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Induced pluripotent stem cell-derived motor
neurons of CMT type 2 patients reveal
progressive mitochondrial dysfunction

Jonas Van Lent,? Peter Verstraelen,® Bob Asselbergh,*” Elias Adriaenssens,*?
Ligia Mateiu,* Christoyhe Verbist,® Vicky De Winter,'? Kristel Eggermont,”:®
Ludo Van Den Bosch,”® ®Winnok H. De Vos> and ®Vincent Timmerman'?

See Miiller and Horvath (doi:10.1093/brain/awab278) for a scientific commentary on this article.

Axonal Charcot-Marie-Tooth neuropathies (CMT type 2) are caused by inherited mutations in various genes func-
tioning in different pathways. The types of genes and multiplicity of mutations reflect the clinical and genetic het-
erogeneity in CMT2 disease, which complicates its diagnosis and has inhibited the development of therapies.

Here, we used CMT?2 patient-derived pluripotent stem cells (iPSCs) to identify common hallmarks of axonal degen-
eration shared by different CMT2 subtypes. We compared the cellular phenotypes of neurons differentiated from
CMT?2 patient iPSCs with those from healthy controls and a CRISPR/Cas9-corrected isogenic line.

Our results demonstrated neurite network alterations along with extracellular electrophysiological abnormalities
in the differentiated motor neurons. Progressive deficits in mitochondrial and lysosomal trafficking, as well as in
mitochondrial morphology, were observed in all CMT2 patient lines. Differentiation of the same CMT2 iPSC lines
into peripheral sensory neurons only gave rise to cellular phenotypes in subtypes with sensory involvement, sup-
porting the notion that some gene mutations predominantly affect motor neurons. We revealed a common mito-
chondrial dysfunction in CMT2-derived motor neurons, supported by alterations in the expression pattern and oxi-
dative phosphorylation, which could be recapitulated in the sciatic nerve tissue of a symptomatic mouse model.
Inhibition of a dual leucine zipper kinase could partially ameliorate the mitochondrial disease phenotypes in
CMT?2 subtypes.

Altogether, our data reveal shared cellular phenotypes across different CMT2 subtypes and suggests that targeting
such common pathomechanisms could allow the development of a uniform treatment for CMT?2.

1 Peripheral Neuropathy Research Group, Department of Biomedical Sciences, University of Antwerp, Antwerp, 2610,
Belgium

2 Neurogenetics Laboratory, Institute Born Bunge, Antwerp, 2610, Belgium

3 Laboratory of Cell Biology and Histology, Department of Veterinary Sciences, University of Antwerp, Antwerp, 2610,
Belgium

4 Neuromics Support Facility, VIB Center for Molecular Neurology, VIB, Antwerp, 2610, Belgium

5 Neuromics Support Facility, Department of Biomedical Sciences, University of Antwerp, Antwerp, 2610, Belgium

6 Laboratory of Molecular Cellular and Network Excitability, Department of Biomedical Sciences, University of
Antwerp, Antwerp, 2610, Belgium

7 Department of Neurosciences, Experimental Neurology, and Leuven Brain Institute, KU Leuven-University of Leuven,
Leuven, 3000, Belgium

8 VIB-Center for Brain and Disease Research, Laboratory of Neurobiology, Leuven, 3000, Belgium

Received March 30, 2021. Revised May 24, 2021. Accepted June 01, 2021. Advance access publication June 15, 2021

© The Author(s) (2021). Published by Oxford University Press on behalf of the Guarantors of Brain.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial
re-use, please contact journals.permissions@oup.com


https://orcid.org/0000-0003-0960-6781
https://orcid.org/0000-0002-2162-0933

2472 | BRAIN 2021: 144; 2471-2485

Correspondence to: Vincent Timmerman, PhD

J. Van Lent et al.

Peripheral Neuropathy Research Group, University of Antwerp

Universiteitsplein 1, BE-2610, Antwerpen, Belgium
E-mail: vincent.timmerman@uantwerpen.be

Charcot-Marie-Tooth neuropathy; iPSC-derived motor and sensory neurons; phenotyping; mitochon-

drial dysfunction; dual leucine kinase inhibitor

CMT = Charcot-Marie-Tooth; DLK = dual leucine kinase; iPSC = induced pluripotent stem cell

Introduction

Charcot-Marie-Tooth (CMT) disease is an inherited peripheral neur-
opathy associated with dominant or recessive mutations in a wide
spectrum of genes, many of which fulfil ubiquitous and indispens-
able functions in almost every human cell. Yet, the impact of dis-
ease-causing mutations in these genes seems restricted to the PNS.
Over 1000 mutations in more than 90 distinct CMT disease-associ-
ated genes have been reported to date."? Intriguingly, the disease is
not only genetically but also clinically heterogeneous. CMT is broad-
ly classified into demyelinating (CMT1) and axonal (CMT2) forms,
depending on whether primary deficits occur in the myelinating
Schwann cell or the neuronal axon, respectively. CMT1A, the most
common CMT subtype, accounts for 40-50% of all cases of CMT fol-
lowed by CMT2, which accounts for ~20%.> Note also that a few
intermediate CMT subtypes have been recognized because of the
overlap between CMT1 and CMT2 clinical phenotypes occurring
within the same family. Furthermore, some CMT?2 clinical entities
show phenotypic overlap with distal hereditary motor neuropathies
and other related disorders, further complicating the classification
of hereditary peripheral neuropathies.*

Over the past 10years, significant advances in the biological
understanding of the disease, acquired from cellular biology studies
and transgenic rodent models, have led to the identification of several
possible drug targets for CMT. However, despite some encouraging
preclinical results, no clinically successful treatment has emerged.
This suggests a need to extrapolate and validate key findings from
existing cellular and murine models to other biologically and clinically
relevant models that can recapitulate the human disease. Particularly
for neurodegenerative diseases, neurons derived from patient-specific
induced pluripotent stem cells (iPSCs) present a valuable resource for
disease modelling and preclinical studies, which are otherwise only
available upon post-mortem tissue sampling.*®

Most of the efforts in the development of therapies are concen-
trated towards CMT1 owing to the larger disease burden, leaving
an urgent unmet need for treatment in the more diverse group of
CMT2 patients. The fragmentation of the CMT2 landscape, caused
by the large number of different genes and the low number of
patients per gene mutation, has prevented effective drug develop-
ment. More than 50 causative genes have already been identified
for CMT2 (the OMIM disease gene nomenclature begins with
CMT2A and exceeds the alphabetical numbering, https://www.
omim.org/), and yet nearly 60% of CMT2 patients are left without a
genetic diagnosis.*” This makes CMT one of the most genetically
diverse inherited disorders and poses unique challenges in identi-
fying druggable targets, particularly for CMT2.

