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Genetic pain loss disorders represent a heterogeneous group of rare diseases mainly characterized by
defective nociception. Understanding the underlying molecular mechanism is fundamental to improve
the treatment of patients affected by these rare disorders. Feline Leukemia Virus Subgroup C Receptor
1 (FLVCR1) is one of the genes previously associated with sensory neuropathy that requires further
investigation. Here, we report on two additional patients with novel disease-causing variants in
FLVCRT1 and introduce a zebrafish model of the disease. The analyses of patient-derived fibroblasts
show that distinct FLVCR1 variants compromised all the known functions associated with FLVCR1,
thus affecting choline levels, heme biosynthesis and mitochondrial Ca®* handling. Furthermore, we
provide evidence that the alteration of these processes impairs the TCA cycle and OXPHOS, and
induces lipid peroxidation. Our data points to the alterations of energetic metabolism as a potential
driving pathomechanism in FLVCR1-associated sensory neuropathy.

Impaired nociception is the hallmark of genetic pain loss disorders,
including congenital insensitivity to pain (CIP), hereditary sensory neuro-
pathy (HSN), and hereditary sensory and autonomic neuropathy (HSAN)'".
Individuals affected by these rare disorders lack the ability to exhibit pro-
tective behaviors when exposed to noxious stimuli, thus resulting in
recurrent and inadvertent self-injuries and burns associated with poor
healing wounds, ulcers, and osteomyelitis. Pain insensitivity is the con-
sequence of the alteration of sensory neurons caused by developmental
defects, neurodegeneration, and/or defective excitability. The identification
of pathogenetic variants in over 20 genes’, coupled with studies utilizing
cellular and animal models, has significantly enhanced our understanding of
the molecular mechanisms underlying sensory neuron dysfunction'. It is
now evident that the dysregulation of multiple cellular processes may result
in pain insensitivity, including alteration of axonal transport™, membrane
dynamics®”, sphingolipid metabolism*’, neurotrophin signaling'®",
sodium channel activity'>"”, and epigenetic regulation'’. Grasping the
mechanisms that contribute to sensory dysfunctions has yielded significant
impact, paving the way for preclinical approaches targeting specific HSAN
subtype'”™". Further understanding of the disease mechanisms responsible

for pain loss disorders will undoubtedly improve the management of this
heterogeneous group of rare diseases and will contribute to the definition of
novel strategies for therapeutic intervention.

Feline Leukemia Virus Subgroup C Receptor 1 (FLVCRI) is one of the
genes responsible for sensory neuropathy'*" that deserves further investi-
gation. Discovered as the receptor for Feline Leukemia virus, causing
aplastic anemia in cats® ™, FLVCR1 was soon recognized as an essential
transporter in multiple cell types®>. From a mechanistic point of view,
studies mainly focused on the characterization of FLVCRIa, the full-length
isoform encoded by the FLVCRI gene™. FLVCR1a has been initially iden-
tified as a heme exporter”””, but its function has been subsequently debated
by studies claiming FLVCRIa as a choline/ethanolamine importer™* ",
Despite controversies in the definition of FLVCRIa’s substrate specificity,
substantial evidence demonstrated that modulation of FLVCR1a expression
affects heme metabolism. Although the molecular mechanisms require
further investigation, it has been demonstrated that FLVCRIa controls the
rate of endogenous heme biosynthesis by regulating the activity of the rate-
limiting enzyme of this process, d-aminolevulinic acid synthase 1
(ALAS1)*. Furthermore, the known function of FLVCRla has been

Afull list of affiliations appears at the end of the paper.

e-mail: deborah.chiabrando@unito.it

Communications Biology | (2026)9:429


http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-026-09691-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-026-09691-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-026-09691-y&domain=pdf
http://orcid.org/0000-0002-4956-3563
http://orcid.org/0000-0002-4956-3563
http://orcid.org/0000-0002-4956-3563
http://orcid.org/0000-0002-4956-3563
http://orcid.org/0000-0002-4956-3563
http://orcid.org/0000-0001-8583-2583
http://orcid.org/0000-0001-8583-2583
http://orcid.org/0000-0001-8583-2583
http://orcid.org/0000-0001-8583-2583
http://orcid.org/0000-0001-8583-2583
http://orcid.org/0009-0002-9112-4676
http://orcid.org/0009-0002-9112-4676
http://orcid.org/0009-0002-9112-4676
http://orcid.org/0009-0002-9112-4676
http://orcid.org/0009-0002-9112-4676
http://orcid.org/0000-0003-2337-5756
http://orcid.org/0000-0003-2337-5756
http://orcid.org/0000-0003-2337-5756
http://orcid.org/0000-0003-2337-5756
http://orcid.org/0000-0003-2337-5756
http://orcid.org/0000-0001-9063-7918
http://orcid.org/0000-0001-9063-7918
http://orcid.org/0000-0001-9063-7918
http://orcid.org/0000-0001-9063-7918
http://orcid.org/0000-0001-9063-7918
http://orcid.org/0000-0001-6854-765X
http://orcid.org/0000-0001-6854-765X
http://orcid.org/0000-0001-6854-765X
http://orcid.org/0000-0001-6854-765X
http://orcid.org/0000-0001-6854-765X
http://orcid.org/0000-0003-2988-7701
http://orcid.org/0000-0003-2988-7701
http://orcid.org/0000-0003-2988-7701
http://orcid.org/0000-0003-2988-7701
http://orcid.org/0000-0003-2988-7701
http://orcid.org/0000-0001-5176-2839
http://orcid.org/0000-0001-5176-2839
http://orcid.org/0000-0001-5176-2839
http://orcid.org/0000-0001-5176-2839
http://orcid.org/0000-0001-5176-2839
http://orcid.org/0000-0002-1622-2340
http://orcid.org/0000-0002-1622-2340
http://orcid.org/0000-0002-1622-2340
http://orcid.org/0000-0002-1622-2340
http://orcid.org/0000-0002-1622-2340
http://orcid.org/0000-0002-8968-8029
http://orcid.org/0000-0002-8968-8029
http://orcid.org/0000-0002-8968-8029
http://orcid.org/0000-0002-8968-8029
http://orcid.org/0000-0002-8968-8029
mailto:deborah.chiabrando@unito.it
www.nature.com/commsbio

https://doi.org/10.1038/s42003-026-09691-y

Article

recently broadened with the definition of FLVCRIa interactome®. We
recently demonstrated that FLVCRIa interacts with IP3R3-VDAC, a
complex of proteins localized at mitochondria-associated membranes
(MAMs) that regulates Ca”* fluxes from the ER into mitochondria. Indeed,
modulation of FLVCRIa expression impairs the integrity and function of
MAMs". Therefore, it is possible to hypothesize that changes in choline,
heme, and/or Ca** metabolism might play a role in the disease pathogenesis,
but detailed investigations are still lacking.

Here, we describe two patients with novel disease-causing variants in
the FLVCRI gene and demonstrate that FLVCR1a downmodulation in
zebrafish impairs sensory neuron development and affects motor behaviors
in response to touch. Taking advantage of primary fibroblasts derived from
a cohort of four patients carrying different types of FLVCRI variants leading
to clinical manifestation, our study suggests that perturbation of mito-
chondrial energetic metabolism contributes to the disease pathogenesis and
that patients may benefit from therapeutic strategies boosting mitochon-
drial energetic metabolism. This study represents an important step toward
the definition of the molecular mechanisms underlying FLVCR1-associated
sensory neuropathy, possibly contributing to the identification of a ther-
apeutic strategy for patients affected by this rare disorder.

Results

Identification of novel FLVCR1 variants responsible for sensory
neuropathy

Patient 6 (P6) was the first child of non-consanguineous parents of
Caucasian origin, presented at 3 years of age with delayed motor

A B

Fig. 1 | Clinical presentation of two patients carrying novel pathogenic FLVCR1
variants. A Multiple scars, ulcers and mutilations of hands and feet of patient 6
carrying the ¢.704 C > A (p.Ser235Tyr) and ¢.1369 G > A (p.Glu457Lys) variants.
B Amputation of the distal tips of most fingers due to pain insensitivity in patients 7
carrying (c.1193 A > G; p.Tyr398Cys) variant and a pathogenic pseudogene inser-
tion in intron 8 of the FLVCRI gene. C Retinal examination of patient 7 showing

development, gait disturbance, frequent falls, normal psychosocial
development and absent reaction to painful stimuli, multiple scars, ulcers
and mutilations of hands and feet (Fig. 1A). Sensory nerve conduction in
lower extremities was not measurable and was reduced (8.7 m/s) in upper
extremities. At the age of 9 years, Asperger syndrome was diagnosed, and
an expanded metabolism screening, including organic acid in urine,
detected elevated glycolate (562 mmol/mol) and creatine (<274). Lactate,
CDG, and very long-chain fatty acid (VLCFA) showed normal results.
Cranial MRI and spinal MRI were normal. The child had frequent crises
resembling “autonomic crises”, characterized by temperature dysregula-
tion, frequent stool emission, and pain crises. Treatment with gabapentin
due to burning feet and pain in the legs after exercise showed a good
response. At the age of 15 years, the patient lost his walking ability,
developed a severe scoliosis and nail clubbing. Skin biopsy did not reveal
any thin nerve fibers. Now, at the age of 17 years, the patient needs non-
invasive nocturnal ventilation due to severe restrictive ventilation dis-
turbances and central apnea.

Patient 7 (P7) initially came to medical attention at 20 months of age
due to gross motor delay and concern for congenital insensitivity to pain.
The patient had repeated deep infections of the fingers resulting in hospi-
talizations and ultimately amputation of the distal tips of most fingers
(Fig. 1B). At age 2 years the patient was found to have nyctalopia and retinal
examination showed retinitis pigmentosa (Fig. 1C). Medical evaluations
included normal MRI of the spine, MRI of the brain with bilateral sym-
metrical increased T2 signal in the periventricular white matter. Nerve
conduction studies were consistent with severe sensory neuropathy. Lactate,

C

retinitis pigmentosa. D Cartoon representation of the AlphaFold structure predic-
tion model of hFLVCRI1a. The missense variants described in this work are high-
lighted in color: p.Tyr398Cys (purple), p.Ser235Tyr (orange), E457 (green). E Detail
showing the position of the p.Ser235Tyr mutation (blu). Figures D-E were prepared
using ChimeraX’".
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peroxisomal biomarkers, and transferrin glycosylation were normal.
3-methylglutaconic acid was mildly elevated twice on two occasions.

