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Abstract

Dominant defects in CHCHD10, a mitochondrial intermembrane space protein, lead to a range of neurological and
muscle disease phenotypes including amyotrophic lateral sclerosis. Many patients present with spinal muscular
atrophy Jokela type (SMAJ), which is caused by heterozygous p.G66V variant. While most disease variants lead

to aggregation of CHCHD10 and activation of proteotoxic stress responses, the pathogenic mechanisms of the
p.G66V variant are less clear. Here we report the first homozygous CHCHD10 patient, and show that the variant
dosage dictates the severity of the motor neuron disease in SMAJ. We demonstrate that the amount of the mutant
CHCHD10 is reduced, but the disease mechanism of p.G66V is not full haploinsufficiency as residual mutant
CHCHD10 protein is present even in a homozygous state. Novel knock-in mouse model recapitulates the dose-
dependent reduction of mutant CHCHD10 protein and the slow disease progression of SMAJ. With metabolome
analysis of patients' primary fibroblasts and patient-specific motor neurons, we show that CHCHD10 p.G66V
dysregulates energy metabolism, leading to altered redox balance and energy buffering by creatine metabolism.
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Introduction

Dominant CHCHDIO variants cause a spectrum of
pathology from muscle to neuronal involvement, with a
strong genotype-phenotype correlation. Variants p.S59L
and p.R15L are a cause of amyotrophic lateral sclero-
sis (ALS) and/or frontotemporal dementia (FTD) [1-6],
while p.G58R causes mitochondrial myopathy and
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cardiomyopathy [7]. However, currently the most com-
mon pathogenic variant in CHCHDIO0, is heterozygous
p-G66V, because of its relatively high allele frequency in
Finland [8-10]. It causes spinal muscular atrophy Jokela
type (SMAJ, OMIM #615048), originally named late-
onset spinal motor neuronopathy (LOSMoN) [9]. SMA]
symptoms typically start around age 40, with muscle
cramps, increasing lower limb predominant muscle
weakness, hyporeflexia and difficulties in walking. Elec-
tromyography (EMG) and muscle biopsies show neu-
rogenic findings such as fiber type grouping, along with
secondary myopathic signs such as fatty replacement and
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increased internal nuclei [8, 9]. Serum creatine kinase
(CK) is typically elevated in SMAJ, and our previous bio-
marker analysis of the unique cohort of SMAJ patients’
serum samples showed a positive correlation between
creatine levels and disease severity [11]. No significant
mitochondrial muscle pathology has been detected in
SMAJ [12], and accordingly the mitochondrial myopathy
markers FGF21 and GDF15 were not increased in patient
serum [11]. The disease mechanism of SMAJ, and how it
differs from the other CHCHD10-linked phenotypes, is
not known.

CHCHDI10 is a small mitochondrial protein of
unknown function, localizing to the intermembrane
space (IMS). It can form complexes with its homologue
protein CHCHD2 and is frequently found in complexes
of 170 to 220 kDa [13, 14]. CHCHD1O is likely to inter-
act with other proteins in IMS and mitochondrial inner
membrane (IMM), possibly providing stability or facili-
tating interactions. Surprisingly CHCHD2/CHCHD10
are largely dispensable in human cell and animal models.
Although the expression of CHCHD2/CHCHDI10 aligns
with oxidative phosphorylation (OXPHOS) complex
expression and is induced by OXPHOS defects [10], the
loss of CHCHD2/CHCHD10 has had only mild effects on
mitochondrial respiration in most models. Furthermore,
the CHCHD2/CHCHD10 double knockout mouse had
a normal life span, although the mouse hearts did show
activation of the mitochondrial integrated stress response
(mtISR) [15]. CHCHD2/CHCHD10 may thus contribute
to the regulation of OXPHOS function and mitochon-
drial homeostasis in a temporal and cell-specific manner,
with relevance for human neuropathologies.

Several comprehensive studies have identified a
toxic gain-of-function mechanism for the p.S59L and
p-G58R variants, marked by aggregated CHCHD10 and
CHCHD?2 [16-20]. CHCHD10 protein has regions that
are intrinsically disordered, which may drive its aggre-
gation [10]. Both p.S59L and p.G58R knock-in mouse
models developed a fatal cardiomyopathy [16, 17, 20].
The mice presented with activated mtISR via OMAL1-
dependent cleavage of DELE1 in the heart [20]. Cleaved
DELEL] is transported into cytosol where it activates the
HRI kinase, which in turn phosphorylates eIF2a, leading
to attenuation of global protein translation and increased
expression of specific transcripts, such as ATF4, ATFS,
and CHOP [21]. Subsequently to mtISR activation, the
p-S59L and p.G58R knock-in mice exhibited extensive
metabolic rewiring, enhancement of transsulfuration and
one carbon metabolism, and antioxidant responses lead-
ing to heme depletion [19].

On the contrary, haploinsufficiency has been suggested
as a mechanism for the p.G66V variant, as approximately
50% reduction of CHCHDI10 protein was detected in
p-G66V patient cells [22]. The p.G66V variant has been
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proposed to alter the structure and intramolecular inter-
actions of the CHCHD10 protein, affecting its stability
and increasing its susceptibility to degradation [23, 22].
Given the slow progression of SMAJ, reduced CHCHD10
availability could be a factor influencing mitochondrial
homeostasis, and playing a direct role in disease patho-
genesis. Perhaps specific cell types could be more sus-
ceptible to lowered CHCHD10 amount, explaining why
the tissue involvement is limited to the neuromuscular
system in SMA]J. Indeed, in spinal motor neurons differ-
entiated from human pluripotent stem cells (iPSC) the
loss of CHCHD10 caused increased proton leakage and
reduced spare respiration capacity [24]. Furthermore,
one study of CHCHDI10 knockout mice has reported
neuromuscular junction impairment [25]. However,
human variation data suggest that CHCHD10 loss-of-
function variants are well-tolerated [10], arguing against
pure haploinsufficiency as the mechanism of the het-
erozygous p.G66V variant. Therefore, defining the exact
pathogenic mechanism of the p.G66V variant requires
further investigations.

Here we describe the phenotype of the first patient
with a homozygous pathogenic variant in CHCHDIO,
and evaluate whether haploinsufficiency is a valid mecha-
nism for the p.G66V variant. We examined patients’ skin
fibroblasts, as well as motor neurons differentiated from
patient-specific and genome-edited iPSC, and a novel
p-G66V knock-in mouse model. First, we found that
the homozygous p.G66V variant causes a more severe
disease phenotype resembling mitochondrial myopa-
thy compared to the heterozygous variant. Second, we
observed dose-dependent reduction of the CHCHDI10
protein in in vitro and in vivo. Third, contrary to other
CHCHDI0 variants, p.G66V variant did not lead to pro-
teotoxic aggregation of mutant CHCHD10, and mtISR
activation was observed solely in patient fibroblasts.
Finally, we propose that rewiring of creatine metabolism
is part of SMA]J pathogenesis.

Materials and methods

Homozygous patient clinical assessment

The patient underwent a thorough neurological evalu-
ation by an experienced neurologist (MJ]). Muscle imag-
ing, EMG/NCS and muscle biopsy evaluation were
performed for diagnostic purposes according to stan-
dard methods. Muscle MRI was conducted using routine
T1-weighted sequences of lower limb muscles. Mito-
chondrial DNA deletions were investigated by XL-PCR.
The amplification reactions were carried out by using
Phusion High-Fidelity DNA Polymerase (Thermo Fisher
Scientific, Waltham, MA, U.S.A.) with GC buffer for long
templates using primers (supplemental Table 2) accord-
ing to the provided protocol.
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Fibroblast cell culture

Human fibroblast cultures were established from skin
punch biopsies and cultured by standard methods.
Briefly, cells were cultured in at 37°C, in a humidified
atmosphere, normoxia and 5% CO,. Fibroblasts were
maintained in DMEM media (Lonza #12-614 F) sup-
plemented with 2mM L-Glutamate (Life Technologies
#250300081), 10% FBS (Life Technologies #10270106), 1x
penicillin/streptomycin (Life Technologies #15140122)
and 50 pg/mL Uridine (Sigma #U3003). Fibroblasts of
one homozygous and one heterozygous patient and three
to four healthy volunteer controls were used for the
experiments.

iPSC cell culture

IPSC were maintained on Matrigel-coated (Corn-
ing) plates with DMEM/F12 with GlutaMAX medium
(Gibco) supplemented with ESSENTIAL 8-supplement
(Gibco). Cells were cultured at 37 °C in 5% CO2, 20%
02. IPSC were maintained on Matrigel-coated (Corning)
plates in Essential 8 (E8) medium (Gibco) supplemented
with Primocin (100 pg/ml) (Invivogen). IPSC were pas-
saged using 0.5 mM EDTA (Invitrogen) in phosphate-
buffer saline (PBS) when confluent.