Therefore, in this study, we took advantage of iPSC technology
to study multiple CMT2 subtypes, covering the most frequent
CMT2 causal genes, and differentiated them into iPSC-derived
motor and sensory neurons. Our data demonstrate that patient-
specific motor and sensory neurons recapitulate the disease signa-
tures of CMT2. We reveal a common trend towards a decrease in

the neurite network density, along with alterations in excitability.
We also report progressively affected axonal organelle trafficking
as well as abnormalities in the mitochondrial expression pattern,
morphology and oxidative phosphorylation. Identification of these
common pathomechanism(s) may open attractive avenues for
drug development, supported by the finding that inhibition of a
dual leucine kinase (DLK) is able partially to restore mitochondrial
dysfunction in two subtypes of CMT2.

Materials and methods

Primary human fibroblast cultures were obtained from skin biopsies
of five unrelated CMT?2 patients and two healthy unrelated control
subjects (Supplementary Table 1). Human iPSC lines (three clones/
genotype) were generated and thoroughly characterized by the
Stem Cell Institute, University of Leuven, Belgium as previously
described.® Most importantly, both patient and control lines were
reprogrammed together using Sendai virus reprogramming. IPSCs
were maintained on Matrigel® coated plates (734-1440, VWR
Biotechnologies) in Essential 8™ Flex medium and supplement
(A2858501, Thermo Fisher). RevitaCell™ supplement (A2644501,
Thermo Fisher) was used additionally to revive iPSCs and enhance
cell survival. The medium was refreshed every alternate day and
upon reaching confluency, iPSCs were passaged using a brief incu-
bation of 2min with Versene (EDTA) (LO BE17-711E, Westburg) fol-
lowed by scrapping the cells in the Essential 8™ Flex medium. The
iPSC lines were maintained at 37°C in a humidified 5% carbon diox-
ide incubator. All the iPSC lines were tested negative for Mycoplasma.
All experiments performed using patient material were approved by
the Committee for Medical Ethics, University of Antwerp.

Differentiation of the iPSCs into motor neurons was based on a
previously published protocol.® Briefly, at the start of the differen-
tiation, Essential 8™ Flex medium was replaced by neuronal me-
dium, consisting of Neurobasal™ Medium (10888022, Thermo
Fisher), DMEM/F12 medium (31330038, Thermo Fisher), N2 supple-
ment (17502048, Thermo Fisher), B-27™ supplement (without vita-
min A) (12587010, Thermo Fisher), GlutaMAX™ (35050061, Thermo
Fisher), B-mercaptoethanol (11528926, Thermo Fisher) and ascorbic
acid (A8960-5G, Sigma-Aldrich). RevitaCell™ was used to enhance
cell survival. During the first 2 days, dual SMAD inhibitor SB431542
(1614/10, Bio-Techne), dual SMAD inhibitor LDN-193189 (QT106329,
Selleck Chemicals) and WNT antagonist CHIR99021 (4423/10, Bio-
Techne) were added to the neuronal medium. On the following
days, half of the medium was replaced with media containing
compounds necessary for motor neuron differentiation and mat-
uration. Compounds used included: retinoic acid (R2625-50MG,
Sigma Aldrich), smoothened agonist (SAG, 4366/1, Bio-Techne),
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brain derived neurotrophic factor (BDNF, 450-02, Peprotech), glial
cell derived neurotrophic factor (GDNF, 450-10, Peprotech), y-secre-
tase inhibitor DAPT (2634/10, Bio-Techne), ciliary neurotrophic fac-
tor (CNTF, 450-13, Peprotech) and laminin (L2020-1MG, Sigma
Aldrich). Motor neurons were plated on laminin-coated plates at a
density of 10° cells/ml. Additionally, to enhance the purity of the
motor neurons, a single treatment with 1 M cytosine B-p-arabino-
furanoside (Ara-C, C1768, Sigma Aldrich) was performed on Day 14.

Differentiation of the iPSCs into sensory neurons was adapted from
a previous study.® Briefly, Essential 8™ Flex medium was replaced
by knockout serum replacement medium (KSR) consisting of
KnockOut™ DMEM (10829018, Thermo Fisher), KnockOut™ Serum
Replacement (10828028, Thermo Fisher), GlutaMAX™, non-essential
amino acids (11140050, Thermo Fisher) and p-mercaptoethanol.
RevitaCell™ was used to enhance cell survival. SB431542 and LDN-
193189 were added to the KSR medium to promote anterior neuro-
ectoderm specification. On Day 2, CHIR99021, DAPT and potent and
selective vascular endothelial growth factor receptor and fibroblast
growth factor receptor inhibitor SU5402 (SU, 3300, Tocris) were sup-
plemented to the KSR medium. The medium was then progressively
transitioned into neuronal medium consisting of neurobasal me-
dium, N2 supplement, B-27™ supplement (without vitamin A),
GlutaMAX™ and B-mercaptoethanol. Additional compounds used
to promote neural crest cells and sensory neuron differentiation
and maturation were: ascorbic acid, B-nerve growth factor (450-34,
Peprotech), neurotrophin-3 (450-03, Peprotech), BDNF and GDNF.
Sensory neurons were replated on Matrigel®-coated plates at a dens-
ity of 2.5 x 10° cells/ml. Additionally, as in our motor neuron proto-
col, a single treatment with 1 M Ara-C was performed on Day 14.

Dissociated embryoid bodies were plated on microelectrode arrays
at a final density of 50 000 cells/well. The microelectrode array plates
(24W300/30G-288, Multichannel Systems) were composed of 24
wells, each containing 12 PEDOT-coated gold electrodes (300pm
electrode spacing and 30pum electrode diameter). At Day 16 of the
differentiation protocol, the medium was gradually shifted to
BrainPhys™ Neuronal medium (05790, STEMCELL Technologies) to
increase the proportion of synaptically active neurons. The spontan-
eous electrical activity of iPSC-derived motor neurons was recorded
(300s) at a sampling rate of 25kHz during different development
stages. Analysis of all microelectrode array activity and data proc-
essing was performed with custom-written MATLAB scripts (The
Mathworks, MA, USA). Action potential and network-burst detection
was carried out using the QSpike Tools package.'’ In short, raw
traces were filtered by a band-pass filter followed by peak detection
of which the threshold is relative to the median of the recorded volt-
age. These threshold crossings were used in further analyses; each
of these crossings represented a putative action potential detection
on an electrode. If more than 0.02 of these occurrences were
detected per second on a given microelectrode, the electrode was
labelled active. When >30% of the active electrodes showed spiking
activity in a 20ms window, it was classified as a network burst—a
network-wide synchronization epoch. The end of such bursts was
determined when the network-wide activity was <80% of the max-
imum activity in the burst. To determine the burst start and end
points accurately, a 1ms spike time histogram was convolved with
a Gaussian window. The start and end were then determined on the
crossing of relative thresholds. Several other quality conditions
applied; a burst was at least 100 ms long, bursts with an inter-burst
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interval shorter than 100 ms were taken together as one burst and at
least 30% of the active electrodes participated in the burst.

