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Abstract

Fatty-acid-hydroxylase-associated neurodegeneration (FAHN) is a rare neurodegenera-
tive disorder caused by loss-of-function mutations in the FA2H gene, leading to impaired
enzymatic activity and resulting in myelin sheath instability, demyelination, and axonal
degeneration. In this study, we established a human in vitro model using neurons and
oligodendrocytes derived from induced pluripotent stem cells (hiPSCs) of a FAHN patient.
This coculture system enabled the investigation of myelination processes and myelin in-
tegrity in a disease-relevant context. Analyses using immunofluorescence and Western blot
revealed impaired expression and localisation of key myelin proteins in oligodendrocytes
and cocultures. FA2H-deficient cells showed reduced myelination, shortened internodes,
and disrupted formation of the nodes of Ranvier. Additionally, we identified autophagy
defects—a hallmark of many neurodegenerative diseases—including reduced p62 expres-
sion, elevated LC3B levels, and impaired fusion of autophagosomes with lysosomes. This
study presents a robust hiPSC-based model to study FAHN, offering new insights into the
molecular pathology of the disease. Our findings suggest that FA2H mutations compromise
both the structural integrity of myelin and the efficiency of the autophagic machinery,
highlighting potential targets for future therapeutic interventions.

Keywords: FAHN; FA2H; oligodendrocytes; neurons; demyelination; autophagy; myelin
proteins; induced pluripotent stem cells

1. Introduction

Fatty-acid-hydroxylase-associated neurodegeneration (FAHN) is a rare neurodegenera-
tive disorder classified within the group of neurodegeneration with brain iron accumulation
(NBIA) syndromes [1]. FAHN is caused by autosomal recessive mutations in the enzyme
fatty acid 2-hydroxylase, encoded by the FA2H gene [2]. In addition to FAHN (OMIM
#611026), mutations in FA2H have also been associated with leukodystrophy (OMIM
#612319) [3,4] and hereditary spastic paraplegia (HSP) type SPG35 (OMIM #612319) [5,6].
To date, more than 100 disease-causing FA2H mutations have been reported in the Human
Gene Mutation Database [7-11]. Approximately 90% of these are missense mutations
located within the cytochrome b5 domain [3,6,12], which have been shown to reduce
enzymatic activity [13]. FA2H is a three-domain lipid biosynthetic enzyme localised to
the endoplasmic reticulum. It catalyses the synthesis of 2-hydroxy fatty acids, which are
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incorporated into ceramides and serve as precursors for galactosylceramides (GalCer)—
major structural components of the myelin sheath [13,14]. Myelin is a lipid-rich membrane
formed by oligodendrocytes (OLs) in the central nervous system and Schwann cells in the
peripheral nervous system [14]. These glial cells ensheath axons, providing both metabolic
support and increased conduction velocity [15,16]. Proper myelination depends on the
compaction and biochemical stability of the myelin membrane, which is often compromised
in neurodegenerative disorders [17], including FAHN.

Myelin membranes have a distinct lipid composition, comprising approximately 30%
GalCer and sulfatide, of which nearly half contain 2-hydroxy fatty acids [13,14]. Given
FA2H’s role in synthesising hydroxylated fatty acid GalCer (hFA-GalCer), FA2H defi-
ciency is thought to cause abnormal myelin lipid composition, demyelination, myelin
sheath instability, and subsequent axonal degeneration [14,18]. Mouse models with both
conditional [2,19] and total FA2H knockout [20] have demonstrated that FA2H is not es-
sential for initial myelin formation but is critical for long-term maintenance. This finding
aligns with clinical observations in FAHN patients, who show initially normal develop-
ment followed by progressive neurological decline—suggesting that the disease primarily
results from defective maintenance rather than impaired formation of myelin [2,19,20].
In 18-month-old FA2H™ /™ mice, reductions in myelin sheath thickness, instability, and
disruption of compact myelin were observed [2,19]. While the exact sequence of pathologi-
cal events remains unclear, available data suggest that these impairments may arise in a
partially overlapping rather than strictly sequential manner and may mutually reinforce
one another. The timing and extent of each process likely depend on the disease model and
stage examined.

Beyond myelin-related changes, recent findings from a Drosophila melanogaster
FA2H™ /™ model and FAHN-patient-derived fibroblasts revealed additional impairments
in mitochondrial dynamics and autophagic processes, suggesting a broader cellular pathol-
ogy associated with FA2H dysfunction [21]. Nevertheless, our understanding of FAHN
pathophysiology and the cellular consequences of FA2H deficiency remains limited, in part
because current animal models do not fully replicate the human condition. This knowledge
gap raises key questions about which alterations occur in a human model of FAHN and
how changes in the lipid composition of myelin proteins contribute to axonal degeneration.
To address this, we established a human-induced pluripotent stem cell (hiPSC) model and
generated neural cells, including a coculture of oligodendrocytes and neurons.