Genetic analysis of P6 and P7 revealed different heterozygous variants
in the FLVCRI gene. Specifically, gene panel analysis of P6 showed negative
results, whereas in whole-exome sequencing (WES), two variants of
uncertain significance (VUS) in the FLVCRI (NM 014053.3) gene were
detected (c.704 C > A (p.Ser235Tyr) and ¢.1369 G > A (p.Glu457Lys)).

Similarly, whole genome sequencing (WGS) analysis of P7 revealed
that the patient is compound heterozygous for a missense variant (c.1193
A > G (p.Tyr398Cys)) and a pathogenic pseudogene insertion in intron 8 of
the FLVCRI gene. The three amino acid substitutions identified in patients
are conserved across terrestrial vertebrates, as shown in the sequence
alignment generated with Clustal Omega*' (Fig. S1).

To gain insights into the impact of the variants herein reported on
FLVCRIa protein conformation, we used one of the cryo-EM structures
recently published™ (PDB accession number 8ubw). FLVCR1a features 12
transmembrane helices (TMH) arranged into two distinct six-helix bundles
and connected by a cytosolic loop, which serves as a pivotal element in the
functional dynamics of transport. All the missense variants described above
are in the cytosolic side of the human FLVCR1a protein. The residue Ser235
is located at the bottom of TMH 5, at the interface between the two 6-helix
bundles. The amino acid substitution p.Ser235Tyr introduces a bulkier
aromatic amino acid that can potentially obstruct TMH 8 movement in the
conformational transition between the “inward-open” and the “outward-
open” state. The amino acid substitution p.Glu457Lys in the loop between
TMH 10-11 results in an inversion of charge that can destabilize electrostatic
interactions, probably resulting in protein instability. Similarly, p.Tyr398-
Cys results in the removal of an aromatic amino acid at the cytoplasmic side
of TMH 9, affecting stability (Fig. 1D, E).

The identification of novel patients expands the spectrum of autosomal
recessive FLVCR1-associated presentations.

Flvcria down-modulation impairs sensory neurons development
in Zebrafish

Reports of individuals with FLVCRI mutations presenting with profound
pain insensitivity, documented both in the present study and in previous
publications, underscore a critical role for FLVCRI1 in sensory neurons.
Despite its ubiquitous expression and well-established requirement for
development across multiple cell types, whether FLVCRI function is
essential for sensory neurons remains unexplored. To address this issue, we
took advantage of zebrafish as a model organism. We used a splicing-
blocking morpholino targeting the boundary of intron 1 and exon 2
(MoI1Ex2), that we previously reported*>*. When injected in 1-2-cell
embryos at the dose of 4 ng, the MoI1Ex2 largely reproduced the mor-
phological phenotype previously described® (Fig. S2). Mol1Ex2 was then
injected into transgenic embryos carrying the EGFP under the control of the
neurogeninl (ngnl) promoter, and morphants were imaged at 48 hours
post fertilization (hpf). flvcrla morphants showed a reduced number of
dorsal root ganglia (DRG) (Figs. 2A, B and S2). This result was confirmed
upon targeting the zebrafish flvcrl locus by CRISPR/Cas9 (Figure S3).

To determine whether the alteration of sensory neurons morphology
affects sensory perception, we evaluated motor behaviors in response to touch.
Interestingly, flverla morphants showed decreased spontaneous movements
(Fig. 2C) as well as reduced distance swam after touch (Fig. 2D). The large
majority of the morphants did not react or reacted very poorly to the stimulus
(Fig. 2D, <5 mm), thus suggesting an alteration of sensory perception.

Taken together, these data suggest that Flvcrla down-modulation in
zebrafish impairs sensory neuron development and affects motor behaviors
in response to touch.

Choline levels are reduced in patient-derived fibroblasts

FLVCRI1a has been shown to function as a choline/ethanolamine trans-
porter. The consequences of pathogenic FLVCRI variants on choline
transport have been investigated by overexpressing several pathogenic
variants in distinct cell lines™*. However, there is currently no study

investigating whether choline levels are affected in a relevant in vitro model
of the disease. To address this issue, we analyzed primary fibroblasts derived
from the two patients herein described (P6, P7) and the parents of P7 (HET1
and HET?2: asymptomatic carriers). These cells were compared to primary
fibroblasts derived from two previously reported patients (P1 and P3)***'
and three healthy individuals (C1, C2, and C3)***". Of note, this cohort of
patient-derived cells is characterized by a combination of different variants
in the FLVCRI gene (Table S1) that results in reduced FLVCR1a expression
level (Fig. 3A, B).

The steady state level of choline was reduced in patient-derived
fibroblasts compared to both asymptomatic carriers and healthy individuals
(Fig. 3C, D). Of note, choline levels are reduced in primary fibroblasts
derived from P7 compared to his healthy parents HET1 and HET?2 (Fig. 3C).
Given the essential role of choline for glycerophospholipid synthesis, we
hypothesized that alteration of choline import may affect cell membrane
composition with an impact on the physical-chemical properties of cell
membranes. Thus, we measured membrane fluidity in our cohort of patient-
derived cells. Interestingly, membrane fluidity was increased in patient-
derived fibroblasts compared to both healthy individuals and asymptomatic
carriers (Fig. 3E). To understand whether the alteration of membrane
fluidity depends on a reduction of choline uptake, we performed rescue
experiments by supplementing cells with supraphysiological doses of cho-
line. Interestingly, choline supplementation fully restored membrane
fluidity (Fig. 3E).

Taking together these data suggest that distinct types of pathogenetic
variants in the FLVCRI gene are associated with reduced intracellular
choline levels and altered membrane fluidity, consistent with impaired
choline handling.

De novo heme biosynthesis is impaired in patient-derived
fibroblasts

Substantial evidence indicates that modulation of FLVCR1a expression is
linked to changes in heme metabolism. However, previous studies carried
out on P1 fibroblasts™ and P3-derived lymphoblastoid cell line” failed to
detect any difference in overall heme content under basal conditions.
Consistently, the analysis of primary fibroblasts derived from the herein
described patients showed that the overall heme content was not affected in
comparison to control cells (Fig. 3F, G). However, the technique’s limited
ability to detect heme cannot completely exclude subtle differences in labile
heme. To gain further insight into the potential dysregulation of heme
metabolism in patient cells, we assessed the activity of ALASI that has been
demonstrated to be specifically controlled by FLVCR1a****. Despite the
expression level of ALASI being unaffected (Fig. 3H), the mitochondrial
activity of ALAS] was reduced in patients’ fibroblasts compared to both
asymptomatic carriers and healthy individuals (Fig. 3I). Thus, our findings
align with studies emphasizing the role of FLVCRIa in sustaining endo-
genous heme biosynthesis by regulating ALASI activity” and suggest that
de novo heme synthesis rates are impaired in patients-derived fibroblasts.

Mitochondria-ER tethering and mitochondrial Ca?* handling are
affected in patient-derived fibroblasts

We previously reported that FLVCRI1a interacts with the IP3R3-VDAC
complex and regulates the structure and function of mitochondria-ER con-
tact sites”’. We already demonstrated a reduction of the number of
mitochondria-ER contact sites as well as ER-to-mitochondria Ca** influx in
primary fibroblasts derived from P1 and P3*. Here, we sought to evaluate the
structure and function of MAMs in the herein identified patients. First, we
assessed the number of mitochondria-ER contact sites by confocal micro-
scopy, upon transfection of ER-targeted GFP (sec61-GFP) and
mitochondria-targeted DsRed (mt-DsRed). The degree of colocalization
between the two fluorophores was then quantified as an indicator of
ER-mitochondria membrane contacts. Interestingly, ER-mitochondria
tethering is impaired in both P6 and P7 fibroblasts compared to their
respective controls (Figs. 4A, B, S4A). Furthermore, we confirmed reduced
ER-mitochondria interaction in both patients by Proximity Ligation Assay
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Fig. 2 | FLVCR1a down-modulation impairs sen-
sory neurons development in Zebrafish. Flvcrla
expression was down-regulated in zebrafish using a
splicing-blocking morpholino targeting the bound-
ary of intron 1 and exon 2 (MOI1Ex2). As controls,
both non-injected (NI) and standard morpholino-
injected (MO-STD) zebrafish were used.

A Representative images of NI, MO-STD, and
MOIIEx2 injected zebrafish. The GFP expression is
under the control of the neurogeninl (ngnl) pro-
moter to visualize dorsal root ganglia (DRGs). Scale
bar = 200 um. B Quantification of DRGs number in
NI, MO-STD, and MOI1Ex2 injected zebrafish.
Each dot represents the number of DRGs per single
animal. n = 27 biological replicates for NI; n =24
biological replicates for MO-STD; 1 = 29 biological
replicates for MOI1Ex2. Data derived from N =2
independent experiments. C Quantification of zeb-
rafish spontaneous movements/minute of NI, MO-
STD and MOI1Ex2 injected zebrafish. Each dot
represents the number of movements per minute
per single animal. n = 23 biological replicates for NI;
n = 21 biological replicates for MO-STD; n = 25
biological replicates for MOI1Ex2. Data derived
from N = 2 independent experiments. B, C One way
ANOVA was performed. *= p <0.05; ** = p <0.01;
¥ = p < 0.001; *** = p < 0.0001. Error bars denote
the standard error of the mean (SEM). D Distance
swam (mm) following touch stimulation in NI-,
MO-STD- and MOI1Ex2-injected zebrafish
embryos. Data represents the percentage of embryos
crossing each predetermined concentric circle. Each
dot represents one independent experiment per-
formed on 50 embryos. N = 2 independent
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(PLA) using IP3R3-VDAC antibody pair (Fig. S4B). Notably, we observed
that the expression of IP3R3 and VDAC proteins was not altered in patients’
cells compared to the relative controls (Fig. S4C, D), thus confirming that the
MAMs impairment is specifically due to FLVCRI mutation. MAMs integrity
was further assessed by transmission electron microscopy to better char-
acterize the tethering (Fig. 4C, Figure S4E). Interestingly, the analysis showed
that both patient cells present a significant reduction of the contact length,
measured by the ratio between the ER-mitochondria contact interface and the
mitochondria perimeter, compared to their relative controls (Fig. 4D).
Moreover, we observed that the percentage of mitochondria in contact with
ER was significantly lower in patient-derived fibroblasts (Fig. 4E).