Motor and sensory neurons were cultured in 8-well Ibidi plates
(80826, Proxylab) and incubated with a final concentration of 250 nM
MitoTracker™ Red CMH2Xros (M7513, Thermo Fisher) or 100nM of
LysoTracker™ Red DND-99 (L7528, Thermo Fisher) in neuronal me-
dium for 25 min at 37°C. Afterwards, the medium was removed, and
fresh neuronal medium was added. Live-cell imaging at 540nm was
performed using a Carl Zeiss Axiovert 200M microscope equipped
with an incubation chamber (37°C, 5% CO,). Images were taken
every 2 s for 3min with an AxioCam MR Rev3 camera and 40 x Plan-
Neofluar (1.3NA) objective, yielding 90 frames. Images were viewed
using the AxioVision LE software (version 4.9) and analysed using
the Fiji distribution of Image]."**® To analyse organellular transport,
kymographs were generated by drawing segmented lines on the
neurites and using the Fiji ‘Multi Kymograph’ function at line thick-
ness 3. From the kymographs, organelle speeds were extracted by
drawing straight lines on structures moving at constant speed
(straight lines on the kymograph). The tangent of the angle of this
line represented the speed (um/s) after calibration (2s/pixel in the
vertical y-direction and 0.16125 um/pixel in the horizontal x-direc-
tion). The percentage of moving organelles was calculated by divid-
ing the moving organelles by the total number of organelles
(including straight vertical lines in kymograph). At least five kymo-
graphs were made per recording. In the motor neurons, a mitochon-
drial speed >15um/s and lysosomal speed >2um/s were
considered as outliers, whereas in the sensory neurons, a mitochon-
drial speed >1pm/s and lysosomal speed >1.5pum/s were consid-
ered as outliers. The first frame of the image sequence was also
used to measure mitochondrial morphology by detecting individual
mitochondria segments (as depicted previously'®). Briefly, a seg-
mentation procedure was executed using an Image] macro script
that combined global (Median method) and local (Phansalkar
method) automatic intensity thresholding and Boolean operations
on the binary masks. The shape factors (aspect ratio and circularity)
of mitochondrial segments were measured to describe the mito-
chondrial morphology.

Motor neurons were cultured on 8-well Seahorse XFp miniplates
(103025-100, Agilent Technologies). Prior to the Cell Mito Stress
Test assay (103010-100, Agilent Technologies), the neuronal me-
dium was changed to Seahorse XF DMEM medium pH 7.4, includ-
ing the Seahorse XF supplements (glucose, pyruvate and
glutamine) (103680-100, Agilent Technologies). The Seahorse injec-
tion ports on the sensor cartridge were filled with 1 uM oligomycin
(Port A), 2uM carbonilcyanide p-triflouromethoxyphenylhydra-
zone (FCCP) (Port B) and 0.5 uM Rotenone/Antimycin A (Port C). All
mitochondrial inhibitors were purchased from Agilent
Technologies. During the run, the oxygen consumption rates were
measured using the Seahorse XF HS Mini Analyzer (Agilent
Technologies) and subsequently normalized to total protein levels
and quantified following the manufacturer’s instructions.

Motor neurons were treated with 1uM of DLK inhibitor (GNE-8505,
kindly produced and provided by Janssen Pharmaceutica, Beerse,
Belgium) from Day 11 onwards and subsequently refreshed at every
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media change. An equivalent amount of dimethyl sulphoxide (DMSO)
was used as a vehicle.

All experiments were performed at least in triplicate, collected
from independent differentiations (except for the electron micros-
copy study and mtDNA copy number quantification). Statistical
analysis was performed using GraphPad Prism (version 8.3.0).
Normal distribution of the data was tested using the Shapiro-Wilk
test. The comparison of two groups was either evaluated using the
Student’s t-test (normal distribution) or the Mann-Whitney U-test.
Data containing more than two groups were analysed with either
a one-way ANOVA followed by Dunnett’s multiple comparisons
test (normal distribution) or a Kruskal-Wallis non-parametric test
with Dunn’s correction for multiple comparisons. *P < 0.05,
P < 0.01, *™P < 0.001, *™*P < 0.0001 were considered significant.
Data values represent the mean =+ standard error of the mean
(SEM), except where otherwise mentioned.

The generated data are available from the corresponding author
upon reasonable request. The Acapella script, written to quantify
the images acquired with the Opera Phenix High Content Imaging
system is available on GitHub (https://github.com/VerschuurenM/
NeuronalConnectivity).

Results

A particular challenge in using iPSCs to study a genetically diverse
disease such as CMT stems not only from differences between
genetic variants but also from differences introduced by the devel-
opment of iPSCs in different laboratories. In this respect, and with
the current technology, the same mutation generated at two dif-
ferent labs could produce very different experimental results. This
has been prohibitive to the identification of shared molecular defi-
cits between different CMT2 subtypes. To overcome this major
challenge, we generated iPSC lines from five different CMT2 muta-
tions along with two healthy controls (Fig. 1A, B and
Supplementary Table 1) simultaneously and within the same re-
search environment. In this study, we focused on the following
gene mutations representing the respective common CMT2 sub-
types: MFN2R*Q (CMT2A), NEFL?®® (CMT2E), HSPB8X*™N (CMT2L),
HSPB1%¥*R (CMT2F) and HSPB17®?" (CMT2F). These select genes
and their respective mutations comprise the most frequent forms
of axonal CMT identified to date.”>® To account for potential vari-
ability, this list also contains two different mutations in the same
gene (HSPB1%®*® and HSPB17'#?Y) with different disease severity
and affecting different protein domains of HSPB1."
Reprogramming of fibroblasts was performed using a Sendai virus,
consisting of four reprogramming factors (Oct4, Sox2, K1f4 and c-
Myc). Pluripotency was confirmed by immunostaining for Nanog,
Oct4, SSEA4, Sox2, Tra 1-60 and Tra 1-81 (Supplementary Fig. 1A).
A quantitative analysis of self-renewal and tri-lineage differenti-
ation potential (TagMan® hPSC Scorecard™ assay) was performed
(Supplementary Fig. 1B). Additionally, all iPSC lines expressed
pluripotent stem cell markers demonstrated by RT-qPCR for Oct4,
Sox2 and Nanog (Supplementary Fig. 1C). The absence of the rela-
tive viral expression of Sendai and c-Myc was confirmed by RT-
gPCR (Supplementary Fig. 1D). Further characterization was per-
formed by DNA fingerprinting, showing identical single nucleotide
polymorphism profiles with the corresponding fibroblast sample
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(Supplementary Table 2). Finally, to account for potential variabil-
ity, we generated an isogenic control line in which the MFN28%Q
mutation (MFN2'5°) was rescued using the CRISPR/Cas9 gene edit-
ing technology (Fig. 1B and Supplementary Fig. 8A). Together, this
set of iPSC lines should provide the necessary tools to filter out
natural variability and identify molecular changes truly stemming
from the disease.