Genome editing of iPSC

CRISPR-SpCas9 technology was used to correct het-
erozygous p.G66V variant and create isogenic control
iPSC line upon homology-directed repair. The crRNA
sequences were designed using online analysis tools
Crispor version 4.97 (Concordet & Haeussler, 2018;
http://crispor.tefor.net/), Benchling (https://benchlin
g.com/crispr) and IDT CRISPR/ Cas9 design checker
(https://www.idtdna.com/). The ribonucleoprotein (RNP)
components (HiFi Cas9 protein, crRNA and tracrRNA)
were purchased from Integrated DNA Technologies
(IDT) and prepared based on the manufacturer’s proto-
col. The guide RNA together with Cas9 in a complexed
(RNP) was delivered by electroporation using the Neon
Transfection System (ThermoFisher) to 2 million Try-
pLE Select (Thermo Scientific) dissociated heterozy-
gous patient cells, together with 4 uM electroporation
enhancer (IDT), and 2 uM of ssODN donor template
(IDT). Electroporated samples were plated immediately
onto pre-warmed 35 mm cell culture plates supple-
mented with RevitaCell (Thermo Scientific) and 10 uM
Alt-R HDR enhancer (IDT). Limited dilution cloning for
electroporated iPSC pool was done according to Brunta-
traeger et al. Briefly, 500-1000 TrypLE Select dissociated
cells were plated into 10 cm tissue-culture dishes coated
with Vitronectin XF (STEMCELL Technologies) at a con-
centration of 5 pg/cm2 containing 10 mL with TeSR™-E8™
(STEMCELL Technologies) media supplemented with
1X CloneR (STEMCELL Technologies). 48 h after
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subcloning, cell culture medium was replaced with 10 mL
of Essential 8 Flex medium supplemented with E8 Flex
medium supplement (Gibco) and changed every 48 h
for 8 days until colony picking. Recombinant colonies
were validated using Sanger sequencing and checked for
chromosomal abnormalities by G-banding karyotyping.
Off-target genome editing was evaluated with CRISPOR
Batch Gene Targeting Assistant 4.97. Regions with high-
est cutting frequency determination (CFD) score were
analysed using Sanger sequencing.

Motor neuron differentiation

To differentiate iPSCs into motor neurons, we used
the protocol by [26] with slight modifications. Briefly,
to obtain neuroepithelial stem cells, iPSCs were dis-
sociated with Accutase (Gibco) into small clusters and
resuspended in E8 medium containing 5 uM Y-27,632
(Selleckchem). The following day, medium was changed
to Neuronal basal medium (DMEM F12, Neurobasal vol:
vol, with N2 (Life Technologies), B27 (Life technologies)
and l-ascorbic acid 0.1 mM (Santa Cruz)) supplemented
with 40 uM SB431542 (Merck), 0.2 uM LDN-193,189
(Merck/Sigma), 3 pM CHIR99021 (Selleckchem), and 5
UM Y-27,632 (Selleckchem). From day 3 on, 0.1 uM reti-
noic acid (Fisher) and 0.5 pM SAG (Calbiochem) was
added to neurobasal medium. From day 7 on, BDNF (10
ng/ml, Peprotech) and GDNF (10 ng/ml, Peprotech) were
added. 20 uM DAPT (Calbiochem) was added on day 9.
Motor neuron progenitor spheroids were dissociated into
single cells for plating on day 11 by using Accumax (Invi-
trogen). Motor neuron progenitors were subsequently
plated on poly-d-lysine 50 pg/ml (Merck Millipore) and
laminin 10 pg/ml (Sigma-Aldrich) coated plates at 5 x 10*
cells per cm2. At day 14 retinoic acid and SAG were
removed from media. From day 16 on, the cells were
switched to motor neuron maturation medium supple-
mented with BDNF, GDNF, and CNTF (each 10 ng/
ml, Peprotech). Media were changed every other day by
replacing half of the medium. Motor neurons were HB9-
positive around day 30 of differentiation, after which they
were considered mature.

Mouse maintenance

Animal experiments were performed in compliance with
the national ethical guidelines set by the European Union
and were approved by the National Animal Experiment
Board (Project Authorisation Board). The ethical prac-
tice of handling laboratory animals was strictly followed
throughout the procedures. The mice were housed at
22 °C with 12-hour light/dark cycles with ad libitum
access to standard rodent food and water. Mice weight
development was measured every 10 days beginning at
P150 until end point.
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Chchd10%%%Y mouse generation and genotyping

Novel heterozygous and homozygous Chchd10 p.G66V
(c.186G>T, p.G62V in mouse genome) knocking mice
were generated with CRISPR/Cas9 editing as part of the
FinnDisMice project, where novel mouse models were
generated to analyze group of hereditary monogenic
disorders found enriched in Finnish population [27]. In
brief, the combination of gRNA gRNA1: TCAGCTGTAG
GGCATGTCATGGG and a ssDNA repair template were
employed to introduce the human 194G >T(66G/V) vari-
ant in C57BL/6] (Janvier Labs) mouse corresponding the
nucleotide change at 186G>T, (62G/V).

The genotyping of founders and actual mouse cohort
was carried out by PCR from ear marks. The DNA was
extracted using the Extracta DNA Prep for PCR (95091-
025, Quantabio) and used as a template for the PCR reac-
tion, amplified by DreamTaq DNA Polymerase (EP0705,
Thermo Fisher) using the SimpliAmp™ Thermal Cycler
(A24811, Thermo Fisher). The genomic region of interest
was amplified by primer pair of sense: GCCTCCTGCGC
ACCCACCAC and antisense: CCTCCGTTTCTTGAGT
CCTC. Enzyme digestion of the 224 bp PCR product by
BaeGI (NEB) had been used for the Glel KI mice to dis-
tinguish the carriers of the insertion.

Sex as a biological variable
Our study examined male and female animals, and simi-
lar findings are reported for both sexes.

Metabolomics (fibroblasts, iPSC, d14 MN, d35 MN, mouse
muscle, and mouse serum)

Metabolites were extracted with ice cold Acetonitrile:
H20 (80:20) extraction solvent. 20 mg muscle tissue,
50 uL serum, and confluent 3,5 cm plates cell cultures
were used for metabolite extraction. Samples were cen-
trifuged 13 000 rpm, 10 min at +4 °C and the super-
natant was stored in -80 °C until further processing.
Samples were analyzed on a Thermo Q Exactive Focus
Quadrupole Orbitrap mass spectrometer coupled with
a Thermo Dionex UltiMate 3000 HPLC system (Thermo
Fisher Scientific). The HPLC was equipped with a hydro-
philic ZIC-pHILIC column (150x2.1 mm, 5 um) with a
ZIC-pHILIC guard column (20x2.1 mm, 5 pum, Merck
Sequant). A total of 5 ul sample was injected into the
LC-MS instrument after quality controls in randomized
order having every tenth samples as blank. A linear sol-
vent gradient was applied in decreasing organic solvent
(80—-35%, 16 min) at 0.15 ml min—1 flow rate and 45 oC
column oven temperature. Mobile phases were aqueous
200 mmol per litre ammonium bicarbonate solution (pH
9.3, adjusted with 25% ammonium hydroxide), 100% ace-
tonitrile and 100% water. Ammonium bicarbonate solu-
tion was kept at 10% throughout the run, resulting in a
steady 20 mmol per litre concentration. Metabolites were
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analysed using a mass spectrometer with a heated elec-
trospray ionization source using polarity switching and
the following settings: resolution of 70,000 at m/z of 200;
spray voltages of 3400 V for positive and 3000 V for nega-
tive mode; sheath gas of 28 arbitrary units (AU) and aux-
iliary gas of 8 AU; vaporizer temperature of 280 oC; and
ion transfer tube temperature of 300 oC. The instrument
was controlled using Xcalibur 4.1.31.9 software (Thermo
Scientific). Metabolite peaks were confirmed using com-
mercial standards (Sigma Aldrich). Data quality was
monitored throughout the run using an inhouse quality
control cell line extracted in a similar manner to other
samples. After final peak integration with TraceFinder
4.1 SP2 software (Thermo Scientific), peak area data were
exported as Excel files. Missing values were replaced with
zeros, while flagging the number of missing metabolites.
Metabolite peak areas were loglp-transformed and quan-
tile normalized using voom [28]. The differential expres-
sion between genotypes was analysed in R (R Core Team,
2021) with limma [28] using ImFit with eBayes correction
on the contrasts between genotypes (and depending on
the experiment also other factors such as developmental
stage, sex and tissue). Metabolites with FDR-corrected
p-values<0.05 were considered differentially expressed,
if they contained less than 2 missing values. Enrich-
ment analysis on DE metabolites were performed using
metaboanalyset V6.0 (https://www.metaboanalyst.ca).
PCA was calculated using prcomp (R Core Team, 2021).
Figures were generated with ggplot2 [29].

