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ABSTRACT 

Charcot-Marie-Tooth disease type 1A 

(CMT1A) is the most prevalent demyelinating 

peripheral neuropathy worldwide. CMT1A is 

caused by a duplication of the peripheral myelin 

protein 22 (PMP22) gene, resulting in Schwann 

cell dysfunction. High levels of misfolded PMP22 

aggregates have been demonstrated to overload 

Schwann cell proteasomes, impairing protein 

clearance in CMT1A. Hence, we aimed to assess 

the role of PMP22 misfolding at the lysosomal 

level. Our results provide strong evidence for a 

compensatory lysosomal upregulation upon 

proteasomal impairment in CMT1A. Lysosomal 

and autophagic proteins were increased in C3 

mouse nerves throughout their lifespan, in pure 

primary C3 mouse Schwann cell populations, 

and in a human patient-in-a-dish model for 

CMT1A. Furthermore, we report substantial 

increases in lysosomal cathepsins D (CTD) and 

B (CTB) in the nerve tissue of C3 mice at the ages 

of two, four, and eight weeks and at one year of 

age. We confirmed these results in a pure 

primary Schwann cell population and in a 

human-patient-in-a-dish model using CMT1A 

patient-derived induced Pluripotent Stem Cells 

(iPSC) differentiated into Schwann cell 

precursors (iPSC-SCP). 

Our results demonstrate that lysosomal 

enzymes play a crucial role in CMT1A 

development and progression. Hence, we 

propose selective CTD and CTB inhibitors as 

promising therapies for CMT1A patients. 

INTRODUCTION 

Charcot-Marie-Tooth disease (CMT), or 

hereditary motor and sensory neuropathy (HMSN), 

is the most common inherited peripheral 

neuropathy, with an overall prevalence of one in 

2,500 (1-3). CMT affects both sensory and motor 

nerves, causing muscle weakness and atrophy, loss 

of stretch reflexes, decreased sensitivity to touch, 

and foot deformities such as pes cavus, foot drop, 

and hammertoes. These symptoms typically begin 

in the first two decades of life and slowly progress 

in proximal and ascending directions (1, 2). To 

date, CMT is treated symptomatically using 

medical support devices, rehabilitation therapy, 

corrective surgery for skeletal deformities, and pain 

medication, highlighting the urgent need to 

thoroughly understand the pathology in order to 

develop disease-modifying treatments (1, 3). 

CMT comprises a heterogeneous group of 

disorders, categorized into two main types based on 

the dominant clinical phenotype. The primary 

demyelinating CMT type 1 (CMT1) is the most 

prevalent disease form and is characterized by 

nerve conduction velocities (NCVs) below 38 m/s, 

whereas patients with the primary axonal CMT 

type 2 (CMT2) display near-normal or mildly 

reduced NCVs between 38 and 45 m/s (1, 2). In 

addition, intermediate CMT types are discerned, 

including the rare CMT3 and CMT4 forms, which 

cause more severe clinical manifestations with both 

myelin and axonal abnormalities, and CMTX, 

which is distinguished based on its X-linked 

inheritance pattern (2, 4). Moreover, all disease 
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types are further subdivided according to over 45 

known causative genes (2). 

CMT1A is the most prevalent of all CMT 

cases and is caused by a 1.5 Mb tandem duplication 

of the short arm of chromosome 17 (2, 5, 6). This 

region contains the peripheral myelin protein 22 
(PMP22) gene, which has been described to be 

responsible for the CMT1A phenotype (5, 7). 

PMP22 is predominantly expressed by Schwann 

cells, the myelinating cells of the peripheral 

nervous system (2). Although the exact functions of 

PMP22 in Schwann cells remain largely unknown 

(7, 8), this aggregation-prone 22 kDa membrane 

glycoprotein is believed to play a crucial role in 

myelin stability (5, 9, 10). 

Under physiological conditions, only 20% of 

the newly synthesized PMP22 fully matures and 

traffics to the cellular membrane. Meanwhile, 80% 

of PMP22 misfolds and is, therefore, rapidly 

degraded to maintain proteostasis (6, 7, 11). The 

ubiquitin-proteasome system (UPS) is the first line 

of defense against misfolded PMP22, in which the 

protein is targeted by polyubiquitin chains for 

degradation by the multiunit proteasome complex 

(8, 10). Since the UPS capacity is limited (8), it is 

not surprising that high PMP22 levels overload and 

impair the proteolytic system, hence reducing 

protein turnover (7, 8, 10, 12). However, upon UPS 

overload, activation of the lysosomal-autophagic 

pathway can compensate for the protein burden that 

arises (8). 

Lysosomes are acidic organelles with a 

phospholipid bilayer membrane ensuring the 

confinement of hydrolytic enzymes, which degrade 

endo- and exogenous cargo, including proteins, 

lipids, and pathogens (13, 14). Lysosomes degrade 

intracellular components during (macro)autophagy, 

in which double-membrane bound autophagosomes 

engulf misfolded proteins, aggregates, or organelles 

and subsequently fuse with lysosomes to degrade 

the cargo (10, 15). In CMT1A, upregulated 

lysosomal and autophagic markers have been 

demonstrated to co-localize with misfolded PMP22 

aggregates (10, 12). Hence, Schwann cells 

presumably make use of this autophagy-dependent 

lysosomal degradation to clear misfolded PMP22 

aggregates. Nevertheless, the persisting presence of 

PMP22 aggregates in CMT1A patients and animal 

models indicates that the activation of the 

lysosomal-autophagy pathway is insufficient to 

clear all accumulated PMP22 (15). Interestingly, 

the lysosomal accumulation of aggregated proteins 

has previously been recognized as a risk factor for 

lysosomal exocytosis and lysosomal membrane 

permeabilization (LMP), which result in the 

leakage of lysosomal enzymes into the extracellular 

matrix (ECM) and the cytosol, respectively (14, 16-

19). Upon reaching the cytosol, lysosomal enzymes 

can cause severe damage and, in some cases, even 

induce cell death (13, 19, 20).  

Cathepsins D (CTD) and B (CTB) are 

ubiquitously and abundantly present in the 

lysosomal compartment, where they exert their 

primary homeostatic function by degrading 

intracellular proteins during autophagy (13, 21). 

Interestingly, recent research has demonstrated 

CTD and CTB to remain stable in neutral and 

slightly alkaline pH ranges, such as in the cytosol 

and ECM (16, 22-24). While extracellular CTD 

activity appears to be attributable to pro-CTD forms 

(24), CTB acquires high extracellular stability via 

attachment to large ECM proteins (23, 25). 

Moreover, CTD and CTB are capable of ECM 

remodeling by degrading extracellular proteins, 

including collagen, laminin, and fibronectin (26-

28). Hence, lysosomal exocytosis can lead to the 

loss of Schwann cell-ECM interactions, which are 

vital to maintaining the myelinating Schwann cell 

phenotype (29, 30). In support of this hypothesis, 

ECM remodeling has been reported in peripheral 

neuropathies, with collagen, laminin, and 

fibronectin changes being demonstrated in CMT1 

patient nerve biopsies and CMT1A animal models 

(31-34). 

In the past, CMT1A research has been 

hindered by challenges in disease modeling. 

Therefore, many findings were based on the 

naturally occurring Trembler J mice, representing a 

CMT1A-like phenotype due to a PMP22 mutation 

(33). More recently, rodent models harboring 

PMP22 duplications have been constructed. The 

transgenic C22 mouse model was the first PMP22-

overexpressing animal, generated using human 

PMP22 yeast artificial chromosomal (YAC) 

constructs (35). These C22 mice express seven 

copies of the human PMP22 gene, resulting in a 

clinical phenotype that is generally more severe 

than in human CMT1A patients. Hence, transgenic 

animals with low copy numbers, including the C3 

mice, better mimic the human disease and 

constitute a more appropriate model for CMT1A 

disease studies (36). The YAC transgenic C3 mouse 
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model expresses three to four PMP22 copies and 

displays a mild phenotype that correlates well with 

the human pathology (36).  