Differentiation of iPSCs into motor neurons was based on a previ-
ously published protocol.®’ The different in vivo neuronal develop-
ment stages were simulated by adding small molecules in vitro (Fig.
1C). This protocol, in combination with a single treatment with Ara-
C on Day 14, ensured high-purity motor neuron -cultures.
Immunostaining revealed that all iPSC-derived motor neurons were
positive for MAP2, Isltl and ChAT (Fig. 1D). In addition, RT-gPCR
demonstrated an increase in the relative expression of ChAT and
HB9 over time from iPSC colonies (Day 0) to mature motor neurons
(Supplementary Fig. 1E). No significant differences between mature
patient lines and controls were observed. Moreover, the isogenic
MFN2'° line was also able to differentiate into motor neurons suc-
cessfully. These patient and control iPSC-derived motor neuron
lines were used in this study to seek common features that differen-
tiated healthy from axonal CMT disease phenotypes.

To benchmark our lines, we first verified whether we would ob-
serve previously reported gene-specific phenotypes for certain
CMT?2 subtypes. For instance, mutations in the neurofilament light
chain gene (NEFL), causing CMT2E, disturb the assembly of the inter-
mediate filament network, by accumulating in the perikarya and
neurites in particular.”® We were able to validate neurofilament light
(NF-L) inclusions in the cell body as well as in the neurites of
CMT2E-derived motor neurons by performing immunostaining for
NF-L at Day 37 (Supplementary Fig. 2A). Blinded quantification
revealed a significant increase in NF-L compared to a healthy con-
trols, using NF-L signal thresholds (the total area of NF-L inclusions
divided by a background of NF-L staining) (Supplementary Fig. 2B).
In addition, filamentous accumulations were confirmed by ultra-
structural analysis of the NEFLP®® motor neuron line
(Supplementary Fig. 2C). A second example of a gene-specific
phenotype is the formation of HSPB1-positive aggregates due to C-
terminal HSPB1 mutations.?’ We validated the presence of HSPB1
aggregates in our iPSC-derived motor neurons from the HSPB17*52-
line, using immunostaining at Day 37 for HSPB1 (Supplementary Fig.
3A). While no aggregates were seen for the N-terminal HSPB1%%*}
mutation, a proportion of the HSPB17#% cells contained large cyto-
plasmic aggregates (Supplementary Fig. 3A). Additionally, we con-
firmed a known reduction in a-tubulin acetylation levels for the
HSPB1P*82L patient line, first reported in a CMT2F mouse model
(Supplementary Fig. 3B).?? Lastly, we recapitulated a decrease in
BAGS3 levels in iPSC-derived motor neurons for the HSPBg"*'N mu-
tation (Supplementary Fig. 4), a finding that has been observed and
reported by us in the sciatic nerve of 12-month-old symptomatic
Hspb8K#INVKIHN khock-in mice and reflects alterations in autoph-
agy.” In conclusion, these CMT2-derived motor neurons recapitu-
lated previously described gene-specific alterations. However, it
remains unclear what unites these different CMT2 subtypes.

As alterations in the neurite network have been reported in iPSC-
derived neuronal models as well as in animal models of peripheral
neuropathies,>*?* we sought to explore whether a decrease in the
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Figure 1 Generation of CMT2 iPSCs and characterization of iPSC-derived motor neurons. (A) Graphic scheme of procedures for iPSC generation and
the neuronal differentiation required to conduct this study. (B) Sequencing analysis confirming the mutations of the patient lines used in this study.
(C) Protocol and small molecules used to obtain motor neurons. (D) Immunostaining at Day 25 with ChAT, Isl1, MAP2 and DAPI for patient-specific
motor neurons. Scale bar = 100 pm. Ara-C = cytosine B-p-arabinofuranoside; BDNF = brain-derived neurotrophic factor; CHIR = CHIR99021; CNTF =
ciliary neurotrophic factor; DAPT = a y-secretase inhibitor; EB = embryoid body; GDNF = glial cell-derived neurotrophic factor; LDN = LDN-193189;

MN = motor neuron; RA = retinoic acid; SAG = smoothened agonist; SB = SB431542.
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neurite network would be a common phenotype in our CMT2 iPSC-
derived motor neurons. We applied two methods to investigate
this. First, we analysed phase-contrast images of neuronal cultures
at Days 38-50 using pixel classification to segment and measure
the number of neurites and cell bodies (Fig. 2A and B).
Complementary to this, we studied the neuronal network at Days
25-30 by means of high-throughput automated fluorescence con-
focal microscopy (Fig. 2C). Of all iPSC-derived motor neuron lines,
the two control lines on average had the densest neurite network
in both types of analysis. With an equal number of cells after 25-
30days (Fig. 2D), a statistically significant decrease in neurite
length was found for the MFN28**? and NEFL"®® lines (Fig. 2E). This
suggested that CMT2 mutations negatively affect the neurite net-
work of iPSC-derived motor neurons.