Proteomics (d14 MN)

Neuronal media was removed form d14 MN motor neu-
ron cultures. Cells were pelleted and then lysed with
50 uL of 6 M Urea 50 nM Tris-HCI buffer. Proteomics
analysis was done in Biocenter of Turku. Protein identi-
fications was done using DirectDIA and label free quan-
tifications was done with MaxLFQ using Spectronaut
software (Biognosys; version 18.0.2) against Swiss-Prot
(2023_01 Homo Sapiens) and Universal Protein Contam-
inant database [30]. Precursor and protein detection FDR
cutoff was 0.05. Quantification was carried out at MS2
level with area under the curve within integration bound-
aries for each targeted ion. The protein peak areas were
exported from Spectronaut and analysed in R with limma
[28] the same ways as the metabolomics data.

RNAseq (mouse muscle)

Total RNA was extracted from 20 mg mouse skeletal
muscle using TRIsure-chloroform-ethanol (Bioline)
method followed by in-column DNA digestion (Qiagen).
RNA quality determination and mRNA sequencing were
done at Biomedicum Functional Genomics Unit at the
Helsinki Institute of Life Science and Biocenter Finland
at the University of Helsinki with single-end sequencing
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with poly (A) binding beads and NEBNext Ultra II Direc-
tional RNA Library Prep and sequenced with Illumina
NextSeq High Output 1x75 bp. Raw data (bcl-files) was
demultiplexed with bcl2fastq2 (Illumina). The fastq-
files were filtered with cutadapt [31] to remove adapter
sequences, ambiquous (N) and low quality bases (Phred
score<25). Reads that were too short (<25 bp) after
trimming were excluded. The filtered fastq-files were
mapped to the mouse reference genome (GENCODE-
GRCm39) with STAR [32]. The mapped reads were ana-
lyzed with R (R Core Team, 2021). Read counts for genes
were extracted with Rsubreads [33] excluding duplicates,
multimapping reads, chimeric fragments, and reads with
mapping quality below 10. Differential gene expression
was analyzed with DESeq2 [34], comparing the geno-
types to each other. Genes with low reads depth (<50
reads in total) were excluded. Genes with FDR corrected
p-value<0.01 were considered differentially expressed.
PCA, and figures were done the same way as with the
proteomics and metabolomics datasets.

Statistical analysis
GraphPad Prism 10 was used for all statistical analyses
except transcriptomics, proteomics and metabolomics.
One-way ANOVA was used for the experiments with
post-hoc Fisher’s LSD test to determine statistical dif-
ferences between groups (comparisons always between
heterozygous vs. its isogenic control (WT_isogenic), and
homozygous vs. WT), mean+SD values are reported in
the graphs. P<0.05 were considered significant. All mea-
sured data points were included in the analysis. Values
for all data points in graphs are reported in the Support-
ing Data Values file.

Additional information about materials and methods
used in this study is provided as supplemental material.

Results

Phenotype of the individual carrying a biallelic CHCHD10
p.G66V variant

The individual with homozygous ¢.197G>T p.G66V
variant is a son of father and mother from two previ-
ously reported SMA]J pedigrees (Fig. 1A). He was first
examined at 3 years of age because of walking difficul-
ties and stumbling and was noted to have absent tendon
reflexes and tight heel cords, which were later surgically
corrected. Due to the patient’s young age, only a limited
EMG/nerve conduction study was performed at the time,
and it showed neurogenic, predominantly motor abnor-
malities. In childhood, the patient was clumsy but could
participate in sports, such as running and skating. After
age 30, he required a cane for walking and at age 37 was
wheelchair-bound but able to stand for short periods of
time. Severe lower limb and moderate upper limb weak-
ness and atrophy was present, in addition to bulbar and
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respiratory muscle weakness (Fig. 1B). Vibration sen-
sation was absent in all limbs. Despite tongue atrophy
(Fig. 1B), the patient had normal speech and was able
to work in a cognitively demanding job. Brain MRI was
normal. CK was 2-fold elevated and muscle MRI showed
subtotal fatty replacement of lower limb muscles, with
moderate involvement in upper limbs and trunk muscles
(Fig. 1C). Cardiac ultrasound was normal. Muscle biopsy
showed mitochondrial pathology with 15-20% COX-
negative and SDH hyperreactive fibers, ragged red fibers
with fiber size variability and internalized nuclei in 80%
of muscle fibers (Fig. 1D). Electron microscopy (EM)
showed defective mitochondria with severely disorga-
nized cristae (Fig. 1E). XL-PCR analysis revealed multiple
mitochondrial DNA (mtDNA) deletions in muscle tissue
(Fig. 1F). In brief, the patient’s condition was consistent
with motor neuronopathy leading to proximal and dis-
tal muscle wasting, which is more severe than in SMA],
in addition to sensory impairment and mitochondrial
myopathy.

p-G66V variant causes a dose-dependent reduction in
CHCHD10 amount and leads to mtISR marker induction in
homozygous patient fibroblasts

We obtained skin fibroblasts from the individual with
homozygous p.G66V variant as well as from a heterozy-
gous individual and healthy controls. Immunoblotting
with CHCHDI10 antibody showed reduced CHCHD10
protein in the fibroblasts from both patients (30% reduc-
tion in heterozygous and 60% in homozygous patient
fibroblasts compared to control average) (Fig. 2A, B). The
mRNA expression of CHCHD10 or CHCHD2 was not
altered (Fig. 2C, supplemental Fig. 1A). Mitochondrial
DNA copy number was normal (supplemental Fig. 1B).
These findings show that the p.G66V variant reduces the
availability of CHCHDI10 in a dose-dependent manner in
patient cells, but does not lead to its complete absence in
homozygous state.

Immunocytochemistry with an antibody against the
mitochondrial marker SDHA showed a normal mito-
chondrial network in fibroblasts from both patients
(Fig. 2D). However, the signal for CHCHD10 was
reduced in patients’ cells in comparison to control cells
(Fig. 2D), appearing as punctate signal especially in the
homozygous patient cells. These findings prompted
us to investigate whether the mtISR was activated in
patient fibroblasts similarly as previously reported with
other pathogenic variants of CHCHDI0 [16, 17, 19, 20].
Indeed, patient fibroblasts had increased expression
of transcripts associated with the mtISR (ATF4, ATFS,
CHOP10, MTHFD2 and GDFI5) in comparison to con-
trol cells (Fig. 2E). The increase was more pronounced in
the homozygous patient cells. Notably, the expression of
ATFS5 was increased 12.5-fold in the homozygous cells,
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e f deletion deletions marker
1 2 3 4 5

Fig. 1 Phenotype of the unique patient with biallelic CHCHD10 p.G66V variant. (A) Family tree of the investigated patient. Black square indicates the
proband. (B) Clinical assessment of the proband showed moderate upper limb weakness and severe lower limb atrophy, also in tongue. Metacarpopha-
langeal hyperextension and the distal and proximal interphalangeal joint flexion caused by weakness of small intrinsic hand muscles (claw hand) (upper
panel). Distal lower limb weakness, patient is trying to dorsiflex ankles (middle panel). Weak, atrophic tongue (lower panel). (C) MRI showing significant
muscle atrophy and fatty tissue replacement of lower limb muscles. (D) Mitochondrial pathology with 15-20% COX-negative-SDH hyperreactive fibers,
ragged red fibers (Gomori Trichorme) with fiber size variability and internalized nuclei in 80% of muscle fibers. (E) Transmission electron micrograph from
patient muscle biopsy showing severely disorganized cristae (indicated by red asterisk). (F) XL-PCR revealed multiple deletions in mtDNA of the skeletal
muscle in the patient with homozygous p.G66V mutation in CHCHD10. Lane 1: positive control for single mtDNA deletion from an unrelated patient’s
muscle biopsy; lane 2: a control subject with no deletions in mtDNA in skeletal muscle; lanes 3 and 4, replicates of the muscle biopsy with homozygous
p.G66V variant in CHCHD10; lane 5, positive control for multiple mtDNA deletions from an unrelated patient’s muscle biopsy; lane 6, size marker. Black
arrow indicates the size of intact mtDNA. Black arrow indicates the size of intact mtDNA
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Fig. 2 (See legend on next page.)

