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Abstract
Mutations in coiled-coil-helix–coiled-coil-helix domain containing 10 (CHCHD10), a mitochondrial protein of unknown 
function, cause a disease spectrum with clinical features of motor neuron disease, dementia, myopathy and cardiomyopathy. 
To investigate the pathogenic mechanisms of CHCHD10, we generated mutant knock-in mice harboring the mouse-equivalent 
of a disease-associated human S59L mutation, S55L in the endogenous mouse gene. CHCHD10S55L mice develop progres-
sive motor deficits, myopathy, cardiomyopathy and accelerated mortality. Critically, CHCHD10 accumulates in aggregates 
with its paralog CHCHD2 specifically in affected tissues of CHCHD10S55L mice, leading to aberrant organelle morphology 
and function. Aggregates induce a potent mitochondrial integrated stress response (mtISR) through mTORC1 activation, 
with elevation of stress-induced transcription factors, secretion of myokines, upregulated serine and one-carbon metabolism, 
and downregulation of respiratory chain enzymes. Conversely, CHCHD10 ablation does not induce disease pathology or 
activate the mtISR, indicating that CHCHD10S55L-dependent disease pathology is not caused by loss-of-function. Overall, 
CHCHD10S55L mice recapitulate crucial aspects of human disease and reveal a novel toxic gain-of-function mechanism 
through maladaptive mtISR and metabolic dysregulation.
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aggregation · Mitochondrial integrated stress response

Introduction

Mitochondria are essential organelles that mediate vital cellu-
lar processes including energy metabolism, calcium handling, 
and cell death programs. Mitochondrial function is particularly 
important in energy-demanding tissues, such as the nervous 
system, heart, and muscle. Genetic mutations affecting mito-
chondria cause a multitude of inherited metabolic diseases in 
humans. However, while mitochondrial dysfunction has been 
often described in chronic neurodegenerative disorders, includ-
ing Alzheimer’s and Parkinson’s disease (PD) and amyotrophic 
lateral sclerosis (ALS), the primary causes of this dysfunction 
are largely unknown and sometimes controversial [17]. Mito-
chondria are often considered targets rather than triggers of 
neurodegeneration. However, a new twist in the mitochondrial 
origin of neurodegeneration saga has come from the recent 
discovery of mutations in the coiled-coil-helix–coiled-coil-
helix domain containing 10 (CHCHD10) gene, causing ALS, 
frontotemporal dementia (FTD), PD, Charcot–Marie–Tooth 
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disease, myopathy, and cardiomyopathy [1, 11, 29]. Therefore, 
CHCHD10 mutations cause primary mitochondrial neurode-
generative diseases, but the disease mechanisms remain largely 
unknown.

CHCHD10 belongs to a family of twin CX9C proteins that 
are imported into the intermembrane space of mitochondria 
by the Mia40 disulfide relay system [5]. In mitochondria, 
CHCHD10 dimerizes with its paralog CHCHD2 in complexes 
associated with the inner mitochondrial membrane [4, 35]. 
The expression of CHCHD10 and CHCHD2 appears to be 
highly coordinated in tissues [1, 4]. CHCHD10 is strongly 
expressed in muscle and heart and in specific cell types of the 
central nervous system (CNS), including dopaminergic neu-
rons of the midbrain and motor neurons in the spinal cord [1, 
4, 15]. Although the normal roles of CHCHD10 and CHCHD2 
remain unknown, both proteins have short half-lives [4, 30, 
35], suggesting that they may have signaling or transport, 
rather than structural, functions.

In vitro studies have provided divergent conclusions about 
disease mechanisms in CHCHD10 mutants. Loss of function 
by haploinsufficiency has been proposed for some mutations 
[3, 13, 35], but gain-of-function mechanisms have also been 
suggested [21, 39]. Importantly, ablation of CHCHD10 in 
mice has very little effect on mitochondrial function and does 
not produce a disease phenotype [4], suggesting that a gain-
of-function mechanism is more likely in CHCHD10 patients.

CHCHD10S59L was the first mutation reported in humans 
[1] and is the most widely studied [1, 4, 13]. To model 
CHCHD10S59L disease in vivo and study its pathogenic mech-
anisms, we generated a knock-in mouse harboring the murine 
equivalent of the human S59L mutation (CHCHD10S55L). We 
find that CHCHD10S55L mice develop a severe neuromuscular 
and cardiac disease and die prematurely. Although the mutant 
protein is expressed in all tissues, only the affected tissues 
exhibit mitochondrial protein aggregates, which correlate 
with mitochondrial ultrastructural damage and chronic induc-
tion of the integrated mitochondrial stress response (mtISR). 
Conversely, CHCHD10 knockout (KO) mice containing a 1 
nt insertion in exon 2 resulting in a prematurely terminated 
protein (C57BL/6J-Chchd10em5Lutzy/J, Stock #028694) do not 
have decreased lifespan, pathological abnormalities, or induc-
tion of the mtISR. These results demonstrate for the first time 
in vivo that CHCHD10S55L causes disease through a tissue-
specific toxic gain-of-function mechanism that triggers protein 
aggregation and maladaptive mtISR.