Nevertheless, although rodent models have led 

to important insights into CMT1A, they do not 

entirely recapitulate the human disease, as 

illustrated by previous failures in clinical 

translation. For instance, ascorbic acid was proven 

to improve myelination and disease phenotype in 

animal models but did not show any benefits in 

human trials (37). Hence, human-specific CMT1A 

models are essential to further elucidate the 

underlying pathology and bridge the gap between 

preclinical and clinical research. However, the 

isolation of human Schwann cells is unethical since 

it requires invasive nerve resection surgery, which 

can cause damage to healthy tissue, and results in a 

low proliferative yield (38). Induced Pluripotent 

Stem Cells (iPSC) can overcome these limitations 

and have been successfully used to generate 

premature Schwann cell precursors (iPSC-SCP) 

(33). Although the PMP22 overexpression has been 

induced in healthy donor iPSC to mimic CMT1A 

(33), we have successfully created a human patient-

in-a-dish iPSC-SCP model that recapitulates the 

entire CMT1A pathology in a high yield of 

immature Schwann cells. This in vitro model has 

the additional advantage of revealing the direct 

effects of the CMT1A genotype, particularly on the 

Schwann cell phenotype and myelination (5, 33). 

Combined with the C3 mouse model, this human 

patient-in-a-dish-model thus constitutes a highly 

translatable research platform to validate our 

findings, supporting information transfer to clinical 

trials. 

 We propose a link between PMP22 

aggregation, lysosomal permeability, and 

peripheral nerve ECM remodeling in the aberrant 

differentiation of CMT1A Schwann cells. As a 

starting point, this article aims to investigate the 

role of PMP22 duplication and misfolding at the 

lysosomal level over the lifespan of the C3 animal 

model and in a human patient-in-a-dish model for 

CMT1A. Our results demonstrate the PMP22 

duplication to induce lysosomal upregulation and 

cathepsin elevations in C3 mice and human stem 

cell-derived Schwann cell precursors. Ultimately, 

this might result in lysosomal exocytosis, LMP, and 

the release of lysosomal cathepsins into the cell and 

the ECM. 

 

EXPERIMENTAL PROCEDURES 

Animals – Heterozygous C3 and 

homogeneous wild type (WT) C57BL/6J mice were 

kindly provided by Prof. Dr. Frank Baas (LUCM, 

The Netherlands). Mice were bred and housed 

according to the guidelines of Hasselt University 

with four to five animals per cage in a temperature-

controlled room (±20°C) and with ad libitum 

access to food and water. All experimental animal 

procedures were approved by the Ethical 

Committee for Animal Experimentation (ECAE) of 

Hasselt University. Genotyping was performed on 

ear biopsies using polymerase chain reaction (PCR) 

to identify human PMP22 with the following 

primer pair: forward (F) 5’ TGG TGA TGA TGA 

GAA ACA GT 3’ and reverse (R) 5’ TGA TTC 

TCT CTA GCA ATG GA 3’. 

 Nerve isolation and Schwann cell isolation – 

C3 and WT mice were sacrificed by cervical 

dislocation at the ages of two, four, and eight weeks 

and one year old. The sciatic and brachial plexus 

nerves were isolated as described by Andersen et al. 

(39). Briefly, Schwann cells were isolated from 

freshly harvested peripheral nerves through the 

removal of the epineurium, mechanical teasing and 

dissociation, and enzymatic dissociation with 

collagenase I and dispase II. Following overnight 

incubation at 37°C and 9% CO2, cells were droplet 

plated on poly-L-lysine (PLL) coated 100 mm cell 

culture dishes (Sigma-Aldrich, St. Louis, MO, 

USA). Primary Schwann cells were proliferated in 

Dulbecco’s Modified Eagle Medium (DMEM) 

(Thermo Fisher Scientific, Waltham, MA, USA, 

Gibco), supplemented with 10% fetal bovine serum 

(FBS), 2 µM forskolin, 10 µM neuregulin (NRG), 

5 ng/ml platelet-derived growth factor AA (PDGF-

AA), and 1% penicillin/streptomycin (P/S). The 

medium was changed three times per week. Next, 

Schwann cells were sorted by fluorescence-

activated cell sorting (FACS) following incubation 

with FITC-conjugated anti-mouse CD90.2 (Thy-

1.2) antibody (BioLegend, San Diego, CA, USA; 

Ref. 140303) for 20 min at room temperature (RT).  

Cell culture – Primary C3 and WT 

Schwann cells were cultured in high proliferation 

DMEM supplemented with 10% FBS, 2 µM 

forskolin, 10 µM NRG, 5 ng/ml PDGF-AA, and 

1% P/S, as described by Andersen et al. (39), at 

37°C in a 9% CO2 incubator. Three medium 

changes were performed per week. 
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Dermal fibroblasts were harvested from 

CMT1A patients with informed consent and 

reprogrammed into iPSC in the lab of Prof. Dr. 

Ludo Van Den Bosch (VIB-KU Leuven, Belgium). 

Undifferentiated patient-derived iPSC and control 

iPSC (Sigma-Aldrich) were cultured on Matrigel 

hESC-qualified Matrix (Corning, NY, USA; Ref. 

354277) coated 6-well-plates in E8 Flex medium 

(Thermo Fisher Scientific, Gibco) with E8 

supplement at 37°C and 5% CO2. Medium changes 

were performed three times per week. 

iPSC-SCP were obtained by differentiation 

of the patient-derived iPSC and were provided by 

Prof. Dr. Van Den Bosch. Isogenic control lines 

were generated through TALEN-mediated repair of 

the PMP22 duplication. iPSC-SCP were cultured 

on Matrigel Matrix (Corning, Ref. 356231) 

precoated flasks in a 5% CO2 incubator at 37°C. 

iPSC-SCP medium consisted of DMEM F-12 

(Thermo Fisher Scientific) and neurobasal medium 

(Thermo Fisher Scientific), supplemented with 

2 mM Glutamax, 0.01% N2, 0.02% B27, 20 µM SB 

431542, 3 µM Chir 99021, 50 ng/ml NRG, 0.005% 

bovine serum albumin (BSA), 0.11 mM 𝛽-

mercaptoethanol (BME), and 0.01% P/S, and was 

changed three times per week. 

 Quantitative PCR (qPCR) – Cells 

(3x104/well) were seeded on 24-well plates until 

confluent, while sciatic and brachial plexus nerves 

were frozen in liquid nitrogen (LN2) and stored at -

80°C until further use. Total mRNA was extracted 

from cells and nerves using QIAzol Lysis reagent 

(Qiagen, Hilden, Germany). After assessing the 

RNA concentration and quality by NanoDrop 

(Thermo Fisher Scientific), 3 ng/µL cDNA samples 

were synthesized using Qscript (Quantabio, 

Beverly, MA, USA) and a T-100 Thermal Cycler 

(Bio-Rad, Hercules, CA, USA). Finally, qPCR 

SYBR Green (Thermo Fisher Scientific, Applied 

Biosystems) master mixes, including primer pairs 

(Supplementary Table 1), were added to the 

samples. Primer efficiencies were verified for all 

primer pairs. Ct values, detected by Quant Studio 

(Thermo Fisher Scientific, Applied Biosystems), 

were used to determine the fold change (FC) 

normalized for validated housekeeping genes. 

Western blot (WB) – Nerves were frozen in 

LN2 and stored at -80°C. For protein isolation, 

nerves were incubated with RIPA buffer 

supplemented with a protease inhibitor cocktail 

(Roche Diagnostics, Basel, Switzerland) for 20 min 

at RT. Next, tissue lysates were centrifuged at 

13,000 g for 10 min at 4°C. Protein levels were 

quantified using the Pierce BCA protein assay kit 

(Thermo Fisher Scientific), according to the 

manufacturer’s instructions, and with BSA as a 

protein standard. The absorbance at 570 nm was 

read by an iMark Microplate Reader (Bio-Rad). 