As areadout of MAMs' function, we evaluated Ca?" fluxes from the ER
into the mitochondria upon agonist stimulation, which are dependent on
the IP3R3-VDAC complex. Mitochondrial Ca** influx was measured upon
stimulation with the cholinergic agonist carbachol. Carbachol activates
Phospholipase C (PLC) to promote phosphoinositide hydrolysis and the
production of IP3, thus inducing the release of Ca** from the ER and its
consequent, transient, accumulation within mitochondrial matrix*. We
observed reduced Ca* fluxes from the ER into mitochondria in both P6 and
P7 compared to their controls (Fig. 4F-G).

These data demonstrated that different kinds of disease-causing var-
iants in FLVCRI impair the structure and function of mitochondria-ER
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contact sites, resulting in the compromise of Ca** fluxes from the ER into the
mitochondrion.

Mitochondrial bioenergetics is compromised in patient-derived
fibroblasts

The results described above showed that FLVCRI pathogenetic variants
impaired all the known functions described for this transporter. Of note,

Il Healthy subjects (C1, C2, C3)
[ Asymptomatic carriers (HET1, HET2)
B Patients (P1, P3, P6, P7)

choline, heme, and Ca" are all essential to sustain mitochondrial function.
Indeed, choline serves as the precursor for phosphatidylcholine, a molecule
essential for maintaining the integrity and function of cellular and mito-
chondrial membranes®. Furthermore, heme is the cofactor of electron
transport chain complexes (ETC)"*, and Ca®" regulates TCA cycle dehy-
drogenases as well as ETC complexes®. Thus, it is conceivable that alteration
of these processes may converge on mitochondrial failure. This hypothesis
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Fig. 3 | FLVCRI variants affect choline levels and ALAS1 activity in patient-
derived fibroblasts. Primary fibroblasts derived from 4 patients carrying distinct
disease-causing variants in the FLVCRI gene (P1-P3-P6 and P7) were analyzed and
compared to primary fibroblasts derived from 3 healthy individuals (C1, C2 and C3)
and 2 asymptomatic carriers (HET1 and HET2). A, B Western Blot analysis of
FLVCRI1a expression levels. A representative image is shown together with the
relative quantification of protein abundance. C Measurement of choline levels in
each distinct individual. Each dot represents an independent experimental replicate.
N =3 independent experiments. One-way ANOVA analysis was performed.

D Measurement of choline levels in patients, asymptomatic carriers and healthy
individuals is shown. Each dot represents a biological replicate. n = 3 biological
replicates for healthy individuals; n = 2 biological replicates for asymptomatic car-
riers; n = 4 biological replicates for patients. Unpaired t-test analysis was performed
to compare healthy individuals and patients. E Measurement of membrane fluidity
under basal conditions (Untreated) and upon choline supplementation (1 mM) for
16 hours. Each dot represents a biological replicate. n=3 biological replicates for
healthy individuals; # = 2 biological replicates for asymptomatic carriers; n = 4

biological replicates for patients. Two-way ANOVA test was performed to compare
healthy individuals and patients. F Measurement of heme content in P6 vs C3. Each
dot represents an independent experimental replicate. N = 5 independent experi-
ments. Unpaired t-test was performed. G Measurement of heme content in P7 vs
HET1 and HET2. Each dot represents an independent experimental replicate. N=5
independent experiments for HET1; N = 5 independent experiments for HET2;

N =4 independent experiments for P7. One-way ANOVA was performed.

H Western Blot analysis of ALAS1 protein. A representative image is shown together
with the relative quantification of protein abundance. Each dot represents an
independent experimental replicate. N = 3 independent experiments. One-way
ANOVA was performed. I Mitochondrial ALASI activity. Each dot represents a
biological replicate. n = 3 biological replicates for healthy individuals; n = 2 biolo-
gical replicates for asymptomatic carriers; n = 4 biological replicates for patients.
T-test analysis was performed to compare healthy individuals and patients. *=

P <0.05 ** = p <0.01; ¥** = p <0.001; ¥*** = p < 0.0001. Error bars denote the
standard error of the mean (SEM).

was supported by the results of unbiased proteomic profiling performed on
patient-derived fibroblasts compared to healthy donors. This analytical
approach revealed the statistically significant dysregulation of 79 proteins
(46 are increased and 33 are decreased in abundance) out of 4641 quanti-
fiable proteins (1.7% dysregulated proteins of the entire quantified proteome
represented by 72707 unique peptides) (Fig. S5). Proteomaps-based in silico
analysis of the dysregulated proteins indicates effects on metabolism
(including glycolysis and amino acid metabolism), on signaling pathways
(including PPAR-, FoxO-, and PI3K-Akt signaling), and on RNA-proces-
sing, among others (Figure S5).

To specifically investigate the impact of FLVCRI variants on mito-
chondrial bioenergetics, we performed metabolic assays on patient-derived
fibroblasts. Patients’ fibroblasts showed reduced TCA cycle flux and reduced
activity of TCA cycle enzymes compared to controls (Fig. 5A, B). Fur-
thermore, the overall ETC activity and mitochondrial ATP content were
reduced in patients’ fibroblasts compared to controls (Fig. 5C, D). Inter-
estingly, asymptomatic carriers did not differ from healthy subjects in TCA
cycle enzyme activity and flux, but they showed a decrease in ETC flux and
mitochondrial ATP, although at a lesser extent than patients. Of note, ETC
dysfunction is a well-known mechanism inducing the production of
mitochondrial reactive oxygen species (ROS), which can result in lipid
peroxidation. Here, we demonstrated increased peroxidation of lipids, both
in mitochondrial and cytosolic extracts, in patient-derived fibroblasts
(Fig. 5E, F), a molecular finding in line with previous studies performed in
P1 and P3 fibroblasts™*". Interestingly, defective energetic metabolism and
increased lipid peroxidation were also observed in flverla mor-
phants (Fig. S6).

To confirm the results of functional assays, we analyzed cellular
respiration by measuring oxygen consumption rate on fibroblasts derived
from patient 1 (P1). This showed a significant decrease in basal and maximal
mitochondrial oxygen consumption rates (OCR) in P1-derived fibroblasts
compared to control C1 (Fig. 5G). To further investigate the metabolic
profile of patients’ cells, we measured the glycolytic rate by using Seahorse
XF Glycolytic Rate Assay in P1 and Cl-derived fibroblasts. This analysis
showed an increase in basal and compensatory glycolysis. Indeed, the
GlycoPER parameter, representing the proton efflux rate (PER) in the media
predominantly due to glycolysis, is significantly increased (Fig. 5H).

Altered energetic states of cells are often associated with different
mitochondrial morphologies®'. However, after our electron microscopy
analysis, no marked ultrastructural abnormalities were observed in the
patient’s mitochondria, principally characterized by cristae with a regular
pattern of organization. Only in a few cases, we observed patients’ mito-
chondria with shorter and wider cristae. To analyze the mitochondrial
network, P1-derived fibroblasts were stained with MitoTracker, and the
mitochondrial area, number of objects, average size, circularity, perimeter,
and branching were analyzed. Interestingly, the total mitochondrial area in
P1 fibroblasts is not altered if compared to the healthy control C1 (Fig. S7).

However, the number of individual mitochondrial objects is reduced, while
the size of each object is increased. Additionally, mitochondria appear to be
more elongated and interconnected (Fig. S7). To further characterize
mitochondrial branching, we employed the MiNa Image] Toolset. MiNa
analysis confirmed that P1 mitochondria exhibit significantly higher levels
of branching within their networks (Fig. S7). Finally, we assessed mito-
chondrial DNA copy number and found no significant differences among
patients, asymptomatic carriers, and healthy controls (Fig. 5I). Collectively,
these findings suggest that patients’ cells display an altered mitochondrial
network, characterized by ‘hyper-fusion’. As it has been proposed that
hyperfused mitochondria networks are more efficient at producing energy™’,
we can speculate that hyper-fusion observed in patients likely acts as a
compensatory mechanism to counteract the metabolic defect and maintain
cellular integrity.

Taken together, these data demonstrate that different kinds of disease-
causing FLVCRI variants impair mitochondrial function by reducing
mitochondrial respiration and enhancing glycolysis rates.

Choline, heme, and calcium dysregulation contribute to bioe-
nergetic failure in patient fibroblasts

The data reported above suggest that decreased choline uptake, reduced
ALASI activity, and disrupted mitochondrial Ca** handling ultimately
impair mitochondrial energetic metabolism in patient-derived fibroblasts.
To assess the relative contribution of these pathways to the observed bioe-
nergetic defect, we evaluated their impact using targeted rescue strategies.

We already demonstrated the dependency of bioenergetics failure on
the disruption of mitochondria-ER contact sites, as mitochondrial Ca*"
loading fully restored energetic metabolism in P1 and P3 fibroblasts”. Here,
the analysis of P6 and P7 fibroblasts showed a consistent trend. Indeed, the
overexpression of the mitochondrial calcium uniporter (MCU) to increase
mitochondrial Ca®" levels restored the activity of Ca’*-dependent dehy-
drogenases (Figs. 6A-C and S8), enhanced total (Fig. 6D) and complex-
specific ETC function (Fig. S8B-E), increased mitochondrial ATP pro-
duction (Fig. 6E), and reduced mitochondrial lipid peroxidation
levels (Fig. 6F).

To determine whether reduced ALASI activity contributes to the
compromise of energetic metabolism, we took advantage of
5-aminolevulinic acid (ALA) that stimulates endogenous heme synthesis,
bypassing ALASI inhibition. Interestingly, ALA administration promoted
the activity of TCA cycle enzymes, the TCA cycle flux, the ETC activity,
mitochondrial ATP content, and lipid peroxidation in patients’ fibro-
blasts (Fig. 7).

Finally, we evaluated whether choline supplementation is effective in
restoring energetic metabolism. Interestingly, short-term choline supple-
mentation did not significantly affect the TCA cycle and OXPHOS but
modestly improved mitochondrial ATP content and fully decreased lipid
peroxidation (Fig. 8).
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Altogether, these data highlight a complex relationship between cho-  Discussion

line, heme, and calcium metabolism that likely converges on the disruption
of mitochondrial energetic metabolism in patient-derived cells, thereby
implicating the alteration of mitochondrial energetic metabolism as a
potential driving mechanism in FLVCR1-associated sensory neuropathy.

