized by a delayed and incomplete maturation of both
axons and myelin. The identification of a critical developmental window in which myelin
lipid composition and axonal growth fail to mature establishes a new conceptual framework
for CMTI1A etiopathology and provides a strong rationale for early therapeutic intervention.

In parallel, this work advances the field of CMT1B by exploiting a clinically relevant
knock-in model to develop a rigorous proof-of-principle strategy for allele-specific gene
silencing. Together, these complementary approaches move beyond descriptive pathology to
define disease-driving mechanisms and actionable therapeutic paradigms, thereby
contributing both fundamental knowledge and translational direction to the broader field of
inherited peripheral neuropathies.
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Supplementary Figures
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Supplementary Figure.1 Lipidomic data. (a) PCA plot of lipidomic data from WT and CMT1A purified
peripheral myelin extracted from the sciatic nerve of P5, P10, P20, P30, P60, and P180 rats. n = at least 6
samples for each group. (b) PCA plots showing CMT1A samples from each time point together with WT
samples, to highlight the maturation delay experienced by CMT1A myelin. (¢) Simplified network visualization
of lipid metabolism showing alterations in myelin lipid profile of P20 CMT1A rats, as compared to WT. Each
dot represents a lipid species, dot size expresses the significance according to p value, while the color intensity
defines the degree of up (red) and downregulation (blue) according to the fold change (as CMT1A vs WT). The
lipids showing a statistically significant difference are annotated. n =7 WT and 7 CMT1A samples; for each
sample, sciatic nerves from 5 different animals were pulled together to obtain enough material for the analysis. p
values were calculated using a two-tailed unpaired Student’s t-test.
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Supplementary Figure 2. Lipidomic data at P5S and P10. (a-b) Simplified network visualization of lipid
metabolism showing alterations in myelin lipid profile of PS5 (a) and P10 (b) CMT1A rats, as compared to WT.
Each dot represents a lipid species, dot size expresses the significance according to p value, while the color
intensity defines the degree of up (red) and downregulation (blue) according to the fold change (as CMT1A vs
WT). The lipids showing a statistically significant difference are annotated. n =7 WT and 7 CMT1A samples;
for each sample, sciatic nerves from 5 different animals were pulled together to obtain enough material for the
analysis. p values were calculated using a two-tailed unpaired Student’s t-test.
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Supplementary Figure 3. Lipidomic data and lipid enrichment analysis. (a) On the left, average value of lipids
in group C (top) and D (bottom); on the right, results of enrichment analysis performed using LION software on
lipids in group C (top) and D (bottom). The dotted line marks the p value significance threshold (0.05).
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Supplementary Figure 4. Morphometric parameters and hyperintense cells. (a) Micrographs of cross-sections
of WT and CMT1A sciatic nerves at all time points analyzed in this study, stained with toluidine blue. (b)
Morphometric parameters measured from WT and CMT 1A sciatic nerve sections. (¢) Micrographs of cross-
sections of P5S WT and CMT1A sciatic nerves stained with toluidine blue; yellow arrows indicate hyperintense
cells. (d) Hyperintense cell density in WT and CMT1A sciatic nerves at different time points. n = 3 rats for each
genotype and each time point. At P5, at least 800 myelinated fibers were evaluated for each rat; at later time
points, at least 3000 fibers were evaluated for each rat. (e) Transmission electron microscopy micrographs of
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representative hyperintense cells. Scale bar: 0.5 um. Values are presented as mean + SEM. * p <0.05, ** p <
0.01, *** p <0.001. p values were calculated using Kruskal-Wallis test followed by Sidak's multiple
comparisons test between the two genotypes for each time point.
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Supplementary Figure 5. Analysis of G-Ratio evolution during development (a) Developmental trajectories of
G-Ratio in WT (left) and CMTI1A (right) rat sciatic nerves from early postnatal days to adulthood, measured for
each axonal class. Fibers were classified based on axon diameter. (b) Scatterplots showing the G-Ratio plotted

against the axon diameter of WT and CMT1A sciatic nerve fibers at different time points. (¢) Same data as in a,
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but WT and CMT 1A data of the same axonal class are plotted together. Values are presented as mean + SEM;
for some values, error bars are not visible because they are covered by the symbol. *** p < 0.001. n = 3000
myelinated fibers from 3 different animals per genotype were evaluated at PS5, 9000 myelinated fibers from 3
different animals per genotype were evaluated at later time points. p values were calculated as in Figure 3c.
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Supplementary Figure 6. Screening results for one of the siRNA sequences tested (siRNAY), showed as an
example. (a) Fluorescence intensity quantification and (b) representative fluorescence images for one of the
siRNA sequences showing high silencing efficacy and specificity.
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Supplementary Figure 7. Myelination defects of Mpz%¥"TDRG cultures. Representative immunofluorescent
stainings of WT and Mpz""¥"" DRG cultures after three weeks in vitro. Cultures were immunostained for MBP
(red). Images on the right are zoomed images of the regions highlighted by the yellow rectangles on the left.
Yellow arrows indicate myelin abnormalities (that we called “focal hypermyelination sites”) observed in mutant
cultures. Scale bar: 20 um.