Subsequently, Precision Plus Protein Dual Color 

Standard ladder (Bio-Rad) and 5 µg/mL samples 

were loaded in 12% gels and separated via sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) at 200 V for 45 min. Following 

protein transfer to a polyvinylidene difluoride 

(PVDF) membrane at 350 mA for 2h, blocking was 

performed in 5% Marvel PBS for 1h at RT. Next, 

the PVDF membrane was incubated overnight at 

4°C with primary antibody (Supplementary Table 

2). The following day, blots were washed in 0.05% 

Tween-20 PBS and incubated with 1/2,000 HRP-

conjugated polyclonal rabbit anti-rat (P0450), goat 

anti-rabbit (P0448), or goat anti-mouse (P0447) 

secondary antibodies purchased from Dako, Santa 

Clara, CA, USA. Afterward, antibodies were 

stripped from the membrane, and the steps were 

repeated for the β-actin reference protein 

(Supplementary Table 2). Using the 

chemiluminescent Amersham Imager 680 (Thermo 

Fisher Scientific), lysosomal proteins were detected 

with the ECLPlus SuperSignal™ West Atto 

Ultimate Sensitivity Substrate (Thermo Fisher 

Scientific, Ref. A38555), while the Pierce ECL Plus 

Western Blotting Substrate (Thermo Fisher 

Scientific, Ref. 32132) was used for 𝛽-actin 

detection. Finally, protein bands were analyzed by 

Imagequant TL 8.2 software (Cytiva, Marlborough, 

MA, USA) and normalized for β-actin. 

Immunocytochemistry (ICC) – Cells 

(10x104/well) were seeded on glass coverslips in 

Matrigel-coated 24-well plates in culture medium. 

After reaching 80-90% confluence, the cells were 

fixed in 4% paraformaldehyde (PFA) and washed 

with PBS. Cells were permeabilized for 15 min 

with 0.05% Tween-20 PBS, washed, and blocked 

with 10% Protein block serum-free (Dako) for 1h at 

RT. After overnight incubation at 4°C with primary 

antibody (Supplementary Table 2), cells were 

incubated with 1/300 secondary Alexa Fluor (AF) 

555 goat anti-rat (A21434), AF 647 goat anti-rabbit 

(A21430), and AF 488 goat anti-mouse (A28175) 

or AF 488 donkey anti-mouse (A21202) and AF 

555 donkey anti-rabbit (A31572) antibodies 
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(Thermo Fisher Scientific) for 1h at RT. Negative 

controls without primary antibody were included, 

and nuclei were counterstained with DAPI (Thermo 

Fisher Scientific, Ref. 62248) for 30 min at RT. 

Following a final washing step, coverslips were 

mounted using Immunomount (Thermo Fisher 

Scientific). Fluorescent images were acquired with 

a Leica DM4000 B LED microscope (Leica 

Microsystems) and analyzed with Image J (Fiji) 

(Version 2.1.0/1.53c) following thresholding to 

obtain the integrated density (area x mean), 

normalized for cell number. 

Immunohistochemistry (IHC) – Sciatic 

nerves were fixed overnight with 4% PFA, washed 

with PBS, and cryopreserved. Coronal 10 µm 

sections were obtained using a Leica CM3050 S 

cryostat (Leica Biosystems, Wetzlar, Germany) and 

stored at -80°C until further use. Mild antigen 

retrieval was performed by treatment with 

microwaved citrate buffer for 7 min. Sections were 

washed with PBS, blocked for 1h with 100% 

Protein block serum-free, and treated with primary 

antibody (Supplementary Table 2), while negative 

controls were treated with 10% Protein block 

instead. After overnight incubation at 4°C, nerves 

were treated for 2h with 1/300 AF 488 goat anti-rat 

(A11006), AF 555 goat anti-rat (A21434), AF 647 

goat anti-rat antibodies (A21247), AF 555 goat 

anti-rabbit (A21430), and AF 647 goat anti-rabbit 

(A21245) antibodies (Thermo Fisher Scientific) 

and washed. DAPI was added for 30 min at RT, and 

slices were washed before mounting with 

Immunomount. Images were acquired with a Leica 

DM4000 B LED microscope, thresholded, and 

analyzed by ImageJ to calculate the %area 

(area/total area) and integrated density (%area x 

mean) of the sciatic nerves. Means were calculated 

from three representative nerve sections per mouse. 

Statistical analysis – Statistics were 

performed by GraphPad Prism version 9.3.1 (350) 

(GraphPad Software, San Diego, CA, USA). 

Statistical outliers were removed for analysis. 

Following the Shapiro-Wilk test for normality, data 

were accordingly analyzed by the Multiple 

Unpaired t-tests, or the Mann-Whitney Multiple 

tests, with Bonferroni-Dunn correction for multiple 

comparisons. For non-multiple comparisons, the 

Unpaired t-test was used. Equality of variances was 

tested and corrected for by Welch’s correction upon 

significant differences. P-values of ≤0.05 were 

considered significant.  

RESULTS 

Characterization of lysosome-associated 

mRNA changes over the lifespan of C3 nerve 

tissue - To obtain an in-depth analysis of lysosomal 

changes throughout the lifespan of C3 mice, we 

determined the relative mRNA changes in the nerve 

tissue of C3 mice compared to WT mice at the ages 

of two, four, and eight weeks and one year (Fig 1). 

For this purpose, mRNA was extracted from mouse 

sciatic and brachial plexus nerves to assess the 

relative expression of lysosomal-associated 
membrane protein 1 (LAMP-1), CTD, CTB, 

cathepsin S (CTS), P62, and PMP22.  

At all observed ages, human PMP22 mRNA 

expression significantly confirmed the animals’ 

genotyping (Fig 1a-d). Since human PMP22 could 

not be detected in WT nerves, FC could not be 

calculated and, thus, Ct values were plotted on the 

graphs (two weeks: Ct=23.061 ± 0.364, p=0.0130; 

four weeks: Ct=25.956 ± 0.922, p<0.001; eight 

weeks: Ct=31.199 ± 1.002, p<0.001; one year: 

Ct=31.467 ± 1.213, p<0.001). 

In two-week-old C3 mice, the relative mRNA 

expression levels of LAMP-1 and CTD increased to 

similar degrees, respectively by 1.203-fold (SEM 

± 0.218, p>0.999) and 1.222-fold (SEM ± 0.178, 

p>0.999) in comparison to WT animals (Fig 1a). 

Furthermore, CTB expression was slightly elevated 

(FC=1.025 ± 0.091, p>0.999) compared to WT 

nerves, and relative CTS mRNA levels were highest 

with a 1.687-fold overexpression (SEM ± 0.299, 

p=0.114). In contrast, relative P62 mRNA levels 

were slightly downregulated (FC=0.935 ± 0.139, 

p>0.999) in C3 animals at two weeks.  

At four weeks of age, LAMP-1 mRNA levels 

were slightly lower (FC=0.921 ± 0.138, p>0.999) 

in C3 versus WT mice, while all other lysosome-

related genes were increased (Fig 1b). At this age, 

the relative mRNA expression increased by 1.842-

fold (SEM ± 0.199, p=0.128) for CTD, 1.542-fold 

(SEM ± 0.143, p=0.088) for CTB, and 2.009-fold 

(SEM ± 0.285, p=0.151) for CTS in C3 nerve 

tissue. Simultaneously, P62 became upregulated by 

1.129-fold (SEM ± 0.169, p>0.999) compared to 

WT littermates. 