Consequently, the aim of this study was to investigate disturbances in the expression
of key myelin-structuring proteins, such as myelin basic protein (MBP) and proteolipid
protein (PLP), and to examine how such alterations may disrupt the architecture of the
nodes of Ranvier. These disruptions could contribute to the pathophysiological cellular
phenotype of FAHN, particularly in the context of impaired myelin maintenance and ax-
onal degeneration. To this end, we conducted immunocytochemical analyses to assess the
expression and localisation of myelin-related proteins in both monocultures and cocultures.
The structural integrity of the nodes of Ranvier was examined using confocal microscopy
and specific marker proteins, enabling detailed evaluation of nodal organisation. In addi-
tion to analysing myelination-related changes, we also investigated the role of autophagy in
FAHN, based on prior evidence linking FA2H dysfunction to impaired autophagy and mito-
chondrial abnormalities [21]. Given the established connections between lipid metabolism,
ceramide accumulation, and autophagy, we aimed to determine whether autophagic dys-
function contributes to the cellular phenotype of FAHN. To this end, we utilised established
autophagy markers and performed immunofluorescence and colocalisation analyses on
neurons and oligodendrocytes. Additionally, Western blot experiments were conducted
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to assess FA2H expression, key myelin-structuring proteins, and core components of the
autophagy pathway.

2. Materials and Methods
2.1. hiPSC Cultivation

The hiPSC line AKOSi006-A (hereafter referred to as CTRL) was employed as a
control [22]. The cell line AKOSi010-A, derived from patient fibroblasts, carries the com-
pound heterozygous mutation p.Gly45Arg/p.His319Arg (hereafter referred to as FAHN).
The fibroblasts were obtained from Dr Sunita Venkateswaran at the Children’s Hospital of
Eastern Ontario in Ontario, Canada. The generation and characterisation of AKOSi010-A
hiPSCs from patient-specific fibroblasts were recently published [23]. The hiPSCs were
cultured on Matrigel-coated (Corning, Corning, NY, USA) plates in mTeSR medium (STEM-
CELL Technologies, Cologne, Germany), with the medium renewed daily. The cells were
passaged every five days and detached using ReLeSR (STEMCELL Technologies, Cologne,
Germany). They were maintained at 37 °C and 5% CO, in a humidified incubator. Follow-
ing each passage, the mTeSR medium was supplemented with 10 uM Y-27632 (STEMCELL
Technologies, Cologne, Germany).

2.2. Neural Differentiation

Once the hiPSCs had reached 70-80% confluency, the hiPSC medium was removed
and the cells were washed with DMEM/F12. The medium was then replaced with
2 mL of neural induction medium (NIM), supplemented with 10 pM Y-27632 (STEMCELL
Technologies, Cologne, Germany). Undifferentiated colonies were manually detached and
transferred onto poly-L-ornithine (PLO, 15 pug/mL; Sigma-Aldrich, Taufkirchen, Germany)
and laminin-coated (10 ug/mL; Trevigen, Gaithersburg, MD, USA) plates in NIM sup-
plemented with 5 ng/mL basic fibroblast growth factor (FGF2), 20 uM SB-431542 (Tocris
Bioscience, Wiesbaden, Germany), and 1 pM LDN193189 (Sigma-Aldrich, Taufkirchen,
Germany) to induce the formation of neural rosettes. The medium was changed daily until
day 9. On day 9, after neural rosettes had formed, NIM was replaced with neural progenitor
cell (NPC) medium, supplemented with 10 ng/mL FGF2 and 10 ng/mL epidermal growth
factor (EGF; PeproTech, Hamburg, Germany). On day 14, non-differentiated cells were man-
ually removed. Neural rosettes were detached using Accutase, and neural progenitor cells
(NPCs) were isolated using magnetic beads (Miltenyi Biotec, Teterow, Germany) targeting
the surface marker polysialylated-neural cell adhesion molecule (PSA-NCAM), according
to the manufacturer’s instructions. Purified NPCs were seeded onto PLO/laminin-coated
plates in N2B27 medium composed of 40% neurobasal medium (Thermo Fisher Scien-
tific, Dreieich, Germany), 60% DMEM/F12 (Fisher Scientific GmbH, Schwerte, Germany),
1 x B27,1 x N2, and 0.5% penicillin/streptomycin, further supplemented with 10 ng/mL
FGF2 and 10 ng/mL EGF. The NPC medium was renewed every three to four days, and
cells were passaged with Accutase (Sigma-Aldrich, Taufkirchen, Germany) every five days.
Neuronal differentiation of NPCs into a mixed population of TUJ1- and MAP2-positive
neurons and GFAP-positive astrocytes occurred spontaneously. NPCs were seeded at an
expansion density of 100,000 cells/cm? on PLO/laminin-coated plates in proliferation
medium (N2B27 without growth factors; Thermo Fisher Scientific, Dreieich, Germany). The
proliferation medium was changed every four to six days over a six-week period.