compared to 5-fold increase in the heterozygous patient
cells, and the expression of GDFI15 was only increased in
the homozygous patient cells (6-fold). Despite the upreg-
ulation of mtISR marker transcripts, we did not detect

an induction of OMA1-dependent OPA1 cleavage in the
patient cells, and it was comparable to control cells even
when the cells were stressed with actinonin [35] (sup-
plemental Fig. 1C, D). These findings showed that the
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Fig. 2 Dose dependent changes in expression of integrated stress response markers and one-carbon metabolism in CHCHD10 p.G66V patient fibroblasts.
(A) Immunoblot of CHCHD10 levels from whole cell lysates. (B) Quantification of CHCHD10 levels from whole cell lysates normalized to total protein
(4 control cell lines, n=3 technical replicates/ctrl, n=5 technical replicates/patient). (C) Expression of CHCHD10 in patient fibroblasts relative to B2M (3
control lines, n=4 technical replicates each). (D) Representative immunocytochemistry images of control and heterozygous and homozygous patient
fibroblasts stained with antibody against CHCHD10 (green), SDHA (red) and nucleus (blue). Scale bar 20 um. (E) Expression of ATF4, ATF5, CHOP, MTHFD2
and GDFI15 in patient fibroblasts relative to B2M (3 control lines pooled, n=4 technical replicates). (F) Oxygen consumption rate (OCR) measurement
in fibroblasts using Seahorse XF96 Analyzer. Maximal respiration was assessed following mitochondrial uncoupling by FCCP. 4 ctrl lines pooled, 13-16
technical replicates/cell line/run. All data points shown. Two independent experiments. (G) Ratio NADPH/ NADP +was measured with colorimetric assay.
Results normalized to total protein amount (3 ctrl lines pooled, 6 technical replicates each). (H) Mitochondrial superoxide production measured with
MitoSOX assay as fluorescence intensity 4 ctrl lines pooled, 2 technical replicates/cell line). (I) PCA plot describing overall variance within metabolite
profiles. 4 control cell lines, 5 technical replicates/cell line. (J) Increased pyruvate and decreased taurine metabolite levels determined from metabolomics
data. 4 control cell lines, 5 technical replicates/cell line (represented as log2(fold change) [log2(FC)]). (K) Increased arginine and methionine metabolite
levels and decreased creatine in patient fibroblasts determined from metabolomics data. 4 control cell lines, 5 technical replicates/cell line (represented
as log2(fold change) [log2(FC)]). Data shown as mean +standard deviation; P<0.05 were considered significant by one-way ANOVA followed by Fisher’s
LSD's multiple comparison post-hoc test. Quantifications show all measured data points, results are presented relative to the average of all measured

control data points

p-G66V variant can induce mtISR marker expression in
skin fibroblasts.

Multi-omics study by Straub et al. (2021) reported that
patient fibroblasts carrying the CHCHDI10 p.R15L vari-
ant had rewiring of one carbon metabolism in associa-
tion with upregulated proteotoxic stress responses [36].
Therefore, we assessed the metabolic consequences of
the p.G66V variant in patient fibroblasts using the Sea-
horse Extracellular Flux Analyzer, a colorimetric assay
for nicotinamide adenine dinucleotides, and targeted
metabolomics. The heterozygous patient fibroblasts dis-
played modestly reduced maximal respiration after FCCP
injection. Of note, we also observed slightly reduced
maximal respiration and increased expression of mtISR
transcripts in the heterozygous patient’s primary myo-
blasts (supplemental Fig. 2A-C). In contrast, homozygous
patient fibroblasts showed increased maximal respira-
tion (Fig. 2F and supplemental Fig. 1E). Hypermetabolic
phenotypes with increased respiration have been asso-
ciated with the activation of mtISR, however, mtISR
inhibitor treatment with ISRIB did not affect respiration
in the homozygous patient fibroblasts (supplemental
Fig. 1G-H) [37, 38]. Moreover, both patient fibroblasts
displayed decreased NADPH/NADP + ratio (Fig. 2G and
supplemental Fig. 1F). Interestingly, homozygous patient
fibroblasts showed significantly increased mitochon-
drial superoxide levels measured as MitoSOX intensity
(Fig. 2H). These results support altered redox balance
in patient fibroblasts. Targeted metabolite profiling also
displayed a marked difference in the metabolism of the
patient fibroblasts compared to controls (Fig. 2I). Patient
cell lines showed similar changes in the metabolites that
we previously detected altered in serum samples of the
heterozygous SMAJ patients [11]. Both in serum and
in the fibroblasts, pyruvate was increased and taurine
decreased (Fig. 2J). Moreover, creatine was decreased in
the patient fibroblasts, and its precursors, arginine and
methionine, were increased (Fig. 2K), supporting the
altered creatine metabolism in SMA] pathogenesis.

In summary, homozygous p.G66V causes a larger
reduction in CHCHD10 protein amount in fibroblasts
than the heterozygous variant, leading to a higher induc-
tion of ATF5 and GDF1S5 expression as markers of mtISR,
suggesting a similar response as has been observed with
other CHCHDI10 pathogenic variants. On the other
hand, heterozygous patient fibroblasts showed only mod-
estly increased mtISR markers. However, changes in
redox balance and creatine metabolism were present in
both patient lines.

mtISR marker induction is diminished upon differentiation
of patient iPSC into spinal motor neurons

Next, we investigated the effects of the p.G66V in a dis-
ease-relevant human cell type, motor neurons. We repro-
grammed the heterozygous and homozygous patient
fibroblasts into iPSC, and also generated an isogenic
control for the heterozygous patient line by correct-
ing the disease variant via CRISPR/Cas9 gene editing
(Fig. 3A, supplemental Fig. 3A). We differentiated the
iPSC into motor neurons (MN) using a published differ-
entiation protocol [26] with slight modifications, which
we have extensively used in disease modeling [24, 39, 40]
(Fig. 3B, supplemental Fig. 3B). We analyzed the iPSC-
MN at two different timepoints, on day 14 when motor
neurons are post-mitotic (d14-MN) and at day 35 when
they have matured (d35-MN). Patient and gene-edited
iPSC lines differentiated similarly into HB9-positive MN
(Fig. 3C, D). Interestingly, despite normal looking neurite
network, the culture media of d35-MN of the homozy-
gous patient contained more neurofilament light (NfL)
(Fig. 3E), which is released to culture media in axonal
injury [41]. Patient-specific MN had reduced CHCHD10
protein levels (50% reduction in heterozygous d35-MN,
70% reduction in homozygous d35-MN) by immunoblot-
ting, showing dose-dependency similarly to patient fibro-
blasts (Fig. 3G, H). However, in d14-MN the CHCHD10
protein level reduction was less evident (no reduction
in heterozygous and 40% reduction in homozygous
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d14-MN), suggesting cell-stage dependent regulation of
the stability of the CHCHD10 mutant protein. Immuno-
cytochemistry showed reduced and punctate CHCHD10
signal in d35-MN neurites (Fig. 3F). Similarly to patient
fibroblasts, p.G66V variant did not consistently affect
CHCHD10 mRNA expression in iPSC-MN (Fig. 3I).

CHCHDI10 is suggested to be involved in mitochon-
drial cristae organization [1, 14, 42], and altered cristae
structure has been previously reported in some mod-
els with other CHCHDIO disease variants. Therefore,
we studied the mitochondrial ultrastructure in patient-
derived d35-MN with EM (Fig. 3]). Quantification of
mitochondrial size from the EM images showed that the
heterozygous and homozygous patient MN had smaller
mitochondria when compared to those of a healthy con-
trol, however, mitochondrial ultrastructure was overall
normal (Fig. 3]J-K) and mitochondrial DNA copy num-
ber was not changed (Fig. 3L). Next, we measured mito-
chondrial respiration with Seahorse analyzer in d35-MN
(Fig. 3M and supplemental Fig. 3C). Homozygous patient
MN showed moderately increased maximal respiration
similarly to homozygous patient fibroblasts (Fig. 3M),
whereas heterozygous MN displayed no significant
changes in contrast to fibroblasts.