The identification of two additional individuals with FLVCRI-associated
sensory neuropathy reinforces the role of FLVCRI in the maintenance of
nociceptive sensory neurons. Consistent with this observation, we
demonstrated that flverla down-modulation affects sensory neurons’
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Fig. 4 | Alteration of Mitochondria-ER tethering and Ca2+ fluxes in patient-
derived fibroblasts. A, B Quantification of Manders coefficients (M1 and M2) on
confocal images of fibroblasts expressing mt-DsRed and sec61-GFP, as a readout of
the number of mitochondria-ER contact sites. Each dot represents a single cell.

n =15 biological replicates. Data derived from N =2 independent experiments. An
unpaired t-test was performed to compare P6 vs C3; one-way ANOVA was per-
formed to compare P7 vs HET1 and HET2. C Representative images of transmission
electron microscopy ER-mitochondria tethering details. White arrows indicate
representative contact sites. Scale bars: 200 nm. D Violin plot of normalized ER-
mitochondria contact length. The relative length is expressed as a ratio of contact
length per mitochondrial perimeter. n = 260 biological replicates for C3; n = 240
biological replicates for P6; n = 221 biological replicates for HET1; n = 130 biological
replicates for HET2; n = 174 biological replicates for P7; Data derived from N =2
independent experiments. An unpaired t-test was performed to compare P6 vs C3;
one-way ANOVA was performed to compare P7 vs HET1 and HET2. E Percentage

of mitochondria in contact with ER. Each dot represents a biological replicate. n = 10
biological replicates for C3, P6, HET1 and HET2. n =9 for P7. Data derived from
N =2 independent experiments. An unpaired t-test was performed to compare P6 vs
C3; one-way ANOVA was performed to compare P7 vs HET1 and HET2.

F, G Mitochondrial calcium uptake measured as Ca2+ responses to agonist sti-
mulation with the cholinergic agonist carbachol in fibroblasts expressing mito-
GEM-GECOL. Representative calcium traces are shown together with the quanti-
fication of peak mitochondrial Ca2+ amplitude in fibroblasts upon agonist stimu-
lation. Each dot represents the peak amplitude of single cells. n = 19 biological
replicates for C3; n = 25 biological replicates for P6; n = 22 biological replicates for
HET1; n = 17 biological replicates for HET2; n = 31 biological replicates for P7. Data
derived from N = 2 independent experiments. An unpaired t-test was performed to
compare P6 vs C3; one-way ANOVA was performed to compare P7 vs HET1 and
HET2. *= p <0.05; ** = p < 0.01; ¥** = p <0.001; **** = p <0.0001. Error bars
denote the standard error of the mean (SEM).

morphology and motor behaviors in response to touch in zebrafish.
Although these data did not demonstrate a cell-autonomous role for
FLVCRIa in sensory neurons, our results indicate that reduction of
FLVCRIa expression may directly or indirectly affect the survival of sensory
neurons, and potentially nociception. Of note, flvcrIa morphants and flvcr1
crispants represent the first animal models exhibiting sensory neuron
alterations, as previously generated knockout mice’*** displayed precocious
lethality, preventing the study of sensory neurons. This marks a significant
advancement in the study of FLVCRI-related sensory neuropathy, pro-
viding a valuable tool for further mechanistic investigations and therapeutic
exploration.

Our study demonstrates that FLVCRI variants compromise mito-
chondrial energetic metabolism in patient-derived fibroblasts. Indeed,
patients’ fibroblasts showed decreased oxygen consumption rates compared
to controls. Remarkably, the alteration of energetic metabolism is inde-
pendent of the specific type of disease-causing variant. Furthermore,
defective energetic metabolism was also observed in flvcr1a morphants, thus
suggesting that alteration of energetic metabolism may play a role in the
degeneration of sensory neurons.

Mechanistically, we have provided evidence that disease-causing
FLVCRI variants impair all the known functions associated with this
transporter, ultimately leading to mitochondrial failure (Fig. 9). Indeed,
reduced choline levels, decreased heme biosynthesis rates, and reduced
mitochondrial-ER contacts were observed in patient-derived fibroblasts.
We propose that the alteration of all these processes may contribute to
mitochondrial dysfunction through distinct mechanisms. Reduced choline
uptake may affect the synthesis of phospholipids and sphingolipids, leading
to the alteration of cell membrane composition, as suggested by the
observation of increased membrane fluidity of patient-derived fibroblasts.
Notably, OXPHOS critically depends on the unique lipid composition of
mitochondrial membranes™. Thus, it is plausible that defective choline
uptake may contribute to the compromise of OXPHOS by affecting the lipid
composition and structures of mitochondrial membranes. Interestingly,
choline supplementation fully rescued membrane fluidity but modestly
impacted energetic metabolism. We cannot exclude that prolonged choline
supplementation will be necessary to fully restore OXPHOS. Additionally,
we observed reduced activity of ALASI, the rate-limiting enzyme in heme
biosynthesis, as well as the alteration of mitochondria-ER contact sites
structure and function. The alteration of these processes also contributes to
the energetic failure by reducing the level of both heme and Ca**, which
crucially regulates the TCA cycle and OXPHOS". We previously demon-
strated that increasing mitochondrial Ca** levels is sufficient to completely
restore mitochondrial energy metabolism in primary fibroblasts derived
from P1 and P3*. Here, we confirmed these findings in primary fibroblast
cultures established from P6 and P7. Furthermore, we demonstrated that
the stimulation of heme synthesis also promoted mitochondrial energy
metabolism in patient-derived fibroblasts. Although further studies are
required to elucidate the functional link between altered choline uptake,

ALASI activity, and mitochondrial Ca* handling, we demonstrated that
dysregulation of these processes contributes to mitochondrial failure in
patient-derived fibroblasts and suggest that patients could benefit from
therapeutic strategies aimed at enhancing mitochondrial energy metabo-
lism. Based on these results, we proposed that the development of future
therapeutic approaches for FLVCRI-associated sensory neuropathy should
consider combinatorial approaches to target the multiple biological pro-
cesses that are affected in this rare disorder.

Choline supplementation has been proposed as a potentially safe
and effective therapeutic approach™. Supporting this hypothesis, we
demonstrated that supraphysiological doses of choline fully restored
membrane fluidity and modestly improved mitochondrial function in
cells. Although we cannot exclude the possibility that chronic treat-
ment may further enhance mitochondrial function, our findings also
highlight additional potential therapeutic targets to stimulate mito-
chondrial energetic metabolism. Indeed, we observed an improved
mitochondrial function upon ALA administration and MCU over-
expression. Although ALA is already an FDA-approved drug for
photodynamic therapy in cancer, its therapeutic implications for
FLVCRI-linked sensory neuropathy are probably limited, as we
already showed that the prolonged treatment with ALA induces cell
death in patient-derived cells””". On the other hand, the ability of
MCU overexpression to fully restore bioenergetic hold significant
therapeutic implications, as MCU enhancers have already been
proposed for the treatment of other neurodegenerative disorders™’.
Therefore, this study provides proof of concept of the feasibility to
restore energetic metabolism in an in vitro model of the disease.
Future studies in relevant animal models that recapitulate the full
spectrum of patient clinical features will be essential to evaluate the
therapeutic efficacy of choline supplementation alone or in combi-
nation with other strategies aimed at boosting energetic metabolism.

Biallelic FLVCRI pathogenetic variants have been associated with
multiple clinical presentations. Most severe cases showed profound neu-
rodevelopmental defects often associated with premature death*>** whereas
patients affected by pain insensitivity might also develop sensory ataxia and
retinitis pigmentosa®*. Proper regulation of energy metabolism is critical
during central nervous system development, and we have previously shown
that mitochondrial defects are associated with impaired neurogenesis in a
mouse model phenocopying the most severe cases”’. Notably, sensory
neurons are particularly sensitive to defects in energetic metabolism because
of the long dimension of their axons™. Proper energy supply is required not
only to restore the membrane potential upon depolarization but also for
other energy-demanding processes like neurotransmitter recycling, intra-
cellular signaling, maintenance of cytoskeletal structure, and axonal
transport™. Interestingly, the alteration of these processes is common in
several sensory neuropathies"”. Based on these observations, we hypothe-
sized that mitochondrial dysfunction may be responsible for the progressive
degeneration of sensory neurons in FLVCR1-related sensory neuropathy.
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Beyond peripheral neurons, photoreceptors also have strong energetic
requirements and rely on proper mitochondrial functions™*. Indeed,
posterior column involvement, sensory ataxia, and retinopathy are not
infrequent manifestations of mitochondrial disorders, as highlighted in
Sensory Ataxic Neuropathy with Dysarthria and Ophthalmoplegia
(SANDO)"' or Neuropathy Ataxia and Retinitis Pigmentosa (NARP)*

syndromes. Therefore, mitochondrial failure may contribute to the multiple
clinical presentations associated with FLVCRI mutations, and promoting
mitochondrial function and maintenance might represent a promising
starting point for therapeutic intervention. Along this line, as demonstrated
in this study, patient-derived fibroblasts and a zebrafish model might serve
as suitable systems for pre-clinical intervention studies.
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Fig. 5 | Impairment of cell bioenergetics in patient-derived fibroblasts. Primary
fibroblasts derived from 4 patients carrying distinct disease-causing variants in the
FLVCRI gene (P1-P3-P6 and P7), 3 healthy individuals (C1, C2 and C3) and 2
asymptomatic carriers (HET1 and HET2) were analyzed. A Graphical representa-
tions of TCA cycle flux and enzymes. In the middle, TCA cycle measurement.

B Activities of the main TCA cycle enzymes. C Total activity of the ETC measured as
nmol of reduced cytochrome C /minute. D Mitochondria ATP content.