2.3. Lentivirus Virus Generation

Viral vectors, proteins, and enzymes—including vesicular stomatitis virus glycopro-
tein G (VSV-G) and the packaging plasmid psPAX2—were used for lentivirus produc-
tion. For this purpose, 3.0 x 10° HEK293T cells were seeded into two 10 cm cell culture
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dishes containing basal medium without penicillin/streptomycin. The cells were cul-
tured overnight at 37 °C, 5% CO,, and 90% relative humidity before transfection. In two
separate 1.5 mL tubes, 180 uL of Opti-MEM Reduced Serum Medium (Thermo Fisher
Scientific, Dreieich, Germany) was mixed with 20 pL of Lipofectamine™ 2000 (Thermo
Fisher Scientific, Dreieich, Germany)

2.4. Generation of Oligodendrocyte Progenitor Cells

The protocol for the generation of oligodendrocyte progenitor cells (OPCs) was
adapted from a recently published protocol [24]. The initial step involved the use of
hiPSCs, which were passaged using Accutase supplemented with 10 uM Y-27632. Upon
reaching 40-50% confluency, the cells were transferred to N2B27 medium containing small-
molecule inhibitors of the SMAD pathway: 20 uM SB431542 (Tocris Bioscience, Wiesbaden,
Germany) and 5 ng/mL LDN193189 (Miltenyi Biotec GmbH, Teterow, Germany), as well as
100 uM retinoic acid (RA; Sigma-Aldrich, Taufkirchen, Germany). On day 5, a sonic hedge-
hog agonist (also known as a smoothened agonist or SAG; Sigma-Aldrich, Taufkirchen,
Germany) was added to the N2B27 medium already containing SB431542 and LDN193189.
The addition of 10 uM SAG resulted in a significant proportion of OLIG2* cells after eight
days of neural induction. Subsequently, the cells were dissociated into single units using
Accutase and seeded at a density of 50,000-75,000 cells/ cm? on PLO/laminin-coated plates
in N2B27 medium supplemented with 10 uM Y-27632. After 24 h, the cells were transduced
with lentivirus vectors encoding FUW-SOX10, FUW-M2rtTA, pMD2.G, and psPAX2. Viral
titres were pre-titrated and calculated to achieve a multiplicity of infection (MOI) of 1.5.
On the following day, the viral medium was replaced with oligodendrocyte (OL) differenti-
ation medium supplemented with 10 ng/mL PDGF-AA (PeproTech, Hamburg, Germany),
10 ng/mL IGF-1, and 5 ng/mL HGF (both Sigma-Aldrich, Taufkirchen, Germany).

2.5. Flow Cytometery

To assess the purity of O4 expression by fluorescence-activated cell sorting (FACS),
a small aliquot of cells (50,000-100,000 cells) was collected. To evaluate O4* purity and
determine total cell count (O4* cells typically constitute ~10% of the starting population),
the cell pellet was resuspended in 1 mL of OL induction medium supplemented with
ROCK inhibitor. First, the cell aliquot was resuspended in 95 puL of ice-cold MACS buffer.
Then, 5 uL of O4-APC antibody was added and incubated for 15 min at 4 °C. The cells
were washed with 2 mL of MACS buffer, centrifuged, resuspended in 200 pL of MACS
buffer, and subsequently analysed on a flow cytometer. Appropriate isotype or unstained
control samples were used to define gating thresholds.

2.6. Coculture Systems

To study the myelination process, it was necessary to obtain mature neurons and
mature oligodendrocytes (OLs) expressing myelin proteins. This was achieved by differ-
entiating a coculture of neurons, astrocytes, and oligodendrocytes. Accordingly, differ-
entiation of neuronal differentiated cells (NDCs) was initiated several weeks in advance.
Once both cell types had been obtained, the NDC medium was replaced with coculture
medium supplemented with 1 ug/mL doxycycline (applied only for the first four days),
1 x Y-27632, and 10 pg/mL laminin. Subsequently, OLs were seeded onto mature neurons
at a density of 50,000 O4* cells/cm?. The cells were incubated at 37 °C for four days,
after which doxycycline was removed from the coculture medium. The cells were then
cultured for a further 35-40 days, with partial medium changes two to three times per
week. This was performed by gently replacing half of the medium with fresh medium.
At the conclusion of the coculture period, the medium was discarded and the cells were
rinsed with phosphate-buffered saline (PBS), then fixed with 4% paraformaldehyde (PFA)



Cells 2025, 14, 1261

5o0f 24

for 10 min at room temperature. The coculture system was evaluated using control NDCs
cocultured with control OLs and FAHN NDCs cocultured with FAHN OLs.