Unlike the patient fibroblasts, heterozygous d14 or
d35-MN did not show a clear induction of mtISR marker
expression as determined by quantification of ATF4,
ATF5, CHOPI0 and MTHFD2 mRNA levels (Fig. 3N),
whereas the homozygous patient d35-MN exhibited
modestly increased expression of ATF4 and CHOPIO0
at d35-MN. The expression of MTHFD2 was somewhat
increased in patient MN (Fig. 3N), potentially indicating
minor changes in one carbon metabolism [19, 36]. The
ATFS5 induction that we observed in homozygous patient
fibroblasts was maintained in the iPSC reprogrammed
from those fibroblasts, but no longer in the MN differ-
entiated from the same iPSC (Fig. 30). To investigate if it
is possible to induce ATF5 expression as a mtISR marker
in cultured MN, we treated control cells with actinonin,
and measured ATF5 expression during differentiation.
We observed a striking 50-fold induction of ATF5 expres-
sion in iPSC, but no induction in d35-MN (Fig. 3P).
ATF5 has been suggested to block the differentiation of
neuroprogenitor cells into neurons and must be down-
regulated to permit neuronal maturation [43], which
could explain why MN could not induce its expression.
Our results show that the degree of mtISR induction as
a consequence of CHCHD10 p.G66V variant depends on
the cell type and its transcriptional program, and has a
limited presence in motor neurons. This raises an inter-
esting question of whether mtISR is protective for some
cell types, given the limited tissue involvement in SMAJ.

(2025) 13:111
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Upregulated creatine metabolism in patient-derived motor
neurons

Next, we analyzed metabolic changes during MN differ-
entiation. We performed targeted metabolite profiling for
iPSC (d0), d14-MN and d35-MN (Fig. 4A, supplemen-
tal Fig. 4A). Interestingly, principal component analysis
revealed substantial changes in d14-MN, where heterozy-
gous and homozygous MN clustered separately from the
healthy control (WT) and the corrected isogenic hetero-
zygous patient line (WT_isogenic) (Fig. 4A). We decided
to focus our analysis on d14-MN data, as for the iPSC
and d35-MN metabolite profiles of the patient and con-
trol cell lines exhibited less clear separation (supplemen-
tal Fig. 4A, enrichment analysis in supplemental Fig. 4B).
We also performed a proteome analysis on d14-MN sam-
ples (Fig. 4B, supplemental Fig. 4C). This is a particularly
important time point for the maturation of mitochon-
drial respiratory chain, in order to fulfill the demands of
oxidative metabolism in mature motor neurons (Torre-
grosa-Muiiumer et al. unpublished observations, manu-
script in preparation).

In d14-MN, we observed changes in the same meta-
bolic pathways as in patient fibroblasts and serum. For
example, pyruvate level was decreased in heterozygous
and homozygous d14-MN, and alanine and malate were
increased (Fig. 4C). The GSH/GSSG ratio was increased
(Fig. 4D), and levels of several amino acids were changed
(Fig. 4E). Creatine metabolism and the urea cycle were
altered, based on both the metabolomic and proteomic
analysis (Fig. 4F). Namely, the protein level of carbamoyl
phosphate synthetase (CPS1) the first and rate-limiting
enzyme of urea cycle, was decreased, whereas N-acetyl-
glutamate, which is its obligatory allosteric activator,
was increased. CPS1 catalyzes the synthesis of carbam-
oyl phosphate from glutamate or ammonia. We noted
that CPS1 expression was also downregulated in the
dataset of CHCHDI10 loss-of-function variant p.R15L
fibroblasts upon stress (supplemental Fig. 5A, data from
[36]). Moreover, metabolites downstream of CPS1 - orni-
thine, arginine, methionine, and guanidinoacetate - were
decreased. Protein level of guanidinoacetate N-methyl-
transferase (GAMT), which converts guanidinoacetate
to creatine, was increased, as well as creatine. In addi-
tion, the protein level of plasma membrane transporter
of creatine SLC6A8 was increased (Fig. 4F). Reduction of
precursors and increased end-product suggest elevated
creatine production rate. These results indicate rewiring
of creatine metabolism in maturing MN with p.G66V
mutant CHCHD10, also proposing a window in neuronal
development where CHCHD10 function may be critical.

Next, we analyzed in more detail the proteome changes
in patient-derived d14-MN. We observed that many
subunits and assembly factors of the OXPHOS com-
plex IV (COX) were increased (Fig. 4G), whereas other
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Fig. 3 mtISR induction is diminished upon motor neuron differentiation of patient-specific iPSC. (A) Diagram showing the cell lines used for motor
neuron differentiation. (B) Diagram showing motor neuron differentiation protocol and timeline for sample collection. (C) Representative immunocy-
tochemistry images showing positive staining for neuronal marker MAP2 (green) and motor neuronal marker HB9 (red) in d35-MN. Scale bar 50 um.
(D) Quantification of HB9-positive motor neurons in d35-MN. Total Hoechst-positive nuclei calculated in 4-6 independent fields of view/cell line (total
n=140-412 nuclei/cell line). (E) NfL amount in motor neuron culture media in d35-MN. (F) Representative immunocytochemistry image of staining with
CHCHD10 (green) in neurites (TUBB3, red) antibodies in d35-MN. Scale bar 10 um. (G) Immunoblotting of CHCHD10 at d14 and d35-MN from total cell
lysates. (H) Quantification of CHCHD10 immunoblotting shows the results from three cultures per cell line, normalized to mitochondrial marker HSP60
(d14-MN, WT_isogenic used as control, n=3/cell line) or neuronal marker NEFM (d35, 2 independent control cell lines, n=3/cell line). (I) Expression of
CHCHD10 in d14 and d35-MN normalized to b-actin (n=4/cell line). J) Mitochondrial ultrastructure analysis by transmission electron microscopy in pa-
tient and control d35-MN. The right panel of each image is a magnification of the area indicated by the square in the left panel. Representative images of
MN neurites are shown. Scale bars are indicated. (K) Quantification of mitochondrial area (um?) in electron micrographs (n =average area/image, 42-56
images/cell line). (L) mtDNA copy number was analyzed by gRT-PCR (n=6-7 replicates/cell line). (M) Oxygen consumption rate (OCR) measurement in
d35-MN using Seahorse XF96 Analyzer. Maximal respiration was assessed upon uncoupling with FCCP (two independent experiments with n=24-28
replicates/run). (N) Expression of mtISR related transcripts (ATF5, ATF4, CHOP10, MTHFD2) in d14 and d35-MN normalized to b-actin (n=4/cell line). (O)
Expression of ATF5 in control and homozygous iPSC, d14-MN and d35-MN (n=3/genotype). (P) Expression of ATF5 after treatment with actinonin in con-
trol iPSC, d14-MN and d35-MN (n=3). Data shown relative to untreated condition (ethanol as vehicle). Data shown as mean + standard deviation; P< 0.05
were considered significant by one-way ANOVA followed by Fisher's LSD’s multiple comparison post-hoc test. Quantifications show all measured data

points, results are presented relative to the average of all measured control data points

complexes showed less changes (supplemental Fig. 6A).
In particular, the mtDNA-encoded subunit MT-CO1 and
the assembly factor HIGD1A were increased, whereas
HIGD2A and SMIM19 were decreased (Fig. 4G, H).
Moreover, patient d14-MN displayed changes in pro-
teins involved in iron homeostasis, with several cytosolic
iron regulators being significantly increased while the
mitochondrial factors were modestly decreased (Fig. 41).
Transferrin (TF) was one the most increased proteins
(Fig. 4], supplemental Fig. 4C). Also, the iron responsive
element binding protein 2 (IREB2), which regulates iron
levels in cells, the heme scavenger hemopexin (HPX), and
the mitochondrial protein sideroflexin 5 (SFXN5) were
increased in d14-MN of both patient cells (Fig. 4]). Nota-
bly, SFXN5 mRNA expression was increased also in the
dataset of CHCHD10 variant p.R15L fibroblasts (supple-
mental Fig. 5B, data from [36]). Moreover, the top signifi-
cantly changed protein in heterozygous patient cells to
its isogenic control comparison was apolipoprotein C3
(APOC3) (Fig. 4], supplemental Fig. 4C).