Materials and methods

Animal studies

All animal procedures were approved by the Weill Cor-
nell Medicine or Jackson Laboratory Animal Care and Use 

Committee and were performed according to the Guidelines 
for the Care and Use of Laboratory Animals of the National 
Institutes of Health. CRISPR/Cas9 endonuclease-mediated 
genome editing of the Chchd10 gene was used to introduce 
the S55L knock-in mutation (TCA → TTA codon change) 
via homologous-directed repair using a mutagenic oligo-
nucleotide into the C57BL/6NJ inbred mouse strain (avail-
able as Stock #005304 from the Jackson Laboratory; http://
www.jax.org). The sgRNA, mutagenic oligonucleotide and 
the Cas9 nuclease were introduced into C57BL/6NJ-derived 
fertilized eggs containing well-recognized pronuclei. The 
sgRNA used was homologous to Chchd10 exon 2 (exon 2 of 
transcript 201; exon 3 of transcript 203—Ensembl nomen-
clature), TAG​CCG​TGG​GCT​CAG​CTG​TA adjacent to a 
GGG PAM sequence. Targeted zygotes were transferred to 
pseudopregnant females. Genomic DNA from the resulting 
potential founder mice was amplified and sequenced using 
PCR primers flanking exon 2 of Chchd10. Sixteen found-
ers were recovered, of which one successfully transmit-
ted the S55L mutation to N1 progeny when backcrossed 
to C57BL/6NJ. This strain (Jackson Laboratory Stock 
#028952—C57BL/6NJ-Chchd10em8Lutzy/J) was backcrossed 
once more to C57BL/6NJ before characterization.

Body weight was measured weekly starting at 125 days 
of age. The age of death or the age at which institutional 
guidelines required euthanasia was recorded for each animal 
and used to construct a Kaplan–Meier survival curve.

Forepaw muscle strength was measured using a digital 
grip-strength meter (Columbus Instruments). Animals were 
trained to grasp a horizontal grasping ring. During the test-
ing phase, the average of three trials recorded at 5-min inter-
vals was recorded per mouse.

Endurance was measured weekly as time to fatigue on 
a conventional treadmill running task. After two training 
sessions, mice were placed on a treadmill (Columbus Instru-
ments) with a speed starting at a 10 m/min increasing incre-
mentally by 1 m every 3 min to a maximum of 18 m/min, 
at a fixed incline of 5%. The treadmill was equipped with a 
motivational grid. The test ended when mice were unable to 
maintain pace despite reinforcement.

The pole task was used to assess movement deficits 
related to the basal ganglia [10]. In this study, we utilized a 
modified task due to the inability of CHCHD10S55L animals 
to re-orient to a head-down position from the typical head-
up starting position on the pole. During the testing phase, 
animals were placed head-down on a pole (50 cm × 8 mm 
diameter). The time from tail release to placement of all 
four paws on a padded base was recorded for three trials 
per mouse.

The novel object recognition task is widely used to 
assess recognition memory [20]. Mice were habituated to 
the testing chamber for 1 h before they were exposed to two 
objects for three sessions of 5 min for 3 days. Following each 
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session, the objects and cage were cleaned with 70% ethanol. 
Following a retention interval of 24 h after the last training 
session, mice were exposed to one familiar object and one 
novel object for 5 min. Behavior was recorded during the 
entire testing phase and total exploration time and time spent 
with each object was measured via real-time digital process-
ing of recordings (Any-Maze, Stoelting).

Gross motor activity and anxiety-like behaviors were 
assessed by placing mice in a novel, open, and well-lit arena 
(40 cm × 40 cm) monitored by video and were allowed to 
explore freely for 5 min. Total distance traveled in meters 
and time in the center section of the field in seconds were 
recorded (Any-Maze, Stoelting).

Blood was collected by retro-orbital draw and allowed 
to clot for 2 h at room temperature. Serum was separated at 
3000×g for 5 min and FGF-21 concentration was assayed 
according to the manufacturer’s instruction (Quantikine 
ELISA, R & D Systems).