All lysosome-associated relative mRNA 

expression levels reached peak overexpression in 

eight-week-old C3 mouse nerves (Fig 1c), except 

for CTS, which peaked at the age of four weeks (Fig 

1b). Relative mRNA expression increased by 
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2.417-fold (SEM ± 0.812, p=0.154) for LAMP-1, 

by 3.400-fold (SEM ± 1.140, p=0.092) for CTD, 

and by 3.102-fold (SEM ± 1.186, p>0.999) for 

CTB. Meanwhile, CTS expression increased by 

1.566-fold (SEM ± 0.444, p>0.999). Relative P62 

mRNA expression levels followed these strong 

trends with a 3.283-fold (SEM ± 0.868, p=0.092) 

upregulation in C3 mice. 
These increasing trends persisted in the 

peripheral nerves of one-year-old C3 mice for 

LAMP-1 (FC=1.164 ± 0.158, p>0.999), CTD 

(FC=2.500 ± 0.720, p=0.651), CTB (FC=1.878 

± 0.453, p=0.891), and P62 (FC=1.486 ± 0.340, 

p>0.999) (Fig 1d). However, CTS expression was 

slightly downregulated (FC=0.902 ± 0.196, 

p>0.999) in C3 mouse nerves isolated at this age.  

 Increased lysosomal proteins in nerve 

tissue throughout the lifespan of C3 mice - For the 

evaluation of lysosomal protein and cathepsin 

levels throughout the lifespan of C3 mice, WB was 

performed on sciatic and brachial plexus nerve 

lysates of two-, four-, and eight-week-old and one-

year-old C3 versus WT mice (Fig 2, 3).  
Glycosylated LAMP-1 protein was observed 

as two bands at approximately 100 kDa 

and 120 kDa, revealing visibly darker bands in C3 

mouse nerves than in WT tissue at all included ages 

(Fig 2a-d). Band intensity was normalized for 𝛽-

actin, which has a molecular weight of 43 kDa. 

At the age of two weeks, LAMP-1 protein 

levels were significantly higher (Δ=1.024 ± 0.163, 

p=0.005) in the nerves of C3 mice than in WT 

animals (Fig 2a, e). Furthermore, four-week-old C3 

mice displayed a strong significant 2.275-fold 

increase in LAMP-1 protein (SEM ± 0.410, 

p<0.001) (Fig 2b, f), and at the age of eight weeks, 

significant 1.403-fold increments (SEM ± 0.310, 

p=0.010) were observed (Fig 2c, g). Finally, one-

year-old C3 mice also displayed significant 

elevations in LAMP-1 levels (Δ=0.729 ± 0.218, 

p=0.027) compared to WT animals (Fig 2d, h).  

Murine CTD bands became visible at 

approximately 52 kDa, 48 kDa, and 34 kDa, 

corresponding to pro-CTD, single-chain mature 

CTD (SS-CTD), and the heavy chain of double-

stranded mature CTD (DS-CTD), respectively (Fig 

3a-d). Similarly, three CTB bands were visualized 

at 46 kDa, 31 kDa, and 25 kDa (Fig 3i-l). These 
bands respectively represented pro-CTB, single-

chain CTB (SS-CTB), and the heavy chain of  

 

 
Fig. 1 – Lysosome-associated mRNA expression in the peripheral nerves of (a) two-, (b) four-, and (c) 

eight-week-old (w/o) and (d) one-year-old (y/o) C3 and WT mice. mRNA was isolated from sciatic and 

brachial plexus nerves to determine the relative fold changes (FC) of LAMP-1, CTD, CTB, CTS, and P62. 

For PMP22, Ct values are shown. (a-c) Multiple Mann-Whitney tests with Bonferroni-Dunn correction; (a) 

n=4, (b) n=8, (c) n=6. (d) Welch’s Multiple Unpaired t-tests with Bonferroni-Dunn correction; n=4. 

Graphs represent means ±SEM. **p<0.01; ***p<0.001.  
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double-stranded CTB (DS-CTB). C3 mouse nerves 

exhibited visually higher band intensities for CTD 

and CTB at all observed ages. 

 In two-week-old C3 nerve tissue, all CTD 

isoforms (pro-CTD: Δ=0.505 ± 0.188, p=0.229; 

SS-CTD; Δ=0.564 ± 0.131, p=0.114; DS-CTD: 
Δ=0.292 ± 0.120, p=0.800) and total CTD protein 

(Δ=0.474 ± 0.099, p=0.114) were slightly 

increased compared to WT animals (Fig 3a, e). 

However, pro-CTB (Δ=-0.246 ± 0.102, p=0.802), 

SS-CTB (Δ=-0.013 ± 0.118, p>0.999), DS-CTB 

(Δ=-0.449 ± 0.278, p>0.999), and total CTB levels 

(Δ=-0.073 ± 0.097, p>0.999) were slightly lower in 

C3 mouse nerves than in WT nerves (Fig 3i, m). 

 Both cathepsins were strongly elevated in 

the peripheral nerves of four-week-old C3 mice. At 

this age, CTD protein was significantly increased 

by 2.372-fold (SEM ± 0.353, p<0.001) for pro-

CTD, 1.879-fold (SEM ± 0.443, p=0.010) for SS-

CTD, and 0.671-fold (SEM ± 0.205, p=0.047) for 

DS-CTD (Fig 3b, f). Additionally, total CTD levels 

were significantly elevated by 1.594-fold (SEM 

± 0.310, p=0.003) in C3 mice. Similarly, four-

week-old C3 mice displayed increasing trends for 

pro-CTB (Δ=0.648 ± 0.393, p=0.719), SS-CTB 

(Δ=0.505 ± 0.382, p>0.999), DS-CTB 

(Δ=2.254± 0.578, p=0.067), and total CTB protein 

(Δ=0.834 ± 0.395, p=0.409) (Fig 3j, n). 

 Remarkably, all CTD forms were slightly 

lower in the peripheral nerves of C3 mice at eight 

weeks of age (Fig 3c, g). Pro-CTD decreased by 

0.376-fold (SEM ± 0.103, p=0.656), SS-CTD by 

0.256-fold (SEM± 0.126 p>0.999), DS-CTD by 

0.312-fold (SEM ± 0.144, p=0.629), and total CTD 

by 0.374 (SEM ± 0.082, p=0.401). However, C3 

mouse nerves demonstrated a strong 2.333-fold  

(SEM ± 0.989, p=0.254) increase in pro-CTB (Fig  

3k, o). The active CTB forms (SS-CTB: Δ=0.515 

± 0.263, p=0.127; DS-CTB: Δ=0.713 ± 0.381,  

 
Fig. 2 – LAMP-1 protein levels in C3 mouse nerves compared to WT nerves at the ages of (a, e) two, (b, 

f) four, and (c, g) eight weeks and (d, h) at one year old. (e-h) LAMP-1 intensity was normalized for the 

intensity of the reference protein, 𝛽-actin. (e, g, h) Unpaired t-test, n=4; (f) Welch’s Unpaired t-test, n=7. 

Graphs represent means ±SEM. *p<0.05; **p<0.01, ***p<0.001. 
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p>0.999) and ultimately, total CTB (Δ=0.902 

± 0.332, p=0.286) followed this increasing trend. 

In the nerve tissue of one-year-old C3 mice, 

pro-CTD was significantly elevated by 1.685-fold 

(SEM ± 0.364, p=0.038) (Fig 3d, h). Furthermore, 

SS-CTD (Δ=0.690 ± 0.328, p=0.460), DS-CTD 

(Δ=0.484 ± 0.342, p>0.999), and total CTD protein 

(Δ=0.918 ± 0.311, p=0.178) revealed increasing 

trends in C3 mice. In addition, pro-CTB was only 

slightly elevated by 0.262-fold (SEM ± 0.123,  

 
Fig. 3 – Lysosomal cathepsins in the peripheral nerves of C3 mice compared to WT at the ages of (a, e, i, 

m) two, (b, f, j, n) four, and (c, g, k, o) eight weeks and at (d, h, l, p) one-year old. (a-d) Visualized CTD 

levels comprised pro-CTD, single chain mature CTD (SS-CTD), and double chain mature CTD (DS-CTD). 