2.7. Western Blot Analysis

Cells were dissociated using Accutase, and lysates were prepared by incubating the
cells for 20 min on ice in RIPA lysis buffer. The lysis buffer contained 137 mM Tris-HC],
12 mM NaCl, 2 mM sodium deoxycholate, and 0.1 mM EDTA and was supplemented
with 0.1% SDS, 1% Triton® X-100, 10% glycerol, a cOmplete™, Mini, EDTA-free Protease
Inhibitor Cocktail, and PhosSTOP™ phosphatase inhibitor (both Roche Diagnostics GmbH,
Mannheim, Germany). After lysis, the samples were centrifuged at 15,000 x g for 20 min at
4 °C. Protein concentrations in the supernatants were determined using the Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific, Dreieich, Germany), following the manufac-
turer’s protocol. Samples were then heated for five minutes at 95 °C in Laemmli buffer
(125 mM Tris, 20% glycerol, 2% SDS, 5% (-mercaptoethanol, and 10% bromophenol blue)
before being centrifuged again at high speed. For electrophoresis, homemade 15% SDS-
PAGE gels were prepared using 1.5 M Tris (pH 8.8), 10% SDS, 10% ammonium persulphate
(APS), and 40% Roti®Phorese Gel 40 solution; 4% stacking gels were made using 0.5 M
Tris (pH 6.8), 10% SDS, 10% APS, and 40% Roti®Phorese Gel 40 solution, all mixed with
ultrapure water. The running buffer contained 250 mM Tris, 2 M glycine, and 0.1% SDS.
Protein transfer was performed using the Trans-Blot® Turbo™ Transfer System and Trans-
Blot® Turbo™ Transfer Pack (midi format, 0.2 wum nitrocellulose; Bio-Rad Laboratories,
Hercules, CA, USA). Membranes were washed three times for five minutes each in Tris-
buffered saline (TBS; 20 mM Tris, 137 mM NaCl, pH 7.5), then blocked for one hour in
5% bovine serum albumin (BSA) diluted in TBS containing 0.1% Tween® 20 (TBST). Mem-
branes were incubated overnight at 4 °C with primary antibodies (Table 1). Detection of
GAPDH involved incubation with primary antibody diluted in 3% BSA /TBST for one hour
at room temperature. After primary antibody incubation, membranes were washed three
times for five minutes in TBST and then incubated for one hour at room temperature with
DyLight™-conjugated secondary antibodies.

Table 1. List of primary antibodies.

Name Host Dilution Company Reference No#
Anti-O4-APC FACS Mouse 1:50 Miltenyi Biotec 130-095-891
BETA III TUBULIN Mouse IgG 1:100 Santa Cruz SC51670
FA2H Rabbit IgG 1:250 Invitrogen PA5-24728
GAPDH Mouse IgG 1:10,000 Abcam ABB8245
GFAP Rabbit IgG 1:500 Agilent 70334
KCNQ2/KV7.2 Mouse IgG 1:100 Abcam AB22897
LC3B (E7X4S) Rabbit IgG 1:1000 Cell Signaling 435665
MAP2 Chicken IgY 1:2000 Abcam AB5392
MBP Chicken IgY 1:100 ThermoFisher AB9348
MBP aa 82-87 Rat IgG 1:75 EMD Millipore MAB386
O4 Mouse IgM 1:100 R&D Systems MAB1326
PAX6 Rabbit IgG 1:1000 Abcam AB5790
PLP Rabbit IgG 1:100 Abcam AB_9311
SOX2 Rabbit IgG 1:500 Abcam AB92494
SOX10 Goat IgG 1:100 R&D Systems AF2864

SQSTML/P62 Rabbit IgG 1:500 Abcam ABI09012
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2.8. Immunofluorescence Staining

For immunofluorescence staining, cells were plated on PLO/laminin-coated glass
coverslips at a density of 50,000 cells/cm?. Cells were rinsed with DPBS and fixed with 4%
paraformaldehyde (PFA) for 15 min at room temperature. Following fixation, cells were
washed three times with DPBS and then permeabilised using 0.2% Triton X-100 in DPBS
for 15 min at room temperature. To block non-specific binding, cells were incubated with
Pierce™ Protein-Free Blocking Buffer (Thermo Fisher Scientific, Dreieich, Germany) for one
hour at room temperature. Primary antibodies (Table 1) were applied in blocking buffer
and incubated overnight at 4 °C. The next day, cells were washed three times in DPBS
for five minutes each. Secondary antibodies—including anti-rabbit IgG, anti-mouse IgG,
anti-mouse IgM, and anti-chicken IgY conjugated to Alexa Fluor 488, 568, or 642—were
diluted 1:1000 in blocking buffer and applied for one hour at room temperature in the dark.
After three additional DPBS washes, cells were mounted using DAPI Fluoromount-G®
(SouthernBiotech, Birmingham, AL, USA) and stored at 4 °C. Imaging was performed on an
LSM 900 laser scanning microscope (Zeiss, Hamburg, Germany) equipped with a motorised
scanning stage, multi-wavelength laser module, high-resolution oil immersion objective,
and GaAsP-PMT detector. Image acquisition and analysis were conducted using ZEN 2
Blue Edition software (Version 3.9). Colocalisation analysis was performed in Image] using
the Just Another Colocalisation Plugin (JaCoP, Image] Plugin Repository, NIH Bethesda,
MD, USA) to calculate Pearson’s correlation coefficient.