In summary, patient-specific MN displayed consider-
able metabolic and proteomic changes during differen-
tiation, at a time point when mitochondrial maturation
takes place. Our findings suggest that in this critical
period, CHCHD10 p.G66V variant may interfere with
COX assembly and iron metabolism, and elevates cre-
atine production.

Murine model of SMAJ tolerates the glycine to valine
substitution well

We generated novel heterozygous and homozygous
Chchd10 p.G66V (Chchd109%Y, ¢.186G>T, p.G62V in
mouse) mice with CRISPR/Cas9 editing (Fig. 5A). Suc-
cessful knock-in generation was confirmed by DNA
genotyping, and sequencing of Chchdl0 cDNA from
muscle (Fig. 5A). Both heterozygous and homozygous
Chchd109%¢Y mice were viable and had normal life span

(Fig. 5B, C). We monitored the weight of the mice until
endpoint P550, and observed no differences between
Chchd109%¢Y and wild type animals (Fig. 5C). Muscle and
fat mass, measured with EchoMRI, was unaltered in P550
Chchd109%¢V mice, indicating absence of substantial
muscle atrophy (Fig. 5D), despite fatty tissue replacement
being consistently found in SMAJ patient muscle [8].
Chchd10%%Y mice retained muscle strength and exercise
endurance until the endpoint (Fig. 5E).

Since Chchd10°*" and Chchd10%°®R mice present
with lethal cardiomyopathy beginning already at the age
of P150 [16, 17, 19], we assessed the cardiac function of
Chchd109%Y mice with echocardiography (supplemen-
tal Fig. 7A). At the age of 300 days, we could not detect
aberrant cardiac function based on unaltered ejection
fraction and fractional shortening in Chchd109%¢V mice.
In addition, the morphology of the heart was normal,
and the tissue did not show mtISR marker induction
(supplemental Fig. 7B, C). We also investigated whether
increased amount of insoluble CHCHD10 protein could
be observed in heart tissue, as it is reported in other
mutant Chchd10 mice. However, Chchd109%¢Y mice
did not show any detectable insoluble CHCHD10 in the
heart tissue (supplemental Fig. 7D). Moreover, we did not
observe increased insoluble CHCHD10 protein in patient
cell models (supplemental Fig. 7E). These results confirm
that Chchd109°¢Y mice do not develop a similar cardiac
phenotype as Chchd10%°°" and Chchd10%R mice.

Histopathological assessment of skeletal muscle indi-
cated that Chchd109%®V mice did not develop mito-
chondrial myopathy by P550: we did not observe
COX-negative fibers (Fig. 5F). However, haematoxy-
lin and eosin staining showed some changes in muscle
fiber shape, namely increased circular muscle fibers
(Fig. 5F, G), potentially indicating initial muscle pathol-
ogy [44]. CK was not altered in Chchd10%%®Y mouse
serum (Fig. 5H). Mitochondrial morphology was normal
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Fig. 4 Multiomics approach reveals metabolic remodeling and altered creatine pathway during motor neuron differentiation. (A) PCA showing overall
differential metabolite abundances between patients and control d14-MN (n=5/cell line). (B) PCA showing overall differential protein abundances be-
tween patients and control d14-MN (n=3/cell line). (C) Pyruvate and lactate metabolite abundances are reduced, and alanine and malate are increased
in patient d14-MN. (D) GSH/GSSG ratio determined from metabolomics data (n=>5/cell line). (E) Heatmap of amino acids levels in heterozygous and
homozygous d14-MN. (n=5/cell line, *adjp <0.05, considered significant). (F) Schematic of metabolites and proteins associated with urea cycle and
creatine metabolism. Red arrows indicate upregulation and blue arrows downregulation. (G) Volcano plots of OXPHOS CIV subunits and assembly fac-
tors (highlighted as red). (H) Protein abundancies of subunit mt-CO1 and assembly factors HIGD1A, HIGD2A and SMIM1 (n=3/cell line). () Heatmaps of
mitochondrial and cytoplasmic proteins involved in iron metabolism (n=3/cell line). (J) Protein abundancies of TF, IREB2, HPX, SFXN5 and APOC3. Data
represented as as log2(fold change) [log2(FC)] or as indicated. All comparisons are between heterozygous patient to WT_isogenic, and homozygous
patient to WT. Data shown as mean +standard deviation; *p <0.05 were considered significant by one-way ANOVA followed by Fisher’s LSD’s multiple

comparison post-hoc test

in skeletal muscle at P365 by EM (Fig. 5I), and Chch-
d10%Y mice had no mtDNA deletions in skeletal mus-
cles at P550 (Fig. 5], supplemental Fig. 8A). Similar to the
patient fibroblasts and iPSC-MN, immunoblotting with
CHCHDI10 antibody showed a decreased CHCHD10
protein level in the skeletal muscles of the homozy-
gous mice (60% reduction), however, heterozygous ani-
mals had normal CHCHDI10 protein level (Fig. 5K, L).
Next, we analyzed CHCHD10/CHCHD2 complexes in
skeletal muscle with Native-PAGE (Fig. 5M), and used
heart tissue from Chchd105°°" mice as positive control
for increased amount of higher molecular weight com-
plexes, and from Chchd10%°®® mice as a negative con-
trol [20]. Homozygous Chchd10%%®V mice displayed
reduced CHCHD10/CHCHD2 complexes in skeletal
muscle (Fig. 5M). To further determine whether mutant
CHCHDI0 aggregated in Chchd109%V skeletal mus-
cle, we applied a filter trap assay, which captures large
detergent-insoluble protein aggregates. Chchd1096¢Y
mouse muscle (Fig. 5N) did not accumulate aggregated
CHCHDI10 or CHCHD2 unlike Chchd105** mouse
heart (Fig. 5N). Moreover, we did not observe OMA1-
dependent OPA1 cleavage in Chchd109¢®Y mouse muscle
in contrast to Chchd10%°° and Chchd10%°®® mouse heart
(supplemental Fig. 8B).

Chchd10%%%Y mouse offers insights into early disease
stages

SMA]J is a relatively benign form of SMA, the Chch-
d10%%Y mice largely lacking any gross phenotype reflects
the slow disease progression and late-onset in patients.
However, Chchd109¢¢V mice can elucidate the early dis-
ease development. Hindlimb clasping is an indicator
of disease progression in several mouse models of neu-
rodegeneration [45]. Therefore, we measured hindlimb
clasping reflex in P550 Chchd10%%¢Y mice (Fig. 6A). Aged
Chchd10%%¢Y mice showed more often the abnormal
clasping phenotype when compared to wild type controls
(Fig. 6A). Since hindlimb clasping could be an indicator
of motor dysfunction, we assessed motor neuronal func-
tion with compound muscle action potential (CMAP)
measurement (Fig. 6B). Chchd10%%V mice showed sim-
ilar neuronal function as wild type littermates at age of

P550 determined by amplitude, latency, and nerve con-
duction velocity (Fig. 6B). Also, lumbar spinal cord mor-
phology was comparable to wild type mice and no signs
of spinal motor neuron loss was present (Fig. 6C). More-
over, the amount of NfL was not changed in Chchd1096¢
mouse serum (Fig. 6D). Although the P550 Chchd10%66Y
mice displayed normal exercise performance and unal-
tered motor neuron function, we observed a reduction
in neuromuscular junction area (Fig. 6E, F). Additionally,
30% of the neuromuscular junctions in homozygous mice
showed fragmentation. Interestingly, CHCHD10 pro-
tein level was reduced (50% reduction) in Chchd109%¢Y
homozygous mouse spinal cord (Fig. 6G, H, supple-
mental Fig. 8C), and also slightly in heterozygotes (20%
reduction), which had normal CHCHDI10 level in skel-
etal muscle. These findings indicate that p.G66V variant
affects the stability of CHCHDI10 protein in a tissue-spe-
cific manner in mice.

Finally, we studied serum and muscle metabolite pro-
files, and skeletal muscle transcriptomics to identify
whether Chchd10%%Y mice had any subtle abnormalities
despite the overall normal appearance. Principal compo-
nent analysis indicated no major changes occurring in
serum or muscle metabolome or muscle transcriptome in
P550 mice unlike in patient cell models (Fig. 61-], supple-
mental Fig. 8D). Furthermore, the expression of mtISR
markers (Fgf21 or Gdf15) was not induced (supplemental
Fig. 8E). These results show that at this stage of disease
progression there are no signs of mitochondrial myopa-
thy or changes in creatine metabolism. However, we
observed increased expression of a subset of transcripts
that were related to inflammatory response in homozy-
gous Chchd109¢%Y mice (Fig. 6K). Notably, the expression
of inflammatory cytokines and receptors Cxcl13, Cxcr4,
Cxcr5, and Cd19 were increased (Fig. 6L).