E, F Measurement of cytosolic and mitochondrial Thiobarbituric Acid Reactive
Substance (TBARS) as index of lipid peroxidation. Each dot in the graphs (A-F)
represents a biological replicate. n = 3 biological replicates for healthy individuals;
n = 2 biological replicates for asymptomatic carriers; n = 4 biological replicates for
patients. An unpaired t-test was performed to compare healthy individuals and
patients. *= p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001. Error bars in
the graphs denote the standard deviation (SD). G Oxygen Consumption Rate (OCR)
was measured in C1 and P1 derived fibroblasts using the Seahorse Mito Stress Test.
The OCR was monitored during sequential injection of 1 uM oligomycin, 2 pM

FCCP, and 1 pM rotenone plus 1 uM antimycin A. Calculated values for respiratory
parameters are shown on the right. N = 4 independent experiments for C1; N=3
independent experiments for P1. Basal: basal respiration. ATP-linked: ATP-linked
respiration. Maximal: maximal respiratory capacity. (H) The glycolytic proton efflux
rate (GlycoPER) was measured in C1 and P1-derived fibroblasts using the Seahorse
Glycolytic Rate Assay. Calculated values for basal and compensatory glycolysis as
well as the percentage of proton efflux rate (%PER) derived from glycolysis only, are
shown on the right. # = 5 independent experiments. G, H One-way ANOVA analysis
of variance or unpaired t-test was performed. * = p < 0.5; ** = p<0.01;

¥ p = <0.001; *¥*¥**p = 0.0001. Error bars in the graphs denote the standard
deviation (SD). I Mitochondria copy number assessed in controls, asymptomatic
carriers, and patients derived fibroblasts. Each dot in the graph represents a biolo-
gical replicate. n = 3 biological replicates for healthy individuals; n = 2 biological
replicates for asymptomatic carriers; n = 4 biological replicates for patients. An
unpaired t-test was performed to compare healthy individuals and patients.

Materials and methods

Patients

Patient 6. First, gene panel analysis (including ATLI, ATL3, DNMTI,
FAMI134B, KIF1A, RAB7A, SCN9A, SPTLC1, SPTLC2, WNKI) was
carried out as custom-made target enrichment (Agilent SureSelect). Two
years later, whole exome sequencing (Human All Exon V7, NextSeq
500 system, Illumina, San Diego, CA) was carried out.

Patient 7. Blood samples were collected from the proband, and genomic
DNA was isolated using DNeasy Blood & Tissue Kit (QIAGEN; cat. no.
69504). WGS library construction, sequencing, variant calling, and
annotation for SN'Vs, CNVs, and SVs were performed by Novogene, Inc.
Skin biopsy was collected from the proband for the establishment of
patient-derived fibroblast cultures.

All ethical regulations relevant to human research participants were
followed.

Cell culture

Patient 1 (P1) and Patient 3 (P3) have been described previously”. In brief,
P1 had compound heterozygous variants in the FLVCRI gene
(NM_014053.4c574 T >C; p.(Cys192Arg) and c.610del; p.(Met204-
Cysfs*56)) and exhibited early-onset pain insensitivity characteristic of
hereditary sensory and autonomic neuropathy (HSAN)®. P3 had a
homozygous missense variant c.661 C > T, p.Pro221Ser in the FLVCRI gene
(NM_014053.4) and displayed a combination of typical PCARP and
sensory-autonomic neuropathy”’.

Primary fibroblasts from P1 and P3 have been previously described**".
P6, P7, and HET1, HET2 (the heterozygous parents of P7) were isolated
from skin biopsy upon informed consent. As control, we used primary
fibroblasts derived from healthy donors (C1, C2, and C3) that were obtained
from the “Cell Line and DNA Biobank” from patients affected by Genetic
Diseases (Istituto Giannina Gaslini), member of Telethon Network of
Genetic Biobanks (project no. GTB12001). Control and patient-derived
primary fibroblasts were propagated in DMEM medium (ThermoFisher
Scientific) supplemented with 10% heat-inactivated low-endotoxin fetal
bovine serum (ThermoFisher Scientific), 100 U/ml penicillin, 100 mg/ml
streptomycin, and 1%NEAA (ThermoFisher Scientific).

Cells were maintained at 37 °C under a 5% CO, atmosphere. To sti-
mulate the endogenous heme synthesis, cells were treated with 5 mM ALA
(A3785; Sigma-Aldrich). Choline supplementation was performed with
1 mM Choline Chloride (67481; Sigma-Aldrich). All these treatments were
performed for 16 hours under starved conditions.

Western blot

To assess FLVCRI1a expression, human-derived primary fibroblasts were
lysed by rotation for 30 min at 4 °C in RIPA buffer (150 mM NaCl, 50 mM
Tris-HCl pH 7.5, 1% Triton X-100, 0.5% Sodium deoxycholate, 0.1% SDS,
1mM EDTA). The buffer was freshly supplemented with 1mM

phosphatase inhibitor cocktail (Sigma Aldrich, St. Louis, MO, USA, catalog
no. P0044), 1 mM PMSF (Sigma Aldrich, St. Louis, MO, USA, catalog n°
93482-50ML-F), and protease inhibitor cocktail (La Roche, Basel, CH,
catalog n° 04693116001). The cell lysate was clarified by centrifugation for
10 min at 4 °C. Protein concentration in the supernatant was assessed by
Bradford assay. For FLVCR1a protein detection, 10 ug of protein extracts
was incubated 10 min at 37 °C with 1 uL of PNGase-F from Elizabethkingia
meningoseptica (Sigma Aldrich, St. Louis, MO, USA, catalog n° P-7367) to
remove protein glycosylation. Before loading on 4-15% mini- PROTEAN
TGX precast gel (Bio-Rad, Hercules, CA USA, catalog n°4568084), samples
were incubated 5 min at 37 °C (FLVCRI1) or 10 min at 95 °C (Vinculin) in 1
x Laemmli buffer freshly supplemented with 8% 2-mercaptoethanol. The
primary antibodies and dilutions are as follows: FLVCRI (C-4) (Santa Cruz
Biotechnology, Dallas, TX, USA, catalog n° sc-390100; 1:500); ALAS1
(Santa Cruz Biotechnology, Dallas, TX, USA, catalog n° sc-137093 # C0112;
1:1000); Vinculin (home-made, 1:8000).

TCA cycle flux and enzymatic activities

The flux of glucose through the TCA cycle was determined by radiolabeling
cells with 2 pCi/ml [6-"*C]-glucose (55 mCi/mmol; PerkinElmer, Waltham,
MA, USA). A 1-hour incubation of the cell suspensions was performed in a
closed experimental apparatus to trap the “CO, developed from [*“C]-
glucose. The reaction was terminated by injecting 0.5 ml of 0.8 N HCIO,.
The quantity of glucose converted into CO, through the TCA cycle was
expressed as nmoles CO,/h/mg protein. The activities of citrate synthase, a-
ketoglutarate dehydrogenase, succinic dehydrogenase, malate dehy-
drogenase, were measured spectrophotometrically using the Citrate Syn-
thase Assay Kit (Sigma Aldrich, St. Louis, MO; cat. no. CS0720), the Alpha
Ketoglutarate (alpha KG) Assay Kit (Abcam, Cambridge, UK; ab83431), the
Succinate Dehydrogenase Activity Colorimetric Assay Kit (BioVision,
Waltham, MA; AB228560), Malate Dehydrogenase Assay Kit (Sigma
Aldrich; MAK196), as per manufacturer’s instructions. Results were
expressed as U/mg proteins (citrate synthase), nmoles NADH/min/mg
proteins (a-ketoglutarate dehydrogenase, malate dehydrogenase), nmoles
FADH,/min/mg proteins (succinic dehydrogenase).

Mitochondrial extraction

Mitochondria were extracted as previously reported”. Cells were lysed in
0.5 ml mitochondria lysis buffer (50 mM Tris-HCI, 100 mM KCl, 5 mM Mg
Cl,, 1.8mM ATP, 1 mM EDTA, pH 7.2), supplemented with Protease
Inhibitor Cocktail III (Sigma), 1mM phenylmethylsulfonyl fluoride
(PMSEF), and 250 mM NaF. Zebrafish tissues were homogenized using a
Tissue Lyser II (Qiagen), filtered through a 60 um strainer to obtain a single-
cell suspension, centrifuged at 1200 g for 2 min at room temperature, and re-
suspended in 0.5 ml mitochondria lysis buffer. All samples were clarified by
centrifugation at 650 g for 3 min at 4 °C. Supernatants were collected and
centrifuged at 13000 g for 5min at 4 °C. The new supernatants, corre-
sponding to the cytosolic fraction, were used for cytosolic ROS
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levels used as index of lipid peroxidation. A-F N = 4 independent experiments.
Two-way ANOVA analysis of variance was performed. * = P<0.5; ** = P<0.01;
*HK P =<0.001; ¥*¥** P=0.0001. Error bars denote the standard error of the
mean (SEM).

measurements. Pellets, containing mitochondria, were washed once with
lysis buffer and resuspended in 0.25 ml mitochondria resuspension buffer
(250 mM sucrose, 15 mM K,HPO,, 2 mM MgCl,, 0.5 mM EDTA). 50 pl
aliquots were sonicated and used for the measurement of protein content by
the BCA Protein Assay kit (Sigma Aldrich; 71285-M) and for quality con-
trol: 10 pg of each sonicated sample were analyzed by SDS-PAGE and
immunoblotting with an anti-porin antibody (Abcam; clone 20B12AF2) to
confirm the presence of mitochondrial proteins in the extracts”. The
remaining 200l were used for ALAS1, ETC, ATP, and TBARS
measurement.

Measurement of Choline levels

Total Choline was measured with a sensitive fluorescence-based assay
(Total Choline Detection Kit; ab219944 from Abcam) according to man-
ufacturer instructions. The choline quantity correlates with the concentra-
tion of hydrogen peroxide generated in the choline oxidase-mediated
enzyme coupling reaction cycle, subsequently detected with the proper kit
indicator. The rise in fluorescence is detected at an optimal Ex/Em = 540/
590 nm. Fluorescence was converted into choline concentration using the
Standard Curve obtained in the same assay. Picomols of choline per sample
(12,5 *10* cells) were calculated.
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Fig. 7 | The stimulation of heme synthesis improves bioenergetic in patient-
derived fibroblasts. Primary fibroblasts derived from 4 patients carrying distinct
pathogenetic variants in the FLVCRI gene (P1-P3-P6 and P7), from 3 healthy
individuals (C1, C2, and C3) and from 2 asymptomatic carriers (HET1 and HET2)
were used. Primary fibroblasts were treated for 16 hours with 5 mM §-
aminolevulinic acid (ALA) alone to restore heme synthesis. Each dot in the graphs
represents a biological replicate. Error bars in the graphs denote the standard error of
the mean (SEM). A Citrate synthase activity upon ALA treatment. B a-ketoglutarate
dehydrogenase activity upon ALA treatment. C Succinate dehydrogenase activity

upon ALA treatment. D Malate dehydrogenase activity upon ALA treatment. ETCA
cycle flux measurement upon ALA treatment. F Total activity of the ETC measured
as nmol of reduced cytochrome C /minute upon ALA treatment. G Mitochondria
ATP content upon ALA treatment. H Measurement of mitochondrial Thiobarbi-
turic Acid Reactive Substance (TBARS) as an index of lipid peroxidation upon ALA
treatment. A-H # = 3 biological replicates for healthy individuals; n = 2 biological
replicates for asymptomatic carriers; n = 4 biological replicates for patients. Two-
way ANOVA analysis of variance was performed to compare healthy individuals
and patients. * = P <0.5; ** = P< 0.01; ***P =< 0.001; ****P = 0.0001.