(i-l) Total CTB levels consisted of pro-CTB, SS-CTB, and DS-CTB. All (e-h) CTD and (m-p) CTB forms 

were normalized for 𝛽-actin. (e, o) Multiple Mann-Whitney tests with Bonferroni-Dunn correction; (e) n=4, 

(o) n=3; (f, n, p) Welch’s Unpaired Multiple t-tests with Bonferroni-Dunn correction; (f) n=7, (n) n=3, (p) 
n=4; (g, h, m) Multiple Unpaired t-tests with Bonferroni-Dunn correction; (g, h) n=4, (m) n=3. Graphs 

represent means ±SEM. *p<0.05; **p<0.01, ***p<0.001. 
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p>0.999), but active SS-CTB and DS-CTB were 

more strongly increased in these one-year-old C3 

nerves, respectively by 1.093-fold (SEM ± 0.308 

p=0.096) and 0.942-fold (SEM ± 0.154 p=0.036) 

with DS-CTB reaching significance (Fig 3l, p). 

Additionally, total CTB was 0.641-fold (SEM 

± 0.175, p=0.110) higher in C3 nerve tissue. 

Immunohistochemical confirmation of 

increased lysosomal proteins in C3 nerve tissue – 

To visualize and confirm the lysosomal changes on 

a protein level, we determined the lysosomal 

protein levels in C3 sciatic nerves using IHC (Fig  

4). To do so, sciatic nerve tissue was isolated from 

C3 and WT animals at the ages of two (Fig 4a-d), 

 
Fig. 4 – Increased lysosomal proteins and cathepsins in C3 sciatic nerves at the ages of (a-d) two, (e-h) 

four, and (i-l) eight weeks. Sciatic nerves were immunohistochemically stained for (a-b, e-f, l-j) LAMP-1, 

(a, e, i) CTD, and (b, f, j) CTB. Scale bars: 50 µm. (c, g, k) %area and (d, h, l) integrated densities were 

normalized for comparison. (c, d, g, h) Welch’s Unpaired Multiple t-tests with Bonferroni-Dunn correction; 

(c, d) n=3, (g, h) n=5; (k, l) Multiple Mann-Whitney tests with Bonferroni-Dunn correction; n=3. Graphs 

represent means ±SEM.*p<0.05; **p<0.01. 
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four (Fig 4e-h), and eight weeks (Fig 4i-l) and 

immunohistochemically prepared to stain LAMP-1, 

CTD, and CTB. For image quantification, the 

%area and integrated densities were normalized to 

display differences (Fig 4c-d, g-h, k-l). Our IHC 

findings confirmed the elevations of lysosomal 

protein and cathepsins in two-, four-, and eight-

week-old C3 mice. 
 In two-week-old sciatic nerve tissue, LAMP-

1 (Fig 4a-b), CTD (Fig 4a), and CTB (Fig 4b) 

levels were visibly higher in C3 mice than in WT. 

Moreover, CTD and CTB visibly overlapped with 

intense LAMP-1 areas. At this age, LAMP-1 %area 

(∆=2.905 ± 0.498, p=0.016) and integrated density 

(∆=3.248 ± 0.483, p=0.009) were significantly 

elevated in C3 nerves compared to WT (Fig 4c-d). 

Furthermore, CTD %area (∆=7.868 ± 3.000, 

p=0.236) and integrated density (∆=8.392 ± 3.351, 

p=0.261) demonstrated strong increasing trends in 

C3 nerve tissue. Finally, significant increases were 

observed in CTB %area (∆=22.995 ± 3.599, 

p=0.021) and integrated density (∆=33.288 

± 5.314, p=0.024) in two-week-old C3 animals. 

At the age of four weeks, LAMP-1 (Fig 4e-f), 

CTD (Fig 4e), and CTB (Fig 4f) protein elevations 

in C3 mice were reinforced, displaying similar 

overlapping patterns of LAMP-1 with both 

cathepsins. Moreover, C3 sciatic nerves displayed 

significant increases in the %area (Fig 4g) and 

integrated densities (Fig 4h) of LAMP-1 

(respectively ∆=19.457 ± 5.379, p=0.005; and 

∆=18.249 ± 5.066, p=0.005), CTD (respectively 

∆=37.295 ± 13.600, p=0.008; and ∆=28.427 

± 13.238, p=0.008), and CTB (respectively 

∆=30.616 ± 16.030, p=0.013; and ∆=39.180 

± 20.827, p=0.013) compared to WT mice. 

In eight-week-old nerve tissue, LAMP-1 (Fig 

4i-j), CTD (Fig 4i), and CTB (Fig 4j) were visibly 
elevated in C3 compared to nerves from WT 

animals. Similar to the other monitored ages, high 

LAMP-1 intensity was visibly associated with CTD 

and CTB spots. LAMP-1 %area (∆=7.380 ± 6.516, 

p=0.686) and integrated density (∆=8.880 ± 7.911, 

p=0.686) were increased in C3 mice compared to 

WT (Fig 4k-l), but to a lesser degree than at four 

weeks of age (Fig 4g-h). Meanwhile, CTD and 

CTB %area increased respectively by 121.714-fold 

 

 
Fig. 5 – Lysosome-associated protein increases in FACS-sorted primary C3 mouse Schwann cells. Primary 

Schwann cells from C3 and WT mice were isolated and sorted by FACS to obtain CD90.2+ pure Schwann 

cell populations for ICC against (a-b) LAMP-1, (a) CTD, (b) CTB, (a) UBIQ, and (b) p62 proteins. Scale 

bars: 50 µm. (c) Integrated densities were normalized. Multiple Mann-Whitney tests with Bonferroni-Dunn 

correction; n=11. Graphs represent means ±𝑆𝐸𝑀. *p<0.05; **p<0.01 ***p<0.001. 
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(SEM ± 74.810, p=0.171) and 75.683-fold (SEM 

± 64,822, p=0.300), reaching peak protein levels. 

The same was true for CTD and CTB integrated 

densities, which were respectively 127.398-fold 

(SEM ± 74.906, p=0.171) and 102.587-fold (SEM 

± 86.433, p=0.300) higher in C3 sciatic nerves 

compared to WT nerves.  

 Increasing lysosome-associated proteins 

in a pure C3 primary mouse Schwann cell 

population – To evaluate lysosomal changes on a 

cellular level, we analyzed lysosome-related 

protein levels in pure primary mouse Schwann cells 

using ICC (Fig 5). For this purpose, C3 and WT 

Schwann cell populations were harvested from the 

sciatic and brachial plexus nerves and sorted by 

FACS to obtain purified CD90.2+ Schwann cell 

populations. FACS sorted primary Schwann cells 

with a 95% efficiency. Results obtained from these 

primary C3 mouse Schwann cells confirmed the 

elevations in lysosome-related proteins observed in 

C3 mouse nerve tissue. 

In this pure primary Schwann cell population, 

LAMP-1 levels were visibly higher and more 

widespread in C3 compared to WT mice (Fig 5a-

b). Similarly, higher intensities were observed for 

CTD (Fig 5a), CTB (Fig 5b), ubiquitin (UBIQ) 

(Fig 5a), and p62 proteins (Fig 5b). LAMP-1 

integrated density was significantly increased by 

6.614-fold (SEM ± 5.139, p<0.001) in the C3 

primary Schwann cell population (Fig 5c). 

Additionally, CTD protein was significantly 

elevated (∆=0.725 ± 0.169, p=0.043) in pure C3 

Schwann cells, and CTB followed a similar 

increasing trend (∆=3.213 ± 1.180, p=0.416). 

Furthermore, UBIQ (∆=0.894 ± 0.195, p=0.038) 

and p62 (∆=42.229 ± 14.805, p=0.001) protein 

levels were significantly higher in C3 primary 

mouse Schwann cells than in WT cells. 