2.9. Statistical Analyses

Statistical analysis was performed using GraphPad Prism, version 8.0.1. Data are pre-
sented as mean =+ standard deviation (SD), with each value derived from a minimum of six
independent experiments to ensure robustness and reproducibility. Normality of datasets was
assessed using the Shapiro-Wilk test. For comparisons between two groups, the unpaired
Student’s t-test was used. When comparing more than two groups, a one-way analysis of
variance (ANOVA) was performed. If significant differences were detected, Dunnett’s post
hoc test was applied to identify pairwise differences relative to the control group. For non-
normally distributed data, the Kruskal-Wallis test was used as a non-parametric alternative.
In these cases, Dunnett’s post hoc test was also applied to assess significance between groups.
A p-value of <0.05 was considered statistically significant. Significance levels are indicated as
follows: p < 0.05 (#, $), p < 0.01 (##, $$), and p < 0.001 (##, $$5).

3. Results
3.1. Establishing the Disease Model

The primary objective of this study was to identify and analyse the pathologies associ-
ated with disease in neurons and OLs that are specifically affected in FAHN mouse models.
To achieve this, we made use of recently generated FAHN-patient-derived hiPSCs [23] and
generated NPCs and neural derivatives, using small-molecule-based culture techniques
(Figure 1A). Following the completion of culturing and neural rosette formation (Figure 1B),
NPCs expressing the surface marker PSA-NCAM were isolated using magnetic beads
(Figure 1B). These cells were further characterised for the presence of neuroectodermal
stem cell markers including PAX2 and SOX2 (Figure 1B). A substantial majority of the cells
demonstrated the expression of these markers, confirming their successful differentiation
into NPCs. Subsequently, these NPCs were utilised as a platform for generating NDCs,
which then underwent spontaneous differentiation over a period of six weeks (Figure 1C).
The differentiated cells were found to robustly express the neuronal cell marker TUJ1 (green)
and the astrocyte marker GFAP (red) (Figure 1C). The quantification confirmed the visual
impression indicating that there is no significant difference between the FA2H-deficient cell
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line and the corresponding control cell line in differentiation of neuronal cells (Figure 1D,E).
These results suggest that NPCs derived from hiPSCs are capable of differentiating into
both neuronal and astrocytic cells, thus serving as a valuable in vitro model for studying
neural differentiation and further disease-specific investigations.

Neural Progenitor Cells Neural Differentiated Cells
;.

NIM

+FGF2, LDN, SB-431542

do
B

o

CTRL

'FAHN

% TUJ1* cells / DAPI
% GFAP* cells / DAPI

0.0
CTRL FAHN CTRL  FAHN

Figure 1. Characterisation of neural progenitor cells and neurally differentiated cells. (A) Schematic
overview of the generation of neural progenitor cells (NPCs) and the subsequent differentiation
into neuronal derivatives (NDCs). (B) hiPSCs were cultured as colonies on Matrigel-coated plates
using a small-molecule-enriched medium, facilitating the formation of neural rosettes composed
of PSA-NCAM* NPCs. These progenitors were isolated by magnetic-bead-based purification. Im-
munofluorescence staining confirmed the expression of neural stem cell markers PAX6 (green) and
SOX2 (red), with nuclei counterstained using DAPI (blue). N = 18, n = 3 independent differenti-
ations per line. Scale bars: 100 pm (bright field), 20 pm (NPC immunofluorescence). NPCs were
expanded and differentiated into NDCs over a six-week period. (C) NDCs derived from both the
control (CTRL) and FA2H-deficient (FAHN) hiPSC lines displayed immunoreactivity for the neuronal
marker TUJ1 (green) and the astrocyte marker GFAP (red). Nuclei were stained with DAPI (blue).
(D,E) Quantification of TUJ1" and GFAP™ cells revealed no significant differences between CTRL and
FAHN lines, confirming that both generate a mixed culture of neurons and astrocytes. N =20,n =9
independent differentiations per line. Scale bar: 100 um. ns = not significantly different.

Generation of OPCs was performed using hiPSCs as a starting point (Figure 2A). The
process of neural induction was meticulously carried out over a period of eight to ten
days through the application of several small molecules (5B431542 and LDN193189, RA,
and SAG) that inhibit SMAD signalling pathways, resulting in the formation of neural
rosettes (Figure 2B). This precise combination of molecules facilitated a significant increase
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in the percentage of OLIG2™ cells. During the second stage of OPC generation, cells were
transduced with a lentiviral vector encoding the SOX10 coding sequence. Following a 24 h
period post-transfection, a majority of the cells displayed a notable change in morphology,
exhibiting characteristics typical of pre-OPCs. Cells were found to be positive for SOX10
(Figure 2C,F red). In the ultimate stage of OPC generation, cells were cultured in an OL
differentiation medium supplemented with 1 pg/mL doxycycline to promote SOX10 ex-
pression, until day 24. The morphological characteristics of these OLs included an enlarged,
roundish nucleus along with extensive external branches and dendrites, positively express-
ing O4 (orange) and MBP (red) (Figure 2C,F). The OPCs can be purified by their expression
of both PSA-NCAM and 04, using MicroBeads. The quantification of SOX10-positive cells
shows there is no difference in expression of SOX10 (Figure 2D,E) and O4 (Figure 2G,H)
in the FA2H-deficient cell line and control cell line, respectively. At the conclusion of this
differentiation stage, approximately 55-70% of the cells were found to express O4, while
around 30% demonstrated expression of the myelin marker MBP, indicating mature OLs.
Considering that a key hallmark of FAHN disorder involves demyelination and myelin
instability [2], we utilised in our subsequent experiments oligodendrocytes and cocultures
derived from FAHN and control iPSCs. The coculture experiments were performed in
accordance with the following conditions: control NDCs + control OLs and FAHN NDCs
+ FAHN OLs (Figure 2I). Myelination depends on proper interaction with the substrate.
Thus, we co-cultured OLs with human iPSC-derived neurons to further investigate puta-
tive myelination impairments in the case of FAHN. Initially, during the culturing process,
maturated OLs began to form intricate networks and to engage in wrapping around axons
(Figure 2J]). To achieve a fully myelinating model, purified OLs from day 24 and neurons
from day 56 were cultured for a period of six weeks. This protocol resulted in a highly inte-
grated oligodendrocyte-neuronal myelinating coculture, which was subsequently verified
through immunostaining employing antibodies against MBP (green) to stain myelin and
antibodies against MAP2 (magenta) to stain neurons (Figure 2J).