Membrane fluidity measurement

Membrane fluidity was measured in triplicate using a membrane fluidity kit
(Marker Gene Technologies M0271) according to the manufacturer’s
protocol. In brief, we incubated the samples (adherent or suspension cells)
with 2 uM pyrenedecanoid acid (PDA) and 0.08% pluronic F127 (to
increase labeling) in either Perfusion buffer or cell culture medium (sup-
plement-free) for 30 min at 22 °C with mild shaking, then washed twice with
PBS. In PBS, we recorded fluorescence emissions between 392-450 nm in
2nm steps after excitation at 360 nm with a Tecan microplate reader
(Infinite® 200 PRO NanoQuant). We subtracted a background sample
where the cells were processed without PDA. With increased membrane
fluidity, the lipophilic pyrene probe forms excimers upon interaction. The
ratio of excimer (peak around 450 nm) to monomer (peak around 394-
398 nm) IE/IM was calculated as a quantitative measure of membrane
fluidity®.

ALA synthase (ALAS) activity

ALAS activity was determined on 100 pg of mitochondrial extracts, fol-
lowing the previously reported procedure®. 10 pl of the reaction’s product
was injected into a Waters Acquity ultra performance liquid chromato-
graphy (UPLC), equipped with a binary solvent manager, sample manager,
photodiode array detector (PDA), fluorescence detector, column heater,
and an Acquity UPLC BEH CI18, 1.7uM, 2.1 x 100 mm column.
The detection of ALA-derivatives was performed by setting the detector
with A excitation 370 nm and A emission 460 nm, and the range of the
PDA scanner between 210 and 500 nm. The results were converted into

nmol/min according to a titration curve previously set and expressed as
nmol/min/mg mitochondrial proteins™.

Endoplasmic reticulum (ER)- mitochondria contact sites
measurement

ER-mitochondria contacts were measured as previously described®.
Fibroblasts were transfected with a plasmid encoding a mitochondria-
targeting peptide fused with the fluorescent protein RFP (mt-DsRed) and
another plasmid encoding the ER resident protein Sec61 fused with GFP
(Sec61-GFP), using Lipofectamine™ 3000 Transfection Reagent (Ther-
mofisher Scientific, L3000001) following manufacturer instructions. Live
cell imaging for mt-DsRed and Sec61-GFP expression was performed
using Leica TCS SP8 confocal scanning system (Leica Microsystems)
equipped with 405-nm Diode, 488-nm Ar, and 561-nm DPSS lasers. A
60X HC PL APO oil immersion objective was used to take images at
1024x1024 resolution. Colocalization of the two signals was quantified
with the Image] Colocalization plugin JACOP, after applying the TOP
HAT (BOX) filter.

Quantification of mitochondrial DNA copy number (mtDNA CN)

The relative mtDNA copy number per cell was quantified by a multiplex
Taqman qPCR assay (Bio-Rad 4369510), following a previously published
protocol”. B2M was used as a nuclear encoded reference gene, and MT-
ND1 as a mitochondrial encoded reference gene. The primers used for the
qPCR reaction were as follows: B2M Fw-CACTGAAAAAGATGAGTAT
GCC, Rv-AACATTCCCTGACAATCCC; MT-ND1 Fw-ACGCCATA
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fibroblasts. Primary fibroblasts derived from 4 patients carrying distinct pathoge-  F Total activity of the ETC measured as nmol of reduced cytochrome C /minute
netic variants in the FLVCRI gene (P1-P3-P6 and P7), from 2 healthy individuals ~ upon choline supplementation. G Mitochondria ATP content upon choline sup-
(C1 and C2), and from 2 asymptomatic carriers (HET1 and HET2) were analyzed.  plementation. H Measurement of mitochondrial Thiobarbituric Acid Reactive
Choline supplementation was achieved by treating the cells with 1 mM choline Substance (TBARS), as index of lipid peroxidation upon choline supplementation.
chloride for 16 hours. Each dot in the graphs represents a biological replicate. Error ~ A-H n = 3 biological replicates for healthy individuals; n = 2 biological replicates for
bars in the graphs denote the standard error of the mean (SEM). A Citrate synthase  asymptomatic carriers; n = 4 biological replicates for patients. Two-way ANOVA
activity upon choline supplementation. B a-ketoglutarate dehydrogenase activity analysis of variance was performed to compare healthy individuals and patients. * =
upon choline supplementation. C Succinate dehydrogenase activity upon choline P<0.5; ¥ = P<0.01; ¥¥*P =< 0.001; ¥****P = 0.0001.

supplementation. D Malate dehydrogenase activity upon choline supplementation.
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AAACTCTTCACCAAAG, Rv-GGGTTCATAGTAGAAGAGCGATGG.
The probes used for the qPCR reaction were as follows: MT-ND1 probe
HEX-5-ACCCGCCACATCTACCATCACCCTC and 5-B2M probe
6FAM-3-CCGTGTGAACCATGTGACTTTGTC. All samples were run in
triplicates and replicates with greater than 0.5 Ct differences were removed.
The relative amount of mtDNA was calculated at the Ct value difference of
B2M and ND1, where Delta Ct (ACt) equals the sample Ct of the mito-
chondrial gene (MT-ND1) subtracted from the sample Ct of the nuclear
reference gene (B2M). Statistical analysis was performed in the GraphPad
Prism software (v. 9.5.0)".

Ca?* imaging and quantification

For ratiometric imaging of calcium, we used previously published
protocols*. Briefly, fibroblasts were transfected with the plasmid pCMV-
mito-GEM-GECO1 (Addgene plasmid #32461) encoding the mito-GEM-
GECOL1 dye, with Lipofectamine™ 3000 Transfection Reagent (Thermo-
fisher Scientific, L3000001) following manufacturer instructions. Images
were acquired with a 405-nm diode laser on a Leica TCS SP8 confocal
scanning system (Leica Microsystems). Emission windows were configured
for 427-467 nm (blue channel) and 502-537 nm (green channel). Eight-bit
digital images were captured from a single optical plane using a 63x HC PL
APO CS2 oil-immersion objective (numerical aperture 1.40) from Leica.
The settings for laser intensity, pinhole (1 Airy unit), emission window
range, electronic zoom, gain and offset of the photomultiplier, field format,
and scanning speed were optimized at the start and maintained consistently
throughout the study to ensure uniform digitization of all cells. Mito-
chondrial signals from the blue and green channels were segmented, and
their ratio was calculated and measured using the Analyze Particles com-
mand in FIJI/Image]. To induce calcium release from the Endoplasmic
Reticulum and subsequent rapid calcium uptake by mitochondria, primary
fibroblasts were treated with Carbachol at a concentration of 500 M.

Transmission electron microscopy and quantification of ER-
mitochondrial contact sites

Fibroblast cell cultures (at 1 x 10° cells/ml density) from 2 asymptomatic
carriers (HET1, HET2), 1 control (C3), and 2 patients (P6 and P7) were

harvested, and the pellet was fixed in 2.5% glutaraldehyde in cacodylate
buffer (0.1 M, pH 7.4) for 1 h at 4 °C. The pellet was washed in cacodylate
buffer 3 x10’, postfixed in osmium ferrocyanide (1 volume of 2% aqueous
osmium tetroxide: 1 volume of 3% potassium ferrocyanide) for 1 hour at
4°C, and dehydrated in increasing concentrations of acetone (30%, 60%,
90%, 100%). The pellet was then incubated in acetone/Spurr resin (1:1,
30 min; 1:2, 30 min) and in Spurr resin overnight at room temperature.
Finally, the pellet was embedded in Spurr resin in 0.5 ml Eppendorf tubes for
24 hours at 70 °C. Fibroblast cells were pelleted by centrifugation at 100 g for
15 min in all steps up to resin.

Ultrathin sections (70 nm thickness) were cut with an ultramicrotome
(EM UCe, Leica Microsystems), collected on uncoated nickel grids (100
mesh), and counterstained for 30 s with UranyLess EM Stain and 30 s with
lead citrate (Electron Microscopy Sciences).

Grids were observed with a JEM-1400 Flash transmission elec-
tron microscope (Jeol, Tokyo, Japan), and a Jeol Matataki Flash
camera’s automated montage system was employed to obtain electron
micrographs.

For the analysis, we have considered as ER-mito contacts only those
presenting a distance between the organelles inferior or equal to 100 nm*".
To analyze ER-mitochondria interaction, we evaluated both MERCS
interface, considered as the contact length of ER-OMM extension, nor-
malized over the mitochondria perimeter, and the % of mitochondria with
ER contact. All the measurements were manually made using the Image]J
software (NIH, Bethesda, MD).

Mitochondrial electron transfer chain (ETC) and complex activity
To measure electron flux from complex I to complex III, taken as an
index of the mitochondrial respiratory activity”, 50 ug of non-
sonicated mitochondrial samples, isolated as indicated above, were
re-suspended in 0.2 ml buffer A (5 mM KH,PO,, 5mM MgCl,, 5%
w/v bovine serum albumin, BSA; pH 7.2) to which 0.1 ml buffer B
(25% w/v saponin, 50 mM KH,PO,, 5mM MgCl,, 5% w/v BSA,
0.12 mM oxidized cytochrome ¢, 0.2 mM NaNj;, which blocks com-
plex IV allowing the accumulation of reduced cytochrome ¢; pH 7.5)
was added for 5min at room temperature. The cytochrome c
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reduction reaction was started by adding 0.15 mM NADH and was
followed for 5min at 37 °C, reading the absorbance at 550 nm by a
Packard microplate reader EL340 (Bio-Tek Instruments, Winooski,
VT). The results were expressed as nanomoles of reduced cyto-
chrome ¢ /min/mg mitochondrial proteins®.