Mice used for pathology studies were euthanized by CO2 
asphyxiation. Organs were fixed in 10% buffered formalin 
for 48 h before routine processing and embedding in paraffin. 
Sections were cut at a thickness of 5 µm and stained with 
hematoxylin and eosin (H&E). Histochemical stains such 
as Masson’s Trichrome and Oil Red O were performed to 
assess collagen content and presence of cytoplasmic lipid 
vacuoles in the heart, respectively, on formalin-fixed, snap-
frozen and OCT-embedded samples of the heart. Necropsy 
and histopathology evaluation was performed by a board-
certified veterinary pathologist (AP).

Electron microscopy and immunohistochemistry

Mice were terminally anesthetized with sodium pentobar-
bital (150 mg/kg, i.p.) and perfused intracardially with 2% 
heparin in normal saline followed by 3.75% acrolein and 2% 
PFA in phosphate buffer (PB) [27]. Tissues were post-fixed 
in 2% acrolein and 2% PFA in PB for 30 min. Brain and 
spinal cord tissue was sectioned at 40 µm on a Vibratome 
(Leica). Sections used for immuno-electron microscopy 
and quantitative immunofluorescence were coded by hole 
punches and followed identical conditions throughout all 
procedures to ensure equal labeling between groups [27]. 
Gastrocnemius muscle was dissected and immunostained 
in small, intact muscle fibers. Sections or tissue were incu-
bated with primary antibody (Supplementary Materials and 
Methods) for 24 h at room temperature (RT) and 24 h at 4 °C 
and appropriate secondary antibodies for 2 h at RT. Sections 
were imaged on a Leica TCS SP5 confocal laser-scanning 
microscope using identical parameters for WT and experi-
mental sections. Fluorescence intensity was quantified using 
MetaMorph software (Molecular Devices).

Immunogold labeling of TH+ neurons was performed as 
previously described [4, 27]. Briefly, after primary antibody 

incubation (Supplementary Material), sections were incu-
bated overnight in secondary antibody conjugated to 1-nm 
gold particles (1:50, Electron Microscopy Sciences) and 
enhanced with a SEKL 15 Silver Enhancement kit (Ted 
Pella).

Midbrain, spinal cord, heart, and skeletal muscle sections 
were post-fixed in 2% osmium tetroxide, dehydrated, and flat 
embedded. Ultrathin sections (70 nm) were cut, collected 
on copper grids, counterstained with uranyl acetate and 
Reynold’s lead citrate, and imaged on an electron micro-
scope (CM10, FEI). Images were collected and quantified 
for abnormal mitochondria by an operator blinded to mouse 
genotype.

Subcellular fractionation, lysis, and Western 
blotting

Cytosolic and mitochondrial fractions were prepared from 
fresh heart tissue according to a standard protocol [14].

Tissues used for blotting and filter trap analysis were 
rapidly dissected from euthanized mice and snap frozen in 
liquid nitrogen in tissue storage solution (320 mM sucrose, 
10 mM Tris, pH 7.2, 20% DMSO). Thawed tissues were 
washed and homogenized on ice in buffer (320 mM sucrose, 
10 mM HEPES pH 7.2, 0.2 mM EDTA, 1 mg/mL fatty acid-
free BSA) with 1 × protease and phosphatase inhibitors 
(Halt™, Thermo Fisher) using a glass/Teflon homogenizer. 
Debris were spun down at 800×g for 10 min and the super-
natant containing whole cell homogenates was recovered.

For all samples, protein concentration was determined 
(Pierce BCA Protein Assay Kit, Thermo Fisher). To separate 
proteins by electrophoresis, equal amounts were mixed with 
4 × Laemmli buffer (Bio-Rad) containing β-mercaptoethanol 
before loading onto AnyKD™ Mini-PROTEAN® TGD™ 
precast polyacrylamide gels. Proteins were electro-trans-
ferred to PVDF membranes (Bio-Rad) using a Trans-Blot® 
Turbo™ transfer system (Bio-Rad). Membranes were probed 
overnight with specific primary antibodies (Supplemen-
tary Material). After HRP-conjugated secondary antibody 
incubation, blots were imaged with enhanced chemilumi-
nescence (Bio-Rad) using a ChemiDoc imaging system 
(Bio-Rad).

Oxygen consumption

Oxygen consumption was measured in freshly isolated heart 
mitochondria at 37 °C using polarographic oxygen sensors 
in a two-chamber Oxygraph (OROBOROS Instruments) as 
previously described [4]. Oxygen consumption was meas-
ured with specific substrates for complex I (2 mM malate, 
5 mM glutamate) or complex II (10 mM succinate, 5 mM 
glutamate) in MS–EGTA buffer (