To explore whether these small changes in the neurite network
were coupled to alterations in neuronal activity, we performed
microelectrode array experiments. The spontaneous electrical ac-
tivity of iPSC-derived motor neurons was recorded at a sampling
frequency of 25kHz during different development stages.
Representative traces that were collected over a 300s recording
period are shown and were characterized by isolated and periodic
collective spiking events (Fig. 2F). Analysis of the traces indicated
changes in the burst rate for all CMT2-derived motor neurons com-
pared with the controls (Fig. 2G). The MFN2"**Q and NEFLF®® lines
showed an increase in burst rate, suggesting hyper-connectivity.
In contrast, the heat-shock protein mutants (HSPB8X™N,
HSPB1°%*R and HSPB1"'82!) showed a trend towards a decrease in
burst rate, suggesting a hypo-connectivity state. While gene-spe-
cific differences could explain the opposing trends between differ-
ent CMT2 subtypes, changes either way could contribute to
neuronal and axonal degeneration.’*°

Previous studies have reported axonal transport defects such as
decreased mitochondrial speed in iPSC-derived neurons of CMT2A,
CMT2E or CMTX6.2°%° However, it remains unknown whether these
hallmarks of axonal degeneration are common to all CMT2 sub-
types. To verify whether this was at least a shared feature in our five
CMT?2 lines, we performed live-cell imaging experiments to study
mitochondrial and lysosomal trafficking in both control and patient
iPSC-derived motor neurons over time using MitoTracker™ and
LysoTracker™ dyes, respectively. We observed a significant de-
crease in mitochondrial speed in all patient-derived motor neurons
at Days 38-50 (Fig. 3A), whereas at Days 22-28, only the MFN2R¥4Q
motor neurons showed a decrease in mitochondrial speed
(Supplementary Fig. SA). The percentage of moving mitochondria
was not significantly different; however, at Days 22-28 we observed
a significant decrease in the MFN2"°*Q patient line (Supplementary
Fig. 5A). Similar to the mitochondrial speed, the lysosomal speed
was significantly decreased in all patient motor neurons at Days 38-
50 (Fig. 3B), whereas at Days 22-28, the MFN2%%*? NEFLP®® and
HSPB8*™*™ motor neurons showed a trend towards a decrease in
lysosomal speed (Supplementary Fig. 5B). In addition, the percent-
age of moving lysosomes was significantly decreased at Days 38-50
(Supplementary Fig. 5B). These live-cell imaging experiments indi-
cated that axonal transport was generally impaired and mitochon-
drial as well as lysosomal trafficking worsened over time.

Given the intimate link between mitochondrial functionality
and shape, we studied the effect of CMT2 mutations on mitochon-
drial shape (Fig. 3C). For MFN2 mutations, it is already known that
fusion is impaired, causing mitochondrial fragmentation.?’?
However, for the other CMT2 mutants, this has not yet been sys-
tematically investigated. To assess whether alterations in
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mitochondrial morphology could form another common feature,
we analysed the mitochondrial shape parameters in motor neuron
cultures labelled with MitoTracker™ dye. Our data revealed
reduced mitochondrial elongation, with an increase in circularity
(Fig. 3D) and a decrease in aspect ratio (Fig. 3E) in all patient-derived
motor neurons between Days 38 and 50. Interestingly, for the
MFN2R%4Q and NEFLP®® mutant motor neurons, this was already ob-
servable at Days 22-28 (Supplementary Fig. 6A and B). Alterations in
the mitochondrial morphology for the MFN2%%*? and NEFLF®® mu-
tant motor neurons were further confirmed by transmission elec-
tron microscopy at Day 25 (Supplementary Fig. 6C and D).
Altogether, our results demonstrated a progressively affected axon-
al transport and fragmented mitochondrial morphology in all the
patient lines.

Since the MFN2R%*Q and NEFLP®® CMT2 patients displayed both
motor and sensory symptoms (Supplementary Table 1), we investi-
gated whether these mutations also affected the sensory neurons.
Therefore, we differentiated iPSCs into peripheral sensory neurons
using a previously published protocol™ (Fig. 4A), which produced a
heterogeneous sensory neuronal culture.” Immunostaining at Day
37 revealed that all iPSC-derived sensory neurons were positive for
Beta-III-Tub, BRN3A and TRPV1 (Fig. 4B).

We first assessed whether gene-specific phenotypes were repro-
duced in iPSC-derived sensory neurons. We observed that NF-L
accumulations were also present in patient iPSC-derived sensory
neurons, as demonstrated by a significant increase of NF-L inclu-
sions in the perikarya and neurites of the NEFLP®® patient line at Day
37 (Supplementary Fig. 2D-E). For HSPB17¥%", we only observed a de-
crease in a-tubulin acetylation in iPSC-motor neurons but not iPSC-
sensory neurons at Day 37 (Supplementary Fig. 3C), which was in
line with the predominant motor neuron phenotype in this type of
CMT2 gene mutation. We also measured the neurite length in these
iPSC-derived sensory neurons on phase contrast images of living
unstained neurons, similarly as for the motor neurons. A significant
decrease in neurite length occurred at Days 38-50 in the MFN2R%*Q
and NEFL"®® sensory neuron lines (Fig. 4C).

Next, we measured axonal transport using MitoTracker™ and
LysoTracker™ to label the mitochondria and lysosomes, respectively.
Kymograph analysis showed a significant reduction at Days 38-50 in
the mitochondrial and lysosomal speeds for the MFN2R**Q and
NEFL"® sensory neuron lines (Fig. 4D). Furthermore, a reduced num-
ber of moving mitochondria and lysosomes was observed in these
two patient lines compared with both the controls (Fig. 4D). We also
found that the mitochondrial shape in the MFN2***? and NEFLP®® sen-
sory neurons, similar to motor neurons, revealed a decrease in aspect
ratio (Fig. 4E). Note that the speed distribution of mitochondrial and
lysosomal trafficking was markedly different between the motor and
sensory neurons: axonal transport speeds were significantly higher in
the motor neurons compared with the sensory neurons of healthy
controls (Supplementary Fig. 7A-D). This was in line with in vivo data
in which axonal trafficking of signalling endosomes was significantly
faster in motor versus sensory neurons of ChAT-eGFP mice.** These
differences in speed could potentially arise from differences in the
axon thickness between motor and sensory neurons.