More specific spectrophotometric determination of electron flux
through complex I, complex II, complex III, and complex IV was
measured as detailed in (Xu, 2021). To measure complex I activity,
20 ug of non-sonicated mitochondrial samples were re-suspended in
0.2ml buffer 1A (5mM KH,PO,, 5mM MgCl,, 5% w/v BSA),
incubated 1 min at room temperature followed by 7 min in 0.1 ml
buffer 1B (25% w/v saponin, 50 mM KH,PO,4, 5 mM MgCl,, 5% w/v
BSA, 0.12 mM oxidized ubiquinone, which acts as electrons shuttle
from complex I to complex III, 2.5 mM antimycin A, which inhibits
complex III, 0.2 mM NaNj, which blocks complex IV; pH 7.5).
1.5 mM NADH, as an electron donor, was added to the mix. The rate
of NADH oxidation was followed for 5min at 37 °C, reading the
absorbance at 340 nm. The results were expressed as nanomoles of
NAD"/min/mg mitochondrial proteins. Complex II activity was
measured as the rate of electron transfer between complex II and
complex III. 20 ug of non-sonicated mitochondrial samples were re-
suspended in 0.1 ml buffer 2 A (50 mM KH,POy,, 7.5 mM MgCl,, 25%
w/v saponin, 20 mM succinic acid; pH 7.2) and incubated for 30 min
at room temperature. 0.2 ml buffer 2B (50 mM KH,PO,, 7.5 mM
MgCl,, 5% w/v BSA, 30 mM succinic acid as substrate of complex II,
0.12 mM oxidized ubiquinone as electrons shuttle from complex II to
complex III, 0.12 mM oxidized cytochrome c as acceptor of electrons
flowing from complex II to complex III, 5mM rotenone to prevent
electron flux from complex I, 0.2 mM NaNj, to block complex IV)
were added. The rate of reduction of cytochrome ¢ was measured for
5min at 37 °C, reading the absorbance at 550 nm. The results were
expressed as nanomoles of reduced cytochrome c¢/min/mg mito-
chondrial proteins. The activity of complex III was measured in the
same samples where the electron flux from complex I to complex III
was evaluated. After 1 min from the addition of NADH, as an
inducer of electron flow, 5 mM rotenone, which blocks the activity of
complex I, was added. The rate of reduction of cytochrome ¢, which
is dependent on the activity of complex III only in the presence of
rotenone, was followed for 5 min at 37 °C, reading the absorbance at
550 nm. The results were expressed as nanomoles of reduced cyto-
chrome ¢/min/mg mitochondrial proteins. To measure the activity of
complex IV, the rate of oxidation of cytochrome ¢ (reduced form,
generated by complex III) was measured. 20 ug of non-sonicated
mitochondrial samples were re-suspended in 0.1 ml buffer 4 A
(50 mM KH,PO,4, 20 mM succinic acid, 25% w/v saponin; pH 7.2)
and incubated 30 min at room temperature. 0.2 ml buffer 4B (50 mM
KH,PO,, 5 mM rotenone, which prevents electron flux from complex
I to complex III, 30 mM succinic acid as substrate of complex II and
electron generator, 0.03 mM reduced cytochrome ¢ as acceptor of
electrons flowing from complex III to complex IV) was added. The
rate of oxidation of cytochrome c¢ was followed for 5min at 37 °C,
reading the absorbance at 550 nm. The results were expressed as
nanomoles of oxidized cytochrome c¢/min/mg mitochondrial
proteins™.

ATP levels

ATP amounts in mitochondrial extracts were measured with the ATP
Bioluminescent Assay Kit (Millipore Sigma; FLAA), as per the manu-
facturer’s instructions. Results were expressed as nmol/mg mitochondrial
proteins®.

TBARS (thiobarbituric reactive substances)

Oxidative damage was evaluated in mitochondrial and cytosolic extracts,
obtained as reported above, by using the Lipid Peroxidation (4-HNE) Assay
Kit (Abcam; ab238538) that evaluates the 4-hydroxy-nonenal, one of the

thiobarbituric reactive substances used as an indicator of lipid peroxidation.
Results were expressed as nmol/mg mitochondrial protein.

Measurement of heme concentration

Intracellular heme concentration was measured using a fluorescence assay,
as previously reported”®”. Briefly, cells were washed twice with PBS 1X and
lysed on ice using TBS buffer with 1% Triton X-100 for 15 minutes. Then,
50-100 pg of total protein was resuspended in 100 ul of PBS 1X and mixed
with 1 mL of 2 M oxalic acid at room temperature. The resultant proto-
porphyrin was measured by fluorescence using a Glomax Multi Detection
System (excitation: 405 nm, emission: 580-640 nm). Data were normalized
to the endogenous protoporphyrin content (by measuring the fluorescence
of unheated samples) and to total protein concentration®. Results were
expressed as pmol of heme/mg total protein.

Seahorse

Real time-measurements of oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were performed using the
Seahorse XF, both the Cell Mito Stress Test Kit (103015-100) and the
Glycolytic Rate Assay Kit (103344-100), on a XFe24 Seahorse Ana-
lyzer (Agilent Technologies, Santa Clara, CA). Fibroblasts were pla-
ted at a density of 35,000 cells/well in 24-well assay plates (Agilent
Technologies) and cultured in complete DMEM medium as descri-
bed. After 18 hours, culture medium was replaced by XF DMEM
medium supplemented with 10 mM glucose, 1 mM pyruvic acid, and
2 mM L-glutamine (pH 7.4, Agilent Technologies), and cells were
incubated at 37 °C in a non-CO, incubator for 45 minutes prior to
the assay. To assess mitochondrial function, OCR was measured at
baseline and after sequential addition of 1puM oligomycin, 2 uM
carbonylcyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP), and
0.5 uM rotenone/antimycin A (Rot/AA). To evaluate glycolytic rates,
both OCR and ECAR were measured at baseline and after sequential
addition of 0.5 uM Rot/AA, and 50 uM 2-deoxy-D-glucose (2-DG).
Data were acquired through the WAVE software (Agilent Technol-
ogies) and normalized by total protein concentration/well. Metabolic
parameters of interest, including both basal and maximal mito-
chondrial respiration and glycolytic proton efflux rate (glycoPER)
were calculated using the XF Mito Stress Test and Glycolytic Rate
Assay Report Generators (Agilent Technologies).

Zebrafish maintenance and egg collection
Wild-type (AB line; ZFIN: ZDB-GENO-960809-7) and transgenic
Tg(—3.1neurogl:GFP)® (ZDB-ALT-030904-6) zebrafish (shortened to
Tg(ngnl:GFP) in the manuscript) were originally sourced from the
KIT-European Zebrafish Resource Centre (EZRC; https://www.ezrc kit.edu/).
The Tg(—3.1neurogl:GFP) line is maintained on an AB genetic
background.

Zebrafish were raised and maintained in a 14:10 h light: dark cycle at
28 °C in a circulating aquatic system maintained at pH 7.0 and conductivity
between 400 and 500 uS. Zebrafish were fed three times daily with a com-
bination of granular food(GEMMA from Skretting) in the morning and
afternoon and freshly prepared artemia in the evening(cysts bought from
SDS, Witham, UK). Adult fluorescent Tg(ngn1:GFP) fish were crossed with
AB fish. Fluorescent embryos were selected and used in experiments or
grown to adulthood to maintain the line. Males and females were put in the
breeding tank overnight, and the next morning, fresh spawned embryos
were collected. The collected eggs were placed in 100 mm Petri dishes in fish
water with methylene blue (0.1 g/L Instant Ocean Salt; 0.1 g/L NaHCO3;
0.19 g/L CaSO4; methylene blue 0.5 ppm in sterile deionized water). Fish
water was added with 0.0045% PTU (1-phenyl-2-thiourea, Sigma) to pre-
vent melanin formation and maintain the optical clarity in the zebrafish
embryos. Any unfertilized eggs, dead or bad embryos, were removed, and
the good-quality embryos at one cell stage were selected for microinjection.

The study did not require any ethics oversight since we used only
embryos and larvae within 120 hpf.
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We have complied with all relevant ethical regulations for animal use.

Morpholino microinjection

Morpholino stock solution (1 mM) was purchased from Gene Tool. AB
wild-type and transgenic zebrafish embryos at one-cell stage were injected,
by an Eppendorf FemtoJet Micromanipulator 5171, with 4 nanolitres (nl) of
splicing-blocking flvcrla morpholino targeting the boundary of intron 1
and exon 2, hereafter written as Flverla MO I1Ex2 (Sequence:
ACCAAGCTGACGGGAAATAAAGAGA). 4 ng of standard morpholino
(STD-Mo) injected zebrafish embryos were used as a control, and non-
injected embryos were used as an internal control. The morpholinos were
co-injected with 0.05% phenol red as a tracer. After microinjection, any
defective or injured zebrafish embryos were immediately discarded, and the
correctly injected healthy zebrafish embryos were collected in a petri dish
and maintained in fish water at 28 °C.

sgRNAs design, microinjection, and sequencing

In silico analyses were performed to identify candidate sgRNAs targeting the
zebrafish flverl locus. All synthetic sgRNAs were synthesized by IDT.
SpCas9 Plus Protein was purchased from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany). Before injections, 100 ng/uL sgRNAs were com-
plexed with 150 ng/uL Cas9 and incubated for 10 minutes at room tem-
perature. A mix of 4 nL of Cas9 and synthetic sgRNAs was injected into the
cell at the one-cell stage zebrafish embryos. The final concentrations were
150 pg/nL for Cas9 and 100 pg/nL for sgRNAs. The sgRNAs used are listed
in Supplementary Table S2.