Our findings indicate that the variant equivalent to
p.G66V is well tolerated in mice, even in homozygous
state. There is a tissue-specific reduction in CHCHD10
amount, mimicking the findings in human cell models,
and no aggregates. The Chchd109%¢Y mice are largely
lacking any noticeable phenotype, although initial
pathology affecting the neuromuscular junctions may be
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Fig.5 Homozygous Chchd10%%Y mice show loss of CHCHD2/CHCHD10 complexes in muscle but do not develop mitochondrial myopathy. (A) Genera-
tion of p.G66V (p.G62V in mouse) knockin mice was confirmed by sequencing of cDNA from muscle. Red box indicates the site ¢.186 G—T (p.G62V) (in
human c.197 G—T, p.G66V) mutation introduced by gene editing in the Chchd10 gene. (B) Heterozygous and homozygous Chchd 109V mice have a
normal appearance at P365. (C) Body weight curve of male and female mice until P550 (n=21/genotype, male; n=15/genotype, female). (D) Fat and
lean mass normalized to body weight measured with EchoMRI at P550 (n=7-8/genotype, males; n=4-5, females). (E) Grip strength (N/g) normalized to
body weight. Exercise endurance assessed with treadmill indicated as the distance travelled (m) until fatigue. Time points for measurements 6, 12, and
18 months (n=5-7/genotype/timepoint, males; n=4-7/genotype/timepoint, females). Upper panels represent male mice, lower panels female mice.
(F) Representative histological stainings from P550 quadriceps femoris (QF) muscle. Left panel H&E staining, middle panel COX-SDH activity. Black box
indicates a magnification of the area indicated shown in the left panel. Scale bar 100 um. (G) Quantification of circularity (0-1/fiber) of muscle fibers from
H&E stained QF muscle (n=3-4/genotype/sex, 94-190 fibers/animal). (H) Creatine kinase (CK) levels in P550 mouse serum (n=6-7/genotype, males;
n=>5/genotype, females). (I) Transmission electron micrograph of QF muscle. (J) Long-range PCR of mouse QF muscle for mtDNA deletions at P550
(n=4/genotype). (K) Representative immunohistochemistry with CHCHD10 (green) and VDAC/porin (red) antibodies of QF muscle. (L) Immunoblotting
and quantification with CHCHD10 antibody from QF muscle normalized to total protein (n=4-5/genotype). (M) Native-PAGE and immunoblotting with
CHCHD10 and CHCHD2 antibodies from QF muscle (n=4/genotype). Chchd10°°° and Chchd 10°% heart used as positive and negative control for ag-
gregation, respectively. Total protein shown as loading control. (N) Filter trap with CHCHD10 and CHCHD2 antibodies from QF muscle lysates. Chchd10°%%
and Chchd10%°%% heart used as positive and negative control for aggregation, respectively. Data shown as mean + standard deviation; P<0.05 were
considered significant by one-way ANOVA followed by Fisher's LSD’s multiple comparison post-hoc test. Quantifications show all measured data points,

results are presented relative to the average of all measured WT values

starting to emerge, as well as first signs of neuroinflam-
mation at the age of P550.

Discussion

The pathogenic mechanisms in CHCHDIO-related dis-
orders as well as the normal function of CHCHDI10
protein in mitochondria are incompletely understood.
Nevertheless, CHCHD10 seems to be important for the
proper functioning of motor nerves, given the motor
neuron phenotypes caused by many of the CHCHDI10
disease variants. Here, we describe the first homozygous
CHCHDI10 patient, with the SMA] p.G66V variant, and
provide the first detailed analysis of consequences of het-
erozygous and homozygous p.G66V variants in vitro and
in vivo. Our results highlight changes in redox state and
creatine pathway in SMA]J cell models, proposing that
increased serum creatine levels in SMA]J patients may
arise from primary involvement of CHCHD10 in creatine
metabolism.

All reported pathogenic mutations in CHCHDI0 have
so far been heterozygous in either sporadic patients
or dominant pedigrees. The phenotype of the p.G66V
homozygous patient was similar to the well-character-
ized heterozygous individuals [8, 9], although with much
earlier onset resulting in severe disability already before
the typical age of onset in heterozygous cases. Moreover,
the homozygous patient has a mitochondrial myopathy
with multiple mtDNA deletions and COX-negative and
ragged-red muscle fibers, indicating that muscle involve-
ment and the overall disease severity in patients with
the p.G66V mutation depend on mutation dosage. The
disease-related abnormalities of the homozygous patient
were strictly confined to the neuromuscular system and
a multi-organ involvement present in many other mito-
chondrial disorders was not found. Our results show that
a biallelic variant in CHCHDI0 causes a more severe
SMA]J phenotype than the same variant in heterozygous

state. Nevertheless, the disease course was slowly pro-
gressive and did not clinically resemble ALS.

Previous investigation of patient-derived cells indi-
cated that the heterozygous p.G66V variant did not
affect CHCHDI0 mRNA expression but resulted in 50%
reduced protein level [22]. Thus, the p.G66V was pro-
posed to cause motor neuron disease through haploin-
sufficiency. Our findings partly align with the previous
study; however, the reduction in CHCHD10 protein level
varied across our different in vitro and in vivo models.
Yet the biggest reduction was always found in models
carrying the homozygous variant in comparison to the
heterozygous. We did not observe a complete loss of
CHCHD10 in homozygous models, arguing against pure
haploinsufficiency, and enabling that the residual dys-
functional mutant CHCHD10 could have toxic effects.
Structural modelling has predicted that the p.G66V
variant does not increase the aggregation probability of
CHCHD10 [23]. Our findings support this notion, as we
did not observe aggregation or increased insolubility of
the p.G66V mutant protein in our models. However, the
lack of protein aggregation does not exclude misfold-
ing of the mutant protein and aberrant protein interac-
tions. In conclusion, our results demonstrate that the
p-G66V variant leads to dose-dependent reduction of the
CHCHDI10 protein, but the disease mechanism could
involve a toxic gain-of-function of the mutant protein,
which in the homozygous state is doubled. The amount
of the remaining mutant CHCHDI10 in different cell
types may depend on the expression level of CHCHD2 or
other proteins participating in complex formation with
CHCHD10.

Despite the lack of CHCHDI10 aggregates, we observed
increased mtISR marker expression in patient fibroblasts,
consistently in a dose-dependent manner. This was per-
haps unexpected as our earlier study of SMAJ patients’
serum samples showed normal levels of FGF21 and
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Fig. 6 Chchd10%%® mice show initial neuromuscular pathology and inflammatory response in muscle. (A) Motor performance assessed with hindlimb
clasping test in P550 mice. Representative images of clasping test and performance rated by severity score (n=>5-7/genotype, males; n=3-4/genotype,
females). (B) Compound muscle action potentials (CMAP) measured from gastrocnemius muscle upon stimulation of sciatic nerve at P550. Amplitude
(mV), latency (ms) and nerve conduction velocity (m/s) shown (n=7-9/genotype). (C) Representative immunohistochemistry image of lumbar spinal
cord stained with NeuN (red) and ChAT (green) antibodies. (D) NfL levels in mouse serum at P550 (n=5/genotype). (E) Representative immunohisto-
chemistry image of neuromuscular junction. Acetylcholine receptors stained with a-BTX (red) and nerve with NEFH (green) antibodies. (F) Quantification
of acetylcholine receptor area (a-BTX positive area) and percentage of fragmented neuromuscular junctions in all imaged fields (=4 animals/genotype,
11-21 neuromuscular junctions/animal). (G) Immunoblotting and quantification of CHCHD10 in mouse spinal cord. Quantification shows n=6/genotype
(3 females, 3 males). (H) Representative immunohistochemistry of lumbar spinal cord, stained with mitochondrial marker TOMM?20 (red), and CHCHD10
(green) antibodies. (I) PCA showing overall metabolite profile between WT and Chchd10%%%Y mice in muscle and serum (n=6-7/genotype, males). (J) PCA
showing overall gene expression profile between WT and Chchd10°%%Y mice in muscle (n=5/genotype, males). (K) Heatmap showing top 25 significantly
changed transcripts in homozygous Chchd10%%% mouse muscle. (L) Expression of Cxcl13, Cxcrd, Cxcr5 and Cd19 in Chchd10%%%Y mouse muscle. Data
shown as relative to control expression (n=>5/genotype). (M) lllustration of the proposed pathogenic effects of CHCHD10 p.G66V variant. Data shown as

mean + standard deviation; P < 0.05 were considered significant by one-way ANOVA followed by Fisher's LSD's multiple comparison post-hoc test