Combined, our results suggested that neurite length, axonal trans-
port and mitochondrial shape were particularly disturbed in iPSC-
derived sensory neurons from CMT2 patients with sensory symp-
toms, while the sensory neurons from CMT?2 subtypes with a predom-
inant motor-phenotype (HSPB1°%*}, HSPB1762" and HSPBS**™) were
indifferent from control iPSC-derived sensory neurons.
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Figure 3 CMT2-derived motor neurons cause axonal transport deficits and altered mitochondrial morphology. (A) Mitochondrial transport analysis at
Days 38-50 using kymographs (left). Quantification of mitochondrial speed (n = 182-295) and percentage of moving mitochondria (n = 8-11) was per-
formed after MitoTracker™ labelling and imaging for 3min. (B) Lysosomal transport analysis at Days 38-50 using kymographs (left). Quantification of
lysosomal speed (n = 161-433) and percentage of moving lysosomes (n = 6-10) was performed after LysoTracker ™ labelling and imaging for 3min. (A
and B) Examples of representative kymographs showing moving (yellow boxes and arrowheads) and stationary (red boxes and arrowheads) organ-
elles. Dots represent either individual organelles (speed) or the average value of the kymographs per recording (% moving) (data pooled from two in-
dependent differentiations; mean +SEM). (C) Representative fluorescence mask (MitoTracker™) used to study the mitochondrial shape. (D and E)
Quantification of mitochondrial circularity and aspect ratio. Data-points represent the average values for the mitochondria present in the image
(n=8-10; data pooled from two independent differentiations; mean + SEM). Statistical significance to evaluate speed was calculated using one-way
ANOVA followed by Dunnett’s multiple comparisons test, while Kruskal-Wallis test with Dunn’s multiple comparison was used to perform statistics
on the percentage of moving organelles and mitochondrial morphology (‘P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001). Scale bar = 20 um.
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Figure 4 Motor neuron-specific subtypes of CMT2 do not change axonal transport and mitochondrial morphology in iPSC-derived sensory neurons. (A) Protocol
and small molecules used to obtain peripheral sensory neurons. (B) Immunostaining at Day 37 with Beta-III-Tub, BRN3A, TRPV1 and Hoechst 33342 for iPSC-
derived sensory neurons. (C) Quantification of normalized neurite length at Days 38-50, performed using phase-contrast images. Each dot represents a normal-
ized microscopic field (n = 26-36; data pooled from two independent differentiations; mean+ SEM). (D) Top: Mitochondrial transport analysis at Days 38-50 using
kymographs. Quantification of mitochondrial speed (left) (n=84-101) and percentage of moving mitochondria (right) (n=8-10) was performed using
MitoTracker™ labelling. Bottom: Lysosomal transport analysis at Days 38-50 using kymographs. Quantification of lysosomal speed (left) (n = 129-258) and percent-
age of moving lysosomes (right) (n = 9-12) was performed using LysoTracker™ labelling. Dots represent either individual mitochondria (speed) or the average
value of the kymographs per recording (% moving) (data pooled from two independent differentiations; mean + SEM). (E) Quantification of mitochondrial aspect
ratio. Data-points represent the average values for the mitochondria present in the image (n=11-19; data pooled from two independent differentiations;
mean+ SEM). Statistical significance to evaluate speed was calculated using one-way ANOVA followed by Dunnett’s multiple comparisons test, while Kruskal-
Wallis test with Dunn’s multiple comparison was used to perform statistics on the neurite network analysis, percentage of moving organelles and mitochondrial
morphology (‘P < 0.05, *P < 0.01, ™P < 0.001, ***P < 0.0001). Scale bar = 100 um. AA = ascorbic acid; Ara-C = cytosine B-p-arabinofuranoside; 8-NGF = B-nerve
growth factor; BDNF = brain-derived neurotrophic factor; CHIR = CHIR99021; DAPT = a y-secretase inhibitor; GDNF = glial cell-derived neurotrophic factor; KSR =
knockout serum replacement medium; LDN = LDN-193189; MEF-CM = mouse embryonic fibroblast-conditioned medium; NCPC = neural crest stem cell;
Neuronal = neuronal medium; NT-3 = neurotrophin-3; SB = SB431542; SU = SU5402; SN = sensory neuron.
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In this study, we observed axonal degeneration features in differ-
entiated motor and sensory neurons from the MFN27%Q patient
iPSC line. We applied CRISPR/Cas9 to edit the pathogenic MFN2R%*Q
patient iPSC line to generate a corrected MFN2'5° line (Fig. 1B and
Supplementary Fig. 8A) and assess whether the correction rescues
the characteristic disease phenotypes in motor and sensory neu-
rons. This revealed that correction of the MEN27**? mutation res-
cued neurite length in iPSC-derived motor and sensory neurons
(Supplementary Fig. 8B, C and G). Also the disturbances in extracel-
lular electrophysiological properties were corrected, as demon-
strated by a restoration of the burst rate (Supplementary Fig. 8D).
The fragmented mitochondrial morphology and the altered mito-
chondrial and lysosomal trafficking at Days 38-50 were likewise
corrected in both iPSC-derived motor and sensory neurons derived
from the MFN2™° line (Supplementary Fig. 8E, F, H and I). In sum-
mary, the isogenic MFN2'5° line restored the disease phenotype of
the MFN27%*Q patient line, demonstrating that our results in iPSC-
derived motor and sensory neurons are true hallmarks of CMT2A.

To globally delineate the transcriptomic profile between the two
healthy control and five CMT2 patient iPSC-derived motor neu-
rons, we performed bulk RNA-sequencing on Day 50 derived motor
neurons. Principal component analysis (PCA) demonstrated that
the axonal CMT samples clustered separately from the controls
(Supplementary Fig. 9A). In the transcriptome of the five different
CMT2 patient-derived motor neurons, 2846 genes were differen-
tially expressed when compared with both controls (Fig. 5A). We
employed RT-qPCR to validate some of the most common differen-
tially expressed genes (NKX6-1, CNTN4 and KHDRBS2), which con-
firmed the differential expression of these transcripts between the
CMT?2 lines and controls (Fig. 5B). To discriminate between gene-
specific versus shared differentially expressed transcripts, we per-
formed a Venn diagram analysis (Fig. 5C). This allowed us to ana-
lyse the overlap between each of the CMT2 patient motor neuron
lines and identify a core profile of 740 transcripts that were shared
by all CMT2 gene mutations. Gene ontology (GO) analysis of these
common differentially expressed genes identified enriched cellu-
lar component GO terms such as ‘respiratory chain’ and ‘axon’
(Supplementary Fig. 9B and C). Furthermore, in the top associated
enriched pathways we found ‘axon guidance pathway’ and the
‘PI3K-Akt signalling pathway’ (Supplementary Fig. 9C). The latter
pathway was also shown to be imbalanced in CMT rodent
models.*

One of the top hits detected was the ‘respiratory chain’, linking
this core profile of differentially expressed genes to the mitochon-
dria. We confirmed this with an additional PCA, showing that
healthy controls and CMT2 samples clustered separately when
analysing only the mitochondrial encoded genes (Fig. 5E). This was
in line with our earlier results showing that mitochondrial trans-
port and morphology are affected in all CMT2 patient iPSC lines.
To construct a connectivity network of the differentially expressed
genes underlying the top hits in the ‘respiratory chain’ term, we
performed GeneMANIA gene network clustering (Fig. 5D) and this
showed that many of the hits were interconnected at multiple lev-
els, ranging from direct protein-protein interactions to proteins of
the same pathway, further underscoring how different CMT2
genes could dysregulate the same mitochondrial processes.