3.2. FA2H Mutant Protein Is Expressed at Reduced Levels in Patient-Derived Cells

To analyse the impact of mutations on FA2H protein expression, Western blot analyses
were conducted on FA2H-deficient and control cells. Representative images (Figure 3A,C)
depict the FA2H band pattern in both NDCs and OPCs cells from FA2H-deficient cells. The
total FA2H protein was identified as a distinct band at approximately 50 kDa in both NDCs
and OPCs, visually suggesting a weak signal in the FA2H protein. Furthermore, quantifica-
tion revealed a significantly decreased signal of total FA2H protein in the FA2H-deficient
NDCs or OPCs compared to the control NDCs or OPCs (Figure 3B,C), indicating that
mutations in the FA2H gene contribute to reduced steady-state levels of the endogenously
expressed FA2H protein. Intriguingly, the total expression of FA2H protein in OPCs was
higher than in NDCs, suggesting a higher requirement and expression of FA2H protein in
oligodendrocytes. These findings collectively indicate that the expression of FA2H protein
in both types of FA2H-deficient cells is significantly reduced, yet it is markedly elevated in
oligodendrocyte-differentiated cells, underlining the differential demand for FA2H protein
between neuronal and oligodendrocyte differentiation.
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Neural induction SOX10 induction OL differentiation
iPSCs | messssssssssss) OLIG2* precursors  messsssssssssssssssss)  04* OLs

+RA, SB431542, + SAG +PDGF-AA, IGF1, T3, HGF, NT3, Biotin,
LDN193189, cAMP, Doxycycline
do ds ds8-10 d22-24 (days)

100 SOX10" cells

az
B3S

SOX10 04

CTRL

J :
7]
FL1-H

CTRL FAHN
F H :
ns 04" cells
SOX10 o2
z =
I ]
E [
CTRL FAHN W
I Dastifture Myelination
NDCs+ OLs assessment
Coculture medium
+ Biotin, CAMP, insulin, doxycycline
d24 de5 (days)

J MBP / MAP2

Figure 2. Generation and characterisation of oligodendrocytes and formation of myelinating cocul-
tures. (A) Schematic representation of the key stages in the generation of oligodendrocytes (OLs)
using a lentiviral transduction-based protocol. (B) hiPSC colonies were cultured on Matrigel-coated
plates and treated with SMAD inhibitors for eight days to induce OLIG2* precursors. These cells were
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subsequently transfected with the SOX10 transcription factor to promote oligodendrocyte differen-
tiation. After ten additional days in culture mature OLs, displaying characteristic wide, branched
morphology, became visible. Immunofluorescence analysis confirmed stage-specific expression of
key markers in both the control (CTRL, (C)) and FA2H-deficient (FAHN, (F)) lines: OLIG2 at day 8
(pre-transfection), SOX10 at 24 h post-transfection, O4 (orange) during pre-myelinating stages, and
MBP (red) at later stages, indicating myelin expression. Nuclei were counterstained with DAPI
(blue). n = 20 independent differentiations per line. Scale bars: 100 um, 50 pm (OLIG2 and SOX10),
20 pm (MBP). (D) Quantitative analysis of SOX10* and O4" cells showed no significant differences
between CTRL (D) and FAHN lines (G). Representative FACS dot plots (E,H) showing the per-
centage of O4" cells 10 days after SOX10 induction. Debris was excluded by forward and side
scatter, followed by gating for single, live cells. OL identity was defined by O4 positivity. Flow
cytometry analysis was performed using Flow]o software (version 10). n = 2. Brightfield and OLIG2:
scale bar = 150 um; SOX10 = 100 um; O4 = 50 um; MBP = 20 um. n = 10 per differentiation, n = 20
independent differentiations per line. (I) Mature OLs and neurons were combined in coculture and
maintained for six weeks. At 24 h, OLs adhered to neurons, and by day 4, they began extending
processes and wrapping axons. (J) Immunostaining after four days of coculture revealed MBP*
myelin (green) surrounding MAP2* neurons (magenta). Nuclei were counterstained with DAPI
(blue). Scale bars: 50 um and 20 pm. n = 13, n = 9 independent differentiations per line. ns = not
significantly different.