Validation of lysosomal increases in a human 

patient-in-a-dish model for CMT1A – To validate 

our results in a human-specific CMT1A model, we 

evaluated the lysosomal-related changes in a human 

patient-in-a-dish model (Fig 6). We assessed the 

relative mRNA expression patterns of lysosomal 

markers in CMT1A patient-derived iPSC (Fig 6a) 

and differentiated these cells into iPSC-SCP (Fig 

 
Fig. 6 – Validation of lysosomal proteins and cathepsins in a human patient-in-a-dish model. (a) Relative 

LAMP-1, CTD, and PMP22 mRNA expression levels in patient-derived iPSC and healthy control cells. (b-

d) LAMP-1, (b, c) CTD, and (b, d) CTB protein levels in Schwann cell precursors derived from CMT1A 

patient-derived iPSC (iPSC-SCP) and isogenic control cells (ISO). Scale bars: 0.25 mm. (b) Integrated 

densities were normalized. (a) Welch’s Multiple t-tests with Bonferroni-Dunn correction, n=4; (b) Multiple 
Mann-Whitney tests with Bonferroni-Dunn correction; n=13. ICC experiment was performed in duplicate. 

Graphs represent means ±SEM. *p<0.05 **p<0.01, ***p<0.001. 
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6b-d) to function as a human patient-in-a-dish 

model for CMT1A. Our results from this human in 

vitro model confirmed the elevated lysosomal 

protein and cathepsin levels observed in C3 mice. 

The CMT1A genotype of patient-derived iPSC 

colonies was confirmed by the significantly 

elevated PMP22 expression levels in comparison to 

control cells (FC=27.536 ± 3.219, p=0.010) (Fig 

6a). Furthermore, CMT1A iPSC cells demonstrated 

slight increases in relative LAMP-1 expression 

(FC=0.045 ± 0.132, p>0.999), but decreases in 

CTD mRNA levels (FC=-0.588 ± 0.030, p=0.192). 

Moreover, differentiated iPSC-SCP from 

CMT1A patients had visually higher levels of 

LAMP-1 (Fig 6c-d), CTD (Fig 6c), and CTB (Fig 

6d). Additionally, it appeared that CTD and CTB 

overlapped with LAMP-1-intense cell portions. 

LAMP-1 protein significantly increased by 0.613-

fold (SEM ± 0.132, p=0.001) in CMT1A iPSC-

SCP compared to isogenic iPSC-SCP, in which the 

PMP22 duplication was repaired (Fig 6b). 

Additionally, CTD was significantly elevated by 

1.375-fold (SEM ± 0.268, p<0.001) in CMT1A 

cells, while CTB revealed an increasing trend 

(∆=0.551 ± 0.227, p=0.099). 

 

DISCUSSION  

Lysosome-related alterations over the 

lifespan of the C3 CMT1A mouse model – The 

aggregation of misfolded PMP22 severely impairs 

protein degradation mechanisms in CMT1A and 

has been suggested to involve the autophagy-

dependent lysosomal pathway (12, 40-42). 

Previous research has demonstrated that 

upregulated lysosomes and autophagosomes clear 

PMP22 upon the failure of proteasomal degradation 

in CMT1A (10, 12, 40, 41, 43). As these studies 

were based on research models with more severe 

phenotypes, such as the C22 mice model (10, 12), 

it is necessary to confirm lysosomal changes in 

more translatable CMT1A models, such as the C3 

mouse model (35, 36). These transgenic PMP22-

overexpressing mice progressively develop mild 

neuromuscular impairments and are described to be 

more similar to human pathology (44). To fully 

characterize lysosomal alterations in the 

progressive CMT1A C3 mice model, mRNA and 

protein changes were monitored at different stages 

of the mouse lifespan (Fig 7). To our knowledge, 

we are the first to perform an in-depth analysis of 

lysosomal-related changes in CMT1A. 

At the mRNA level, we determined the relative 

expression of LAMP-1, CTD, CTB, CTS, and P62 

in two-, four-and eight-week-old, and one-year-old 

C3 mice versus WT animals to evaluate lysosomal 

changes over time. 

LAMP-1 is the major glycosylated protein 

of the lysosomal membrane and is, therefore, 

routinely used as a lysosomal marker (45). Our 

results demonstrated elevated LAMP-1 mRNA 

levels in C3 nerve tissue at the ages of two weeks, 

eight weeks, and one year, with a slight decrease 

being observed in four-week-old mice. These 

increasing trends suggest transcriptional lysosomal 

upregulation over the lifespan of the C3 mouse 

model. 

CTD and CTB are aspartic and cysteine 

cathepsin proteases, respectively (13). CTD mRNA 

levels displayed the greatest differences among all 

monitored lysosomal genes. CTD expression 

became upregulated at the age of two weeks, further 

increasing at four weeks and peaking at eight weeks 

with a 3.4-fold increase. In one-year-old C3 nerves, 

relative CTD levels were still 2.5-fold higher 

compared to WT tissue. Relative mRNA expression 

levels of CTB followed the same age-dependent 

increases as CTD in C3 mice, reaching considerably 

higher levels than WT littermates. In eight-week-

old C3 mice, CTB level peaked with a 3.1-fold 

overexpression. These substantial increases 

throughout the lifespan of the C3 mice indicate that 

CTD and CTB are involved in CMT1A pathology. 

CTS is a lysosomal cysteine cathepsin with 

limited tissue expression that is linked to immune 

cells, including macrophages (46). Our results show 

a trend of increased CTS expression in two-, four-, 

and eight-week-old C3 mice. Surprisingly, CTS 

levels were slightly downregulated in one-year-old 

C3 versus WT animals. These findings are entirely 

novel since CTS has never been investigated before 

in CMT1A. This enzyme’s unique macrophagic 

expression profile suggests its association with the 

secondary immune response in CMT1A, which is 

characterized by lymphocytic infiltration and the 

presence of demyelination-associated macrophages 

in the peripheral nerves (10, 47, 48). Moreover, the 

therapeutic reduction of macrophages in CMT1A 

mouse pups improved the Schwann cell phenotype 

and resulted in motor function preservation (49). 

Hence, we propose CTS as an attractive CMT1A 

target for further investigation. 
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The p62 protein is an autophagy adaptor 

targeting misfolded proteins towards the 

lysosomal-autophagic pathway (50, 51). Therefore, 

we monitored P62 expression levels to assess 

autophagic activation in CMT1A. We successfully 

discovered P62 mRNA upregulation in the nerves 

of C3 mice at the ages of four weeks, eight weeks, 

and one year. Although previous papers only 

evaluated protein levels, similar increases in 

autophagic proteins, including p62, autophagy-

related 7 (Atg7), and microtubule-associated 

protein light chain 3 (LC3), were observed in the 

peripheral nerves of one-year-old C22 mice (10). 

Additionally, Fortun et al. reported Atg7 protein 

elevation in C22 mice at three weeks old (12).  
Altogether, our mRNA data demonstrated 

the transcriptional upregulation of the lysosomal-

autophagic pathway over the lifespan of a highly 

representative CMT1A animal model, strongly 

suggesting lysosomal involvement in CMT1A 

development and progression. 

 

At a protein level, we monitored lysosomal 

LAMP-1, CTD, and CTB levels in the peripheral 

nerve tissue of C3 mice throughout their lifespan. 

Thereby, the lysosomal changes in the C3 mouse 

model were completely characterized. 

LAMP-1 protein levels were significantly 

increased in C3 mice at all observed ages, as 

confirmed by WB and IHC. Peak upregulation was 

observed in four-week-old C3 tissue, presenting a 

2.7-fold elevation compared to WT mice according 

to WB data. Earlier studies have reported 3-to 5-

fold increases in LAMP-1 protein in association 

with PMP22 in the sciatic nerves of six-month-old 

C22 mice (12). Chittoor et al. further confirmed 

LAMP-1 elevations in C22 mice at the ages of two 

months, six months, and one year (10). LAMP-1 

upregulation and PMP22 co-localization were also 

described in Trembler J mice at the age of one year 

(15) and at unspecified adult age (40). Hence, our 

results are in line with existing research, confirming 

lysosomal upregulation over the lifespan of the C3 

mouse model. 