10 injected embryos per pool were collected at 24 hpf to evaluate
sgRNAs editing efficiency. Genomic DNA was extracted using an alkaline
lysis method: samples were incubated in 10 pL of NaOH (50 mM) at 95 °C
for 15 minutes, followed by neutralization with 2 uL of Tris-HCI (pH 7.5,
100 mM). The crude lysate was then used directly as a template for PCR
amplification. Genomic DNA samples were stored at 4 °C for short-term
use or at -20 °C for long-term storage. Primers used are listed in Supple-
mentary Table S2. Sanger sequencing results (Figure S9) were analyzed
using TIDE and ICE analysis tools, and the 3 sgRNAs with editing efficiency
higher than 40% were selected to generate flvcrl crispants. For the sub-
sequent analyses, PCR was performed on DNA extracted from embryos’ tail
clips. Only FO crispants were analyzed.

Survival and morphological evaluation in flver1ia morphants
After microinjection, the survival of the flvcrla morphants was recorded
every 24 hours. Embryos injected with STD-Mo and non-injected embryos
were used as controls. Any embryo with coagulation or no movement and
heartbeat was scored dead. The survival was documented till 144 hpf, and at
least 235 embryos per group were used. The data are presented as percen-
tages of alive embryos at 24, 48, 72, and 144 hpf.

The morphological evaluation of the flvcrla morphants, STD-Mo-
injected and non-injected embryos, was performed at 48 hpf, coinciding
with the peak time of morpholino action. The morphology was categorized
into normal, abnormal/mild, and severe phenotypes. Embryos were
examined for several morphological abnormalities such as hydrocephalus,
small eyes, ear deformation, decreased tail detachment, irregular heartbeat,
abnormal blood circulation, pericardial edema, yolk deformation, abnormal
yolk extension, hyperextension or flexion of the trunk, and lateral, upward,
and downward bending of the tail. Normal embryos were defined according
to Kimmel et al.”" by proper stage-specific morphology, including normal
axis formation, correct somite number and organization, and appropriate
development of major embryonic structures.

Any embryos with up to 2 morphological deformities were considered
a mild phenotype, and embryos with more than 2 were considered a severe
phenotype. As the flvcrla morphants had typical phenotypes such as
thinning of yolk, elongation, and hydrocephalus, we also documented the
percentage of embryos with yolk elongation, thinning, and hydrocephalus in
the morphants at 48 hpf. At 48 hpf, representative brightfield images of

flverla morphants, STD-mo, and non-injected embryos were obtained at
40X magnification with Zeiss Axiozoom V16 (Zeiss, Jena, Germany)
equipped with PlanNeoFluar Z 1x/0.25 FWD 56 mm lens and connected to
a workstation with Zen Pro software. Embryo images were acquired using a
compound Axio Zoom.V16 stereo zoom microscope from Zeiss, equipped
with an Axiocam 506 color digital camera with ZEN Pro software from
Zeiss. Fluorescence in the transgenic lines was imaged with an illuminator
HXP 200 C from Carl Zeiss. For in vivo analyses, embryos and larvae were
anaesthetized with tricaine 0.16 mg/mL.

Zebrafish lightsheet microscopy

For lightsheet imaging, embryos were anaesthetized using tricaine (0.02%)
and included in a low-melting agarose matrix 0.5% (Top Vision Low
Melting Point Agarose, Thermo Fisher Scientific), then put in the instru-
ment holder. Images were acquired using the Zeiss LightSheet microscope
V1, supported by ZenPro software. EGFP acquisition was performed using a
488-30 nm laser and a 505-545 nm filter. Images within the same experi-
ment were acquired using identical laser intensity and exposure settings to
ensure comparability. After the acquisition, 3D images were generated and
manipulated using Arivis software. 3D reconstructions were exported as a
single snap with the same compression setting.

Zebrafish DRG counting

Tg (ngn1:GFP) zebrafish embryos were microinjected with 4 ng flvcrla Mo-
I1E2 4 ng STD-Mo at 1 cell stage, or with scramble-sgRNA and FLVCRI-
sgRNA. Non-injected embryos were used as an internal control. Following
microinjection, embryos were raised in fish water with 0.0045% PTU (1-
phenyl-2-thiourea, Sigma). At 48 hpf, embryos were anesthetized with tri-
caine 0.16 mg/ml and placed in a lateral position in a 100 mm petri dish with
1% agarose base. Then, the fluorescence images of the zebrafish embryos
were obtained for each of the three groups at 40x magnification with a Zeiss
Axiozoom V16 (Zeiss, Jena, Germany) fluorescence microscope with GFP
filter cube equipped with PlanNeoFluar Z 1x/0.25 FWD 56 mm lens and
connected to work station with Zen Pro software. The number of inter-
somitic neurons in each zebrafish embryo was counted from the images
obtained, and a bar diagram was plotted. A total of 25-30 embryos were used
for each group.

Zebrafish behavioral assays

To investigate ifloss of DRG in the flvcr1a knockdown embryos is associated
with the abnormal movement behavior, we performed behavioral assays in
the flvcrla morphants along with Mo-STD-injected embryos and non-
injected embryos. The movement behaviour tests were performed accord-
ing to the scheme described by Basnet et al.””.

Zebrafish spontaneous head-tail coil movement

At 24 hpf, spontaneous head-tail coil movement was counted for one
minute under the Leica MZI6F stereomicroscope (Leica Microsystems
Ltd.). The total count of head-tail coil movements was determined for 20-25
embryos for each group in three independent experiments, and a bar dia-
gram was plotted.

Measurement of the distance swam by zebrafish embryos
Touch-response test in zebrafish embryos was performed at 48 hpf as
described in Basnet et al. Briefly, embryos injected with Mo-flvcrla I11E2,
Mo-STD, and non-injected embryos were touched at the tail, following
which the distance swam was recorded with a motility wheel containing 5
concentric circles of 5mm, 10 mm, 15 mm, and 20 mm diameters. Each
embryo was placed in the centre of the motility wheel and then gently
touched at the tail with an embryo poker. The escape response of each
embryo was quantified as the distance traveled within the predefined con-
centric circles. For each experiment group, a touch-response test was per-
formed on 50 embryos. The data was calculated as the percentage of
embryos that crossed each predetermined concentric circle.
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Sample preparation for proteomic analysis

Sample processing on whole protein extracts of fibroblasts derived from
patients and controls for LC-MS/MS analysis was carried out as described
previously”.

LC-MS/MS measurements

All samples were measured in data-independent mode (DIA). Analysis was
performed using an Ultimate 3000 nano RSLC system coupled to an
Orbitrap Fusion Lumos mass spectrometer (all Thermo Scientific). For each
measurement, 1 pg of peptides from each sample was preconcentrated on a
100 um x 2 cm C18 trapping column for 10 minutes with 0.1% TFA (v/v) at
a flow rate of 20 uL/min, followed by separation on a 75 pm x 50 cm C18
main column (both Pepmap, Thermo Scientific) with a 120-minute LC
gradient of 3 to 35% B (84% ACN in 0.1% FA) at a flow rate of 250 nL/min.
An appropriate amount of iRT standard peptides (Biognosys) was added to
each sample before starting the measurement. MS survey scans were
acquired from 300 to 1100 m/z at a resolution of 60,000 FWHM, followed by
MS/MS using 24 DIA windows, each covering a range of 25 m/z (with 1 m/z
overlap) at a resolution of 30,000. The polysiloxane ion at 445.12 m/z was
used as a lock mass. The CID spectra were recorded with a normalized
collision energy of 32 and an activation time of 10 ms™*. Each biological
sample was measured in technical triplicate.

Analysis of proteomic data

For reliable label-free quantification, only proteins identified with two or
more unique peptides were included in the subsequent analysis to ensure
robustness and minimize false-positive identifications. The average nor-
malized abundances, as determined by Spectronaut, were calculated for
each protein and used to derive the abundance ratios between patient
samples and their corresponding controls. To ensure reproducibility, the
mean of all technical triplicates was calculated and used for final ratio
determination.

The resulting ratios were log,-transformed, and Student’s ¢-tests were
performed for each protein using Microsoft Excel to assess statistical
significance. Proteins were considered differentially regulated if they
exhibited a p-value <0.05 and an abundance ratio > 1.9 or < 0.54, cor-
responding to approximately a twofold change in expression (up- and
down-regulated, respectively). These stringent ratio thresholds were
deliberately chosen to minimize the likelihood that observed changes
represent biological noise or naturally occurring abundance variations
rather than true differential regulation. No correction for multiple
hypothesis testing (e.g., Benjamini-Hochberg correction) was applied.
This decision was based on the objective of the study, which was not solely
the identification of potential biomarkers, but rather the exploration of
biological processes and molecular functions affected or regulated by the
different treatments. While applying such corrections would increase the
confidence in individual protein regulations, it would also reduce the
sensitivity for detecting the broader regulatory patterns and pathways of
interest. The use of high fold-change thresholds (1.9 or < 0.54) was
therefore implemented as an alternative means to maintain stringency
while retaining biological interpretability.

Statistics and reproducibility

All statistical analyses were performed using GraphPad Prism version 9
(GraphPad Software). Error bars in the graphs indicate the standard error of
the mean (SEM) or standard deviation (SD) as indicated in the figure legend.
Normality of the data was assessed using the Shapiro-Wilk test. Depending
on the distribution, parametric tests (Student’s t-test, one-way ANOVA, or
two-way ANOVA) were used for normally distributed data, whereas non-
parametric tests were applied to non-normally distributed data. Statistical
significance was defined as follows: * = p < 0.5; ** = p< 0.01; *** p = < 0.001;
#HHK p = 0.0001. A minimum of 3 biological replicates was chosen, as well as
a minimum of 2 independent experiments, to give statistical significance at
data collection.

Ethics approval and consent to participate

Patient 6. The patient was enrolled at the Department of Pediatric Neu-
rology (University Hospital Essen, Essen, Germany) and approved by the
local ethical committee of the University of Duisburg-Essen (19-9011-BO).
Written informed consent was obtained from the patients’caretakers.

Patient 7. The proband and her parents (HET1 and HET2) were enrolled
at The Manton Center for Orphan Disease Research, approved by the
Institutional Review Boards (protocol ID: 10-02-0053) at Boston Chil-
dren’s Hospital. Written informed consents were obtained from the
patient and family members.

All ethical regulations relevant to human research participants were
followed.

The experiments on primary fibroblasts were also approved by the
local ethics commiittee of the University of Torino (Prot. n. 0254821).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Source Data underlying the graphs and charts in the manuscript can be
found in Supplementary Data 1. Full, unedited blots are shown in Fig. S10.
The mass spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE” partner repository with the
dataset identifier PXD071580. All other data are available from the corre-
sponding author on reasonable request.
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