3.3. FA2H Mutant Protein Displays Incorrect Intracellular Localization in Patient-Derived Cells

Investigations on FA2H proteins have revealed variances in protein levels between
FA2H-deficient cells and control cell lines. This prompted a study of whether mutant FA2H
protein retains its typical cellular location in NDCs (Figure 3D) and OPCs (Figure 3F). We
employed immunofluorescence staining of FA2H proteins and confocal microscopy to
track its intracellular distribution. The intensity of FA2H fluorescence was quantified to
gauge expression levels. In control neuronal cells, FA2H prominently localised to somata,
dendrites, and axons, exhibiting strong fluorescence. However, mutant cells displayed
weaker, diffuse staining, indicating disrupted localisation. Specifically, in NDCs of the
FA2H-deficient cell line, there was a notable relocation of FA2H from somata to axonal areas,
with minimal intracellular presence. Quantitative analysis supported these observations,
with control cells showing high fluorescence intensities indicative of abundant cytoplasmic
FA2H (Figure 3E,G). Conversely, the FA2H-deficient cells exhibited markedly lower fluores-
cence, suggesting reduced cytoplasmic protein presence. In oligodendrocyte-differentiated
cells, control samples showed intense FA2H signals as cytoplasmic clusters near the nu-
cleus. In contrast, FA2H-deficient OPCs displayed weaker signals but maintained a similar
distribution. Comparative fluorescence intensity analysis further confirmed lower FA2H
levels in deficient OPCs compared to control OPCs. Overall, our data reveal multiple
cellular abnormalities in FAHN, highlighting diminished FA2H protein levels and altered
expression in mutant proteins in both neuronal and oligodendrocyte cells.
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Figure 3. FA2H protein expression and intracellular localisation of iPSC-derived neuronal and
oligodendrocyte cells. (A) Western blot analysis was conducted to determine total FA2H pro-
tein levels in neurally differentiated cells (NDCs) and oligodendrocyte precursor cells (OPCs).
Band intensities for FA2H were normalised to GAPDH, which served as the reference protein.
(B,C) Quantification of Western blot signals revealed a significant reduction in total FA2H protein
levels in FA2H-deficient NDCs and OPCs compared to controls (N = 12), indicating impaired FA2H
expression in the mutant cell lines. (D,E) Intracellular localisation of FA2H protein was examined in
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NDCs (D) and OPCs (E) using immunofluorescence staining (FA2H in red; nuclei counterstained with
DAPI (blue). In control NDCs, FA2H was strongly expressed in the somata (marked by *) and neuritic
projections (indicated by arrows). In contrast, FA2H-deficient NDCs displayed markedly reduced flu-
orescence and a diffuse intracellular distribution. In OPCs, FA2H in control cells appeared as intense
cytoplasmic puncta near the nucleus (arrows), while deficient cells exhibited weaker yet similarly
distributed signals. (F,G) Quantitative fluorescence analysis confirmed a significant reduction in
FA2H signal intensity across all FA2H-deficient cell types (N = 16), supporting the Western blot results.
Scale bars: 20 um. p < 0.05 (*), p < 0.001 (***) by one-way ANOVA followed by Dunnett’s post hoc
test compared to CTRL. NDCs = neurally differentiated cells; OPCs = oligodendrocyte-differentiated
cells; M = size marker.

3.4. MBP and d PLP Are Expressed at Reduced Levels in FA2H-Deficient Cells

These studies address the severe neurodegenerative symptoms and notable demyeli-
nation observed in FAHN patients. We began by evaluating the expression of myelin’s
most abundant proteins, MBP and PLP, within OPCs and cocultures using Western blot
methodology (Figure 4). For effective myelination and axonal wrapping, it is crucial
that OLs produce adequate and comparable amounts of MBP, PLP, and other structuring
proteins. A comprehensive evaluation of the MBP (Figure 4A) revealed the presence of
a distinct and well-defined band with an estimated molecular weight of approximately
13-20 kDa in the control OPC line. This result indicates an elevated level of expres-
sion. In contrast, the FA2H-deficient cell line displayed a visually reduced MBP signal.
This decrease was confirmed quantitatively, showing significantly lower MBP levels in
oligodendrocyte-differentiated cells of the mutant line (Figure 4B). Additionally, a similar
analysis was conducted on the cell-based in vitro coculture consisting of neurons and
myelinating oligodendrocytes, which provided insights into compact myelin formation
(Figure 4A,B). The expression of MBP in the coculture of the control cell line showed
a strong and bright signal, indicative of an increased amount of MBP. However, in the
patient coculture cells, a reduced level of MBP was observed, similar to that seen in the
oligodendrocyte cells, and was visually lower compared to the control line (Figure 4B). Col-
lectively, these results indicate a reduced expression of MBP in both oligodendrocyte and
coculture cells of the mutant line, corroborating previous reports in mice models that have
shown marked reductions in MBP in the central and peripheral nervous system [19,20].
The FA2H-deficient cell line consistently demonstrated a reduced level of MBP in both
oligodendrocyte and coculture cells compared to the control. Next to our MBP findings,
we evaluated the expression of PLP using Western blot analysis (Figure 4C,D). The results
showed significantly reduced PLP levels in the FA2H-deficient OPCs compared to the
corresponding control line. Similarly, coculture of FA2H-deficient cells also displayed
significantly reduced PLP levels, confirming the impaired production of myelin mem-
brane in FA2H-deficient cells. Overall, our data demonstrate significant impairments in
myelin protein synthesis in FA2H-deficient hiPSC-derived OPCs and cocultures and reveal
enhanced protein expression in cocultures, where OPCs interact with neurons.