Interestingly, C3 mice displayed greater 

increases at the protein level than at the mRNA 

level at all monitored ages. In addition, LAMP-1 

protein levels peaked in the nerves of four-week-

old C3 mice, but mRNA levels revealed a 

decreasing trend at this age. Such differences can 

be explained by the severely disrupted proteostasis 

in CMT1A. Hence, an impaired degradation of 

LAMP-1 protein causes levels to build up over time 

(10), independent of protein transcription. 

CTD protein elevations were observed in 

C3 mouse nerve tissue at all monitored ages. Data 

from WB and IHC consistently demonstrated 

substantial CTD increases in C3 mice at the ages of 

two weeks, four weeks, and one year. Nevertheless, 

at eight weeks old, WB data suggested CTD levels 

to be slightly lower than in WT nerves. Contrarily, 

IHC data indicated that CTD protein elevations 

peak in C3 nerves at this age. Yet, it is interesting 

to mention that without the removal of a statistical 

outlier of the eight-week-old C3 mice, a slight 

increase was detected in pro-CTD and total CTD by 

WB data (data not shown). Moreover, differences 

between both techniques are possible due to sample 

preparation, but it is more likely that variances in 

the 𝛽-actin reference protein are responsible for the 

 
Fig. 7 – Relative lysosomal-related changes in (a) mRNA and (b, c) protein levels observed throughout the 

lifespan of C3 versus WT mice. Graphs represent (a) fold changes, (b) WB means normalized for 𝛽-actin, 

and (c) IHC mean integrated densities relative to WT animals. (a-b) Dashed lines represent FC/mean=1, 

and values above the lines represent upregulation in C3 animals compared to WT mice. 
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observed WB decreases. Several blots displayed 

non-constitutive expression of 𝛽-actin, indicating 

that this protein is not the best reference protein for 

CMT1A nerves. For a more reliable analysis, WB 

experiments should be repeated with a more stable 

reference protein. 

All CTD isoforms were upregulated in C3 

mice at two weeks, four weeks, and one year of age. 

However, although differences could not be 

observed at two weeks, four-week-and one-year-

old C3 animals exhibited the most notable increases 

in pro-CTD. Meanwhile, DS-CTD displayed the 

smallest increments throughout the lifespan of the 

mice. Consistently higher pro-CTD levels may 

result from impaired CTD processing or proteolysis 

defects, as this was also suggested in the C22 model 

(10). In these C22 mice, the ratio of active-/pro-

CTD was reported to remain steady over the ages 

of two months, six months, and one year, while the 

ratio increased in an age-dependent manner in WT 

nerves (10). Nevertheless, it needs to be mentioned 

that the researchers of this study identified pro-

CTD at 48 kDa while reporting only one active 

CTD isoform at 28 kDa. Similarly, increased levels 

of pro-CTD, identified at 48 kDa, and mature CTD, 

identified at 34 kDa, were reported in the nerves of 

adult Trembler J mice (40). Although we also 

observed mature DS-CTD at 34 kDa, we identified 

the 48 kDa band as an active intermediate SS-CTD 

isoform and defined pro-CTD bands at 52 kDa, 

based on consistent descriptions in literature (24, 

52, 53). Hence, lysosomal CTD elevations have 

been reported in other CMT1A models, but 

discussions about the distinct isoforms are 

restrained by inconsistent identifications.  

CTB protein levels were increased over the 

lifespan of C3 mice, but discrepancies were 

observed between both detection techniques. While 

IHC data demonstrated strong significant CTB 

elevations in two-week-old C3 mice, WB suggested 

slight CTB protein decreases at this age. As 

described above, this is likely caused by 

inconsistent 𝛽-actin expression. At all other 

included ages, mice exhibited increases in all CTB 

isoforms and total CTB, with both techniques 

reporting peak upregulation in eight-week-old C3 

mice. Meanwhile, the strongest elevations were 

observed in DS-CTB in four-week-old mice, in pro-
CTB in eight-week-old animals, and both in SS-

CTB and DS-CTB in one-year-old C3 mice.  

Due to the lack of distinct trends and 

inconsistencies in isoform identification, as 

exposed for CTD, it is particularly difficult to draw 

conclusions about the various enzymatic forms of 

cathepsins. Interpretation is even further 

complicated by slight differences in functions and 

activities of the enzymatically different forms of 

CTD, and likely CTB, which might also depend on 

the pH level (24). Therefore, it would be interesting 

to take a more detailed look into the various 

enzymatic forms of CTD and CTB in CMT1A, 

using highly sensitive techniques, such as gelatin 

zymography, that better discern cathepsin 

molecular weights, activities, and posttranslational 

modifications (54). Additionally, such methods 

would allow the determination of the light chains of 

DS-CTD and DS-CTB, which are challenging to 

detect by WB due to their small sizes of 14 kDa (24) 

and 5 kDa (25), respectively. 

Confirmation of compensatory lysosomal 

upregulation in pure primary isolated Schwann 

cells from C3 mice – Previous studies have 

assessed lysosomal-autophagic changes in primary 

Schwann cell populations from C22 (12) and 

Trembler J mice (41) but did not take fibroblast 

contamination into account. Hence, we aimed to 

confirm the upregulation of lysosomal-related 

proteins in a pure primary Schwann cell population 

harvested from C3 nerve tissue, using FACS sorting 

to eliminate fibroblasts with a 95% efficiency. 

Our data confirm lysosomal and autophagic 

protein upregulation in C3 CMT1A Schwann cells 

by detecting increases in LAMP-1, CTD, CTB, 

p62, and UBIQ. These data are consistent with our 

previous findings in C3 nerve tissue and, moreover, 

support previous research where autophagic 

upregulation was also reported in non-purified 

primary Schwann cells from C22 mice (12) and 

Trembler J mice (41). Furthermore, lysosomal 

upregulation and degradation of PMP22 were 

reported in a healthy rat Schwann cell line upon 

treatment with a proteasome inhibitor, also 

increasing the number and size of autophagosomes 

(41). Altogether, these results provide strong 

evidence for the lysosomal-autophagic activation 

upon UPS overload in Schwann cells affected by 

CMT1A. However, further research should assess 

the mRNA expression of more UPS, autophagic, 

and lysosomal markers to unravel the exact 

mechanisms of this compensatory feedback system. 
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Validation of lysosomal upregulation in a 

patient-in-a-dish model – We aimed to validate the 

lysosomal upregulation in a human-specific 

Schwann cell model to increase clinical 

translatability. A similar study has been performed 

using dermal fibroblasts from CMT1A patients as 

these cells also express PMP22, making them 

suitable for studying CMT1A pathology (43). 

However, Schwann cells are the primary affected 

cells in CMT1A since they express the strong 

Schwann cell-specific P1 PMP22 promotor, which 

is absent in all other cell types (7). Hence, our 

human model based on CMT1A iPSC-SCP is more 

representable for disease studies. 

Increased LAMP-1 levels were confirmed at 

the mRNA and the protein level in CMT1A-derived 

iPSC-SCs. The 1.5-fold LAMP-1 protein increase 

in our patient-derived iPSC-SCP is in line with the 

1.5-fold LAMP-1 elevation observed in patient-

derived dermal fibroblasts (43). Interestingly, these 

CMT1A fibroblasts also demonstrated p62 and 

LC3 protein increases and LC3-PMP22 co-

localization, confirming autophagic upregulation in 

a human CMT1A model. These findings are 

consistent with our data from the C3 mouse model 

and, hence, indicate that further elucidating 

autophagic upregulation in human in vitro models 

will be necessary for future research.  