GDF15 [11], indicating that mtISR cannot be prominent
in patient tissues. In other CHCHD10 models, mtISR
activation by the OMA1-DELE1-HRI pathway has been
demonstrated in association with the aggregation of
p-S59L and p.G58R variants, as well as in the CHCHD10/
CHCHD?2 double knockout mice [15-17, 19, 20]. Inter-
estingly, induced mtISR marker expression in patient
fibroblasts, particularly ATF5, was lost during MN differ-
entiation, which we propose to owe to the requirement of
ATF5 downregulation to allow neuronal maturation [43].
This finding highlights the dependence of mtISR induc-
tion on the cell type and its transcriptional program,
and prompts the question whether mtISR is protective
for some cell types, given the limited tissue involve-
ment in SMAJ. DELE1-mediated mtISR activation has
been shown to be protective in Chchd10%°° and Chch-
d10%°R mice, in which knocking out DELE1 dramatically
decreased the survival of the mutant mice [46], empha-
sizing the protective nature of mtISR activation upon
mitochondrial stress.

To investigate the protein level changes caused by the
p.G66V variant, we focused our analysis on the time
point of MN differentiation (d14-MN) that showed the
most metabolic differences. This developmental stage is
critical for the maturation of the OXPHOS (Torregrosa-
Muiiumer et al. unpublished observations, manuscript
in preparation). Interestingly, we observed changes in
the protein amounts of OXPHOS CIV subunit MT-CO1,
and assembly factors HIGD1A, HIGD2A and SMIM19.
Several studies have suggested interactions between
CHCHDI10 and CIV or modulation of CIV activity by
CHCHDI10 [47-50]. Moreover, CHCHDI0 mutants
p-G66V and p.P80OL displayed defective interactions with
CHCHD?2 and COX, leading to reduced respiration and
increased production of reactive oxygen species (ROS)
in cancer cells [50]. We also observed reduced maximal
respiration and redox imbalance, as shown by altered
NADPH/NADP +and GSH/GSSG ratios, in heterozy-
gous patient fibroblasts and d14-MN. We hypothesize
that CHCHDI10 availability could affect CIV assembly
or function in a manner that is most evident in specific

cells or developmental stages. The d14-MN proteome
also displayed increases in several proteins regulating
iron and heme homeostasis and iron-sulfur cluster bio-
genesis (TF, IREB2, HPX and SFXNS5). The involvement
of CHCHD10/CHCHD?2 in regulating iron homeosta-
sis is supported by our previous investigations [24] and
those of others [19, 51]. Notably, loss of CHCHD10 or
CHCHD?2 has been shown to affect intramitochondrial
iron content and gene expression of iron transporter TF
[24, 51]. We noted that SFXNS5 expression was increased
also in CHCHD10 p.R15L fibroblasts [36]. Interestingly,
another sideroflexin family protein, SEXNI1, has been
reported to physically interact with CHCHDI10 [52].
These changes in the iron, heme and OXPHOS related
proteins, now detected in multiple independent mod-
els, strongly link the function of CHCHDI10 to these
pathways.

Importantly, our metabolomic and proteomic analysis
of d14-MN emphasized changes in the urea cycle and cre-
atine metabolism. Creatine has been shown to be impor-
tant for nervous system bioenergetics since it replenishes
ATP without the need of oxygen [53]. Mitochondrial
network is required to transduce energy over long dis-
tances; for example, in long axons, whereas cells with a
disrupted mitochondrial network might need to buffer
energy via the creatine kinase—phosphocreatine circuit
[54]. Thus, creatine has been shown to be important for
neuronal function due to its buffering ability to provide
energy quickly for high energy demanding neuronal tis-
sue [55]. Creatine is produced from arginine and glycine
by the enzyme GATM. In d14-MN the urea cycle catalyz-
ing enzyme, CPS1, was decreased, whereas its’ allosteric
activator, N-acetylglutamate, was increased. Moreover,
metabolites downstream of CPS1 (ornithine, arginine,
methionine and guanidinoacetate) were decreased,
whereas GAMT, creatine and creatine transporter were
increased. We propose that the reduction of precursors
and increased end-products indicate rewiring of cre-
atine metabolism in p.G66V d14-MN to bypass increased
energy requirements of maturing motor neurons when
conventional mitochondrial energy production is slightly



Harjuhaahto et al. Acta Neuropathologica Communications

dysfunctional. These results suggest that altered cre-
atine metabolism could be a primary mechanism asso-
ciated with the p.G66V variant. Mitochondrially located
CPS1 expression was also downregulated in CHCHD10
p-R15L fibroblasts that show a reduced CHCHDI10 level
[36], further hinting that CHCHD10 amount and CPS1
activity might be co-regulated. One carbon metabolism,
altered in many CHCHD10 models [19, 36], is also intri-
cately linked to creatine metabolism through their shared
use of methyl groups. Interest in creatine biology has
been developing, with new insights into a diverse set of
regulatory functions for creatine. Creatine has also been
reported as a potent neuroprotective agent and anti-
oxidant [56], and creatine supplementation as a possible
treatment to alleviate neurodegenerative diseases [57].
Moreover, creatine was recently suggested to function as
a novel inhibitory neurotransmitter [58]. Future research
will show whether modulation of creatine metabolism
could offer possible treatment avenues for SMA]J. This
direction is supported by CK being typically elevated in
SMA]J serum, and by the positive correlation between
serum creatine levels and disease severity [11].

In this study we developed a novel mouse model for the
p.G66V variant. The amino acid change was well-toler-
ated in mice, in contrast to the previously reported p.S59L
and p.G58R mice. CHCHD10 protein level was faithfully
reduced in Chchd10%%%Y mouse muscle and spinal cord,
following dose-dependency, similarly to our human in
vitro models. Muscle involvement was more prominent
in homozygous mice, as shown by reduced CHCHD10/
CHCHD2 complexes in muscle. Chchd109¢¢V mice
retained muscle strength and exercise endurance until
18 months of age, whereas Chchd10%°" mice exhibited
motor dysfunction initiating at the age of 8 months [16,
17]. Notably, Chchd10%%¢Y mice did not develop a cardiac
phenotype, unlike Chchd105** and Chchd10%°®® mice,
supporting a different disease mechanism of the p.G66V
variant. Interestingly, Chchd109°¢" mice showed initial
changes in neuromuscular junctions. This finding is in
line with a recent zebrafish study, which proposed that
CHCHD10 could be involved in neuromuscular junction
stability [59], and with the muscle-specific conditional
CHCHD10 knockout mice that showed CHCHDIO0 is
required for acetylcholine receptor clustering in neuro-
muscular junctions [25]. Furthermore, we observed that
aged homozygous Chchd109¢®V mice displayed initial
transcriptional upregulation of inflammatory signaling.
Interestingly, neuroinflammation was recently reported
in aged heterozygous Chchd10%°" mice [18]. Thus, initial
pathology affecting the neuromuscular junctions may be
starting to emerge in Chchd109%%Y mice, as well as the
first signs of neuroinflammation. Since SMA]J is a rela-
tively benign form of SMA, the Chchd109%¢Y mice largely
lacking any gross phenotype could actually reflect the
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slow disease progression and late-onset in patients. How-
ever, the mild phenotype of the Chchd109%¢Y mice com-
plicates their utilization in studying disease mechanisms
and in treatment trials.

Conclusions

In conclusion, we have established a number of new
human and mouse models of p.G66V, and characterized
their feasibility for uncovering molecular and metabolic
mechanisms of SMA]J. Our results show that the p.G66V
variant leads to reduction of the mutant CHCHD10 pro-
tein amount, but not its complete loss even in the homo-
zygous state, therefore the mutant CHCHD10 could have
a toxic gain-of-function role. The disease variant likely
alters the ability of CHCHDI10 to interact with proteins
that are involved in maintaining redox balance, iron/
heme homeostasis, CIV function and creatine metabo-
lism (Fig. 6M), offering strategies for interventions.
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