3.5. FA2H Mutant OPCs and Coculture Cells Show Impaired Localisation of MBP and PLP

To better understand the localisation and interaction of PLP (red) and MBP (magenta)
in OPCs and myelinating cells in coculture, we performed colocalisation analyses and
quantified the extent of overlap using Pearson’s correlation coefficient (PCC) (Figure 5).
We first examined PLP/MBP colocalisation in individual OPCs. In the control cell line,
fluorescence signals for PLP and MBP showed considerable overlap, resulting in pinkish
staining in cellular processes, myelin extensions, and perinuclear regions—areas typically
characterised by extensive plasma membrane sheets (Figure 5A, upper panel). In contrast,
OPCs derived from the FA2H-deficient cell line displayed weak colocalisation, with PLP
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and MBP signals largely confined to cell processes and myelin extensions (Figure 5A, lower
panel). Quantitative analysis confirmed these observations: control cells exhibited high
PCC values, indicative of strong colocalisation and coordinated localisation of PLP with
MBP. FA2H-deficient OLs, however, showed significantly lower PCC values, reflecting im-
paired protein colocalisation within the myelin compartments (Figure 5E). A similar pattern
was observed in coculture experiments. Control cocultures showed robust overlap of PLP
and MBP fluorescence signals, whereas the FA2H-deficient cocultures exhibited weaker
and more diffusely distributed staining (Figure 5B). Quantification again revealed signifi-
cantly reduced PCC values in FA2H-deficient cocultures compared to controls (Figure 5F),
supporting the notion of disrupted myelin protein organisation in FAHN.
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Figure 4. Expression of myelin proteins in FA2H-deficient cell line. Western blot analysis of myelin
basic protein (MBP, (A)) and proteolipid protein (PLP, (C)) in oligodendrocyte progenitor cells (OPCs)
and cocultures. Samples were taken from four replicates each of OPCs and cocultures (lanes 1-4).
GAPDH (37 kDa) was used as a loading control. MBP was detected at approximately 1320 kDa.
FA2H-deficient OPCs and cocultures exhibited lower MBP expression, whereas increased MBP
expression was observed only in cocultures of the control cell line. (B) Quantification confirmed
a significant reduction in MBP levels in both FA2H-deficient OPCs and cocultures compared to
controls. (C) PLP expression was assessed by Western blot, with the main band detected at 20 kDa in
both OPC and coculture samples. Control cell lines showed stronger PLP signals in both conditions
compared to FA2H-deficient cells. (D) Quantification revealed significantly reduced PLP levels in
FA2H-deficient OPCs and cocultures relative to controls. Interestingly, PLP levels were significantly
higher in cocultures compared to their respective OPC monocultures in both cell lines. N = 14-16.
p<0.05(*# %), p<0.01 (**), p <0.001 (***, ###, $$$) by one-way ANOVA followed by Dunnett’s post
hoc test compared to CTRL. OPCs = oligodendrocyte progenitor cells; M = size marker.
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Figure 5. Colocalisation analysis of MBP and PLP in OPCs and cocultures. (A) Representative confocal
image showing immunofluorescence staining for PLP (red) and MBP (magenta) in OPCs. In the control
cell line, PLP was strongly expressed and predominantly localised to myelin extensions and perinuclear
regions, with substantial colocalisation with MBP. In contrast, OPCs derived from the FA2H-deficient cell
line exhibited a markedly reduced PLP signal and minimal colocalisation with MBP. (B) Confocal images
of coculture samples stained for PLP (red) and MBP (green). In the FA2H-deficient line, PLP expression
was visibly reduced, accompanied by a pronounced reduction in colocalisation with MBP in the myelin
sheaths formed by oligodendrocytes and neurons. (C,D) Confocal microscopy images showing localisation
of PLP (red), MBP (green), and MAP2 (magenta) in cocultures. The PLP/MAP2 fluorescence signals
were strongly colocalised in both control and FA2H-deficient lines, particularly along axonal segments
where myelin forms. (E,F) Quantification of Pearson’s correlation coefficient (PCC) confirmed reduced
PLP/MBP colocalisation in all FA2H-deficient cell types, indicating impaired integration of these proteins
into myelin structures. (G) Quantitative evaluation of PLP/MAP2 colocalisation revealed no significant
difference between the FA2H-deficient and control lines. Both demonstra