Interestingly, CTD mRNA expression 

followed a decreasing trend in CMT1A patient-

derived iPSC compared to healthy control cells, 

while significant CTD protein elevations were 

confirmed in these cells after differentiation into 

Schwann cell precursors. Furthermore, increased 

CTB protein levels were observed in patient-

derived iPSC-SCP, in agreement with our findings 

in the C3 mouse model. 

The observed discrepancy between CTD 

mRNA and protein expression might be explained 

by the failure of CTD protein degradation in 

CMT1A. Moreover, differences can also be present 

before and after the differentiation into iPSC-SCP, 

which evokes considerably higher PMP22 levels 

due to the expression of the powerful P1 promotor 

(7). Nevertheless, the experiment should be 

repeated to exclude experimental bias.  

Furthermore, it must be mentioned that this 

iPSC-derived patient-in-a-dish model is limited by 

a lack of maturation of the iPSC-SCP, failing to 

recapitulate the fully mature functional Schwann 

cell phenotype (33). Hence, it is required to 

thoroughly validate the patient-derived iPSC-SC 

model, as well as other human-specific models, to 

build more reliable clinical translatability. 

Conclusion and future perspectives – Our 

results provide substantial evidence for the 

compensatory lysosomal upregulation following 

PMP22 misfolding and aggregation throughout 

different disease phases of CMT1A. Nevertheless, 

the increasing number of PMP22 aggregates 

saturates the activated lysosomes and 

autophagosomes, hence, accumulating within these 

organelles (15). We suggest that the lysosomal 

accumulation of PMP22 contributes to CMT1A 

development and progression, presumably through 

the aberrant increase of lysosomal CTD and CTB. 

 Increased cytosolic cathepsin levels can 

induce severe cellular damage and apoptosis (19, 

20). Although findings related to CMT1A Schwann 

cell apoptosis are contradictory, Schwann cell 

apoptosis has been demonstrated in patient nerve 

biopsies and PMP22-overexpressing animal 

models (55, 56). Hence, future research should 

address the role of cathepsins in Schwann cell 

apoptosis and proliferation. 

In addition, extracellular secretion of CTD and 

CTB can lead to the degradation of essential ECM 

proteins, including collagen type IV and laminin 

(26, 28). Even though it remains to be proven that 

extracellular CTD and CTB levels are increased in 

CMT1A, a fascinating link can be made between 

the extracellular release of lysosomal cathepsins 

and phenotypic Schwann cell alterations observed 

in CMT1A studies (6, 9, 57) 

Hence, although further research should assess 

the exact role of these cathepsins in CMT1A, we 

suggest selective CTD and CTB inhibitors as 

promising candidate drugs for CMT1A (13). 

 

CONCLUSION 

 Our results demonstrated lysosomal and 

autophagic upregulation over the lifespan of the 

representative C3 mouse model for CMT1A. 

Further evidence validated these lysosome-related 

increases in pure primary Schwann cells from C3 

mice and in Schwann cell precursors obtained from 

patient-derived iPSC differentiation. In addition, 

CTD and CTB were substantially elevated over the 

lifespan of C3 mice, in pure C3 primary mouse 

Schwann cell cultures, and in CMT1A iPSC-SCP. 

Hence, we suggest selective CTD and CTB 

inhibitors as promising drugs for CMT1A patients.
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Supplementary Table 1 – qPCR primer sequences. 

Gene Species Primer pair sequence 

PMP22 
Human F 5’ CTC TTC ACC AAG GG 3’ 

R 5’ TGA CTT GAG TTT GAT TCA 

GCA AG 3’ 

LAMP-1 
Mouse 

F 5’ AGG CCA CTG TGG GAA   

ACT CAT ACA 3’ 

R 5’ TTC CAC AGA CCC AAA CCT 

GTC ACT 3’ 

Human 
F 5’ CAG TTT GGC TCT GTG GAG 

GA 3’ 

R 5’ GAG GTA GGC GAT GAG GAC 

GA 3’ 

CTD 
Mouse 

F 5’ CTG CCC ACG GTC TAC CTG 

AA 3’ 

R 5’ TTC CAC CCT GCG ATA CCT 

TG 3’ 

Human 
F 5’ TAC ACG CTC AAG GTG TCG 

C 3’ 

R 5’GTG TAG TAG CGG CCG ATG 

AA 3’ 

CTB Mouse F 5’ GGC TCT TGT TGG GCA TTT 

GG 3’ 

R 5’ CTC GGC CAT TGG TGT GAA 

TG 3’ 

CTS Mouse F 5’ CCC TAC AAA GCC ACG GAT 

GAA 3’ 

R 5’ ACC AAA CGG GAG CTG AAT 

GT 3’ 

P62 Mouse F 5’ GGA CCC ATC TAC AGA 

GGC TG 3’ 

R 5’ TCA TCC GAG AAA CCC ATG 

GAC 3’ 

 

Supplementary Table 2 – Primary antibodies for WB, ICC, and IHC. 

Target Species Dilution Company (reference) 

LAMP-1 

 

Rat WB: 1/1000 

ICC: 1/250 

IHC: 1/200 

Santa Cruz (sc-19992) 

Mouse ICC: 1/250 DSHB (H413c) 

CTD Rabbit WB: 1/1000 

ICC: 1/250 

IHC: 1/300 

Abcam (ab75852) 

CTB Rabbit WB: 1/1000 

ICC: 1/250 

IHC: 1/300 

Abcam (ab214428) 

p62 Mouse ICC:1/200 Abcam (ab56416) 

UBIQ Mouse ICC: 1/150 Santa Cruz (sc-166553) 

𝛃-actin Rabbit 

Mouse 

WB: 1/1000 

WB: 1/1000 

Novus (NB600-503SS) 

Santa Cruz (sc-47778) 
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List of abbreviations 

 

AF = Alexa Fluor 

Atg7 = autophagy-related 7 

BME = 𝛽-mercaptoethanol 

BSA = bovine serum albumin 

CMT = Charcot-Marie-Tooth disease 

CMT1/2/3/4 = Charcot-Marie-Tooth disease type 1/2/3/4 

CMT1A = Charcot-Marie-Tooth disease type 1A 

CMTX = X-linked Charcot-Marie-Tooth disease 

CTB = cathepsin B 

CTD = cathepsin D 

CTS = cathepsin S 

DMEM = Dulbecco’s Modified Eagle Medium 

DS-CTB = double chain CTB 

DS-CTD = double chain CTD 

ECAE = Ethical Committee for Animal Experimentation 

ECM = extracellular matrix 

F = forward primer 

FACS = fluorescence-activated cell sorting 

FBS = fetal bovine serum 

FC = fold change 

HMSN = hereditary motor and sensory neuropathy 

ICC = immunocytochmeistry 

IHC = immunohistochemistry 

iPSC = induced Pluripotent Stem Cells 

iPSC-SCP = iPSC-derived Schwann cell precursors 

ISO = isogenic control cells 

LAMP-1 = lysosomal-associated membrane protein 1 

LC3 = microtubule-associated protein light chain 3 

LMP = lysosomal membrane permeabilization 

LN2 = liquid nitrogen 

NCVs = nerve conduction velocities 

NRG = neuregulin 

P/S = penicillin/streptomycin 

PBS = phosphate-buffered saline 

PDGF-AA = platelet-derived growth factor AA 

PFA = paraformaldehyde  

PLL = poly-L-lysine 

PMP22 = peripheral myelin protein 22 

PVDF = polyvinylidene difluoride membrane 

(q)PCR = (quantitative) polymerase chain reaction 

R = reverse primer 

RT = room temperature 

SC = Schwann cells 

SCP = Schwann cell precursors 

SDS-PAGE = sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

SS-CTB = single chain CTB 

SS-CTD = single chain CTD 

UBIQ = ubiquitin 

UPS = ubiquitin-proteasome system 
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WB = western blot 

WT = wild type 

w/o = week-old 

YAC = yeast artificial chromosomal 

y/o = year-old 
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