J. Van Lent et al.

Our results to this point showed that mitochondrial transport and
morphology were dysregulated and that this feature was common
to all CMT2 motor neuron lines used in this study. Unsurprisingly,
‘PI3K-Akt signalling’ and ‘respiratory chain’ were therefore identi-
fied as associated GO terms in our transcriptomic analysis, indicat-
ing that mitochondrial dysfunction might be sensed by cytosolic
stress integrators like Akt and AMPK. We therefore verified
whether the Akt and AMPK phosphorylation levels were different
in the CMT2 lines versus the controls. This confirmed a clear in-
crease in phosphorylated Akt and AMPK in all CMT2 patient lines
(Fig. 6A). To assess whether these in vitro findings would also ex-
tend to in vivo models, we isolated the sciatic nerve of 1-year-old
symptomatic Hspb8¥14VK14IN mice modelling CMT2L. Similar to
our observations in the iPSC-motor neurons, we found an increase
of phosphorylated Akt and AMPK in the sciatic nerve (Fig. 6B).
Given that the sciatic nerve is not composed purely of motor neu-
rons, as it also contains other cell types such as Schwann cells,
fibroblasts and endothelial cells, the actual effect on motor neu-
rons possibly remains underestimated.

As AMPK is a well-known sensor for cellular energy metabol-
ism,*? we investigated whether these CMT2 mutations would ex-
hibit deficits in oxidative phosphorylation. We studied
mitochondrial respiration using a Seahorse analyser and assessed
the mitochondrial function with the Cell Mito Stress Test assay
(Fig. 6C). Measurements of the mitochondrial basal respiration at
Days 38-39 revealed a decrease in the MFN2R%*Q NEFLF®R,
HSPB8**!N and HSPB17*8?" patient lines (Fig. 6D), which coincided
with the altered mitochondrial shape (Supplementary Fig. 6A and
B) and reduced mtDNA copy number (Supplementary Fig. 11)
observed at this time point. At Days 24-25, a decrease in basal res-
piration and affected mitochondrial morphology could already be
observed in the MFN2R®*2 and NEFLP®® patient motor neuron lines
(Supplementary Fig. 6A, B, D and Supplementary Fig. 10A). Finally,
we also demonstrated that the isogenic MFN2'%° line was able to
restore defective oxidative phosphorylation in the MFN28**Q pa-
tient line, both in early and late time point experiments
(Supplementary Fig. 10B and C).

As our data demonstrated that mitochondrial dysfunction was a
common feature in our CMT2 lines and that stress pathways
impinging on this are overactivated, we sought to explore whether
modulating these stress pathways could ameliorate some of the
disease-associated phenotypes. As MAPKs can directly and indir-
ectly target mitochondria,?*** we investigated whether we could
target these stress-induced transcriptional changes (Fig. 7A) using
a DLK (also known as MAP3K12) inhibitor. DLK acts upstream of
the stress-responsive c-Jun N-terminal kinase (JNK) pathway (a
member of the MAPK protein family) and is highly expressed in
neuronal cells. In addition, mitochondrial dysfunction and DLK ac-
tivation reinforce one another in inducing axonal damage.*
Furthermore, DLK and, by an extent, the JNK pathway are also in-
timately involved in axonal organelle transport.>® This DLK inhibi-
tor is currently in a phase I clinical trial for amyotrophic lateral
sclerosis (NCT02655614), as it has been shown not only to reduce
the activation of JNK but also delay denervation at the neuromus-
cular junctions of SOD1%°*# mice.*” Moreover, the loss of DIK is
well tolerated.® We focused on the MFN28?*2 and NEFLF®® patient
motor neuron lines, since both display the most severely altered
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Figure 5 Transcriptional profile of CMT2 iPSC-derived motor neurons at Day 50. (A) Volcano plot of log2 fold change versus mean comparing the con-
trol lines with the patients. Boxes are used to indicate genes that were validated using RT-gPCR. (B) RT-gPCR to confirm the relative expression of dif-
ferentially expressed genes (DEGs) in iPSC-derived neurons at Day 50 (n=3; data pooled from two independent differentiations; mean+SEM). (C)
Venn-diagram of the DEGs of CMT2 models compared with healthy donors. (D) Network analysis of the DEGs responsible for the top terms shown in
Cellular Component terms. (E) PCA of all mitochondrial coded genes in healthy control and patient samples. Statistical significance of RT-qPCR
results was calculated using one-way ANOVA followed by Dunnett’s multiple comparisons test (*P < 0.05, P < 0.01, **P < 0.001, ***P < 0.0001).

mitochondrial phenotype, and treated the motor neurons with
1pM of DLK inhibitor from Day 11 onwards. To validate the effect
of the treatment, total c-Jun levels were measured and the in-
crease in these levels in the MFN2"9*? and NEFL™®® patient motor
neurons lines decreased upon inhibition by DLK (Fig. 7B). To deter-
mine whether such a reduction in stress signalling would have a

positive impact on mitochondrial functionality, we treated the
motor neurons with the DLK inhibitor and assessed the mitochon-
drial morphology, mitochondrial respiration and mitochondrial
transport at Days 38-50 (Fig. 7C-E). These experiments indicated
that DLK inhibition led to an increase in the mitochondrial aspect
ratio and basal respiration in both the MFN2%**? and NEFLP®* lines.
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Figure 6 Mitochondrial function is impaired in CMT2 iPSC-derived
motor neurons. (A) Expression levels of p-AMPK and p-Akt at Day 45 in
iPSC-derived motor neurons determined using western blot. (B)
Expression levels of p-AMPK and p-Akt in the sciatic nerve of 12-
month-old Hspb8K“NKI4IN mice (G) Oxygen consumption rate (OCR)
in iPSC-derived motor neurons at Days 24-25 using a Mito Stress Test
[n=4-25; data pooled from two independent differentiations; mean-
+standard deviation (SD)]. (D) Quantification of basal respiration at
Days 38-39. Individual data-points represent the average value per well
(n=4-27, data pooled from two independent differentiations;
mean+SEM). Statistical significance was calculated using one-way
ANOVA followed by Dunnett’s multiple comparisons test (P < 0.05,
P < 0.01, **P < 0.001, *™*P < 0.0001).

In addition, although not significant, it led to a slight increase in
the mitochondrial transport speed and percentage of moving
mitochondria. These results indicated that DLK inhibition was
able partially to rescue mitochondrial dysfunction, demonstrating
its broad therapeutic potential, and that targeting such shared
pathways could pave the way for a universal CMT2 treatment.

Discussion

Inherited disorders are often caused by a select group of genes.
One of the best-known exceptions is the axonal form of CMT neur-
opathy, caused by a large number of mutations in more than 50
disease-associated genes. This genetic diversity, further compli-
cated by clinical heterogeneity, has led to the association between
axonal CMT and a vast number of pathways. One of the main rea-
sons for the lag in the development of therapies for CMT?2 is that
the shared and gene-specific pathways remain largely unresolved.
Our study has addressed this question and identified certain
shared pathways.

Our data show that there are common alterations in mitochon-
drial morphology, mitochondrial gene expression patterns, extra-
cellular electrophysiology, oxidative phosphorylation and mtDNA
copy number in five different axonal CMT iPSC lines representing
a diverse set of autosomal dominant CMT2 genes. Of note, an
altered mitochondrial metabolic defect was recently reported in
iPSC-derived motor neurons from CMTX6 patients.?® These results
indicate that mitochondrial energy deficits could form a common
hallmark of axonal CMT neuropathies. Given the length of these
neurons, which can be up to 1 m in adults, this may be further
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exacerbated by axonal transport defects. While high levels of ATP
are required to support axonal survival and nerve conduction at,
for instance, the nodes of Ranvier, deficits in both transport and
energy production could form a double hit that prevents the axon
from sustaining this high energy demand and ultimately leads to
axonal dysfunction. It is therefore not surprising that there have
been observations of axonal transport defects or mitochondrial
dysfunction in many models of CMT disease (as reviewed previ-
ously by Beijer et al.*®). However, whether these factors truly con-
tribute to the pathogenesis of the disease or whether the
impairment of these functions is simply an end point of a degener-
ating axon has remained elusive.

Our results show that, besides gene-specific phenotypes, defi-
cits in mitochondria and axonal transport are common across dif-
ferent CMT2 subtypes and these are not simply downstream end
points of axonal degeneration. This is supported by the fact that
these defects are progressive and coincide with general electro-
physiological and neurite network deficits. These results therefore
also imply that therapies oriented towards restoring axonal trans-
port or mitochondrial activity may hold the potential to rescue
axonal degeneration in multiple CMT2 subtypes. However, it
remains unclear which of these parameters is essential to rescuing
axonal degeneration or whether both transport and mitochondrial
activity must be rescued to prevent axonal degeneration.

The complex interplay between axonal transport and mito-
chondrial activity is currently incompletely understood. Studies
using the mito-KillerRed molecule, which leads to the release of
reactive oxygen species upon photoactivation, have shown that
local activation in a subdomain of the neurite leads to mitochon-
drial stalling.*® Presumably, the nerve attempts to prevent the
spreading of oxidative damage by quarantining the mitochondria
at the site of insult. Similarly, mitophagy of dysfunctional mito-
chondria along the neurite also occurs in the axon itself.*’ It thus
appears that local mitochondrial deficits can lead directly to mito-
chondrial stalling. How this is controlled at the molecular level is
less clear, but it could involve a switch from dynamic kinesin and
dynein transporters to static syntaphilin anchoring proteins.*?
Moreover, inter-organelle contacts may further determine the fate
of dysfunctional mitochondria. Specifically, mitochondria-associ-
ated membranes are contact sites between mitochondria and the
endoplasmic reticulum and are widely implicated in neurodegen-
eration.*® In addition, for CMT2 it has been shown that defects in
mitochondria-associated membranes contribute to mutant MFN2
pathology.**

An important sensor of such local oxidative damage is AMPK.*
Our data show an increased activation of AMPK in the mutant
CMT lines suggests a primary mitochondrial deficit. Moreover, we
observed that both axonal transport and mitochondrial activity
deficits occur at the same time, which further suggests that they
are interconnected, and restoring one could lead to amelioration
of the other. This notion is supported by the fact that DLK inhib-
ition ameliorated both mitochondrial transport, morphology and
functionality in MFN2%%*? and NEFLF®® patient motor neuron lines.
Additionally, in three CMT2 mouse models it has been shown that
HDACS inhibitors can restore tubulin acetylation and consequent-
ly improve axonal transport and the total number of mitochon-
dria.?>*® However, for HDAC6 inhibitors, their primary mode-of-
action is less clear. They facilitate axonal transport through the
control of tubulin acetylation levels, but HDAC6 also tightly con-
trols the acetylation of Miro1 and thus mitochondrial transport.*
Moreover, the loss of Miro1 is sufficient to induce axonal degener-
ation in hippocampal neurons.*® Thus, not just mitochondrial dys-
function can cause axonal degeneration, mitochondrial transport
is equally important to maintaining axonal integrity by removing
damaged organelles and replenishing the axon with healthy
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Figure 7 DLK inhibition restores mitochondrial dysfunction in motor neurons from CMT2A and CMT2E patients. (A) Venn diagram of the common
DEGs of the MFN27%*? and NEFLF®® mutations compared with healthy donors. Enriched pathways of the common overlapping differentially expressed
genes (DEGs) are shown (bottom). (B) Total c-Jun levels at Day 40 in untreated (DMSO) and treated (DLK-inhibitor) iPSC-derived motor neurons deter-
mined using western blot. (C) Quantification of mitochondrial aspect ratio. Data-points represent the average values for the mitochondria present in
the image (n=19-21; data pooled from two independent differentiations; mean+SEM). (D) Quantification of basal respiration at Days 38-39.
Individual data-points represent the average value per well (n=8-15; data pooled from two independent differentiations; mean+SEM). (E)
Quantification of mitochondrial speed (n = 107-187) and percentage of moving (n = 8-9) mitochondria was performed after MitoTracker™ labelling
and imaging for 3min. Dots represent either individual mitochondria (speed) or the average value of the kymographs per recording (% moving) (data
pooled from two independent differentiations; mean+SEM). (C-E) Statistical significance of the rescue of mitochondrial morphology, basal respir-
ation and percentage of moving mitochondria was calculated using the Mann-Whitney U-test, while the effect of the treatment on mitochondrial
speed was evaluated using the unpaired t-test (*P < 0.05, **P < 0.01, *P < 0.001, ****P < 0.0001).
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mitochondria. Thus, in future it will be important to unravel the
molecular details of potential interconnectedness between axonal
transport and mitochondrial dysfunction in CMT2. Furthermore,
other common pathways may exist, such as endoplasmic reticu-
lum-phagy, which appears to be a common pathway for a group of
genes linked to sensory neuropathies.**°

In summary, we have identified common disease mechanisms
in neurons differentiated from CMT2 patient-derived iPSC lines
and this opens new, additional opportunities to develop drugs for
inherited neuropathies, which will potentially be beneficial to a
larger group of CMT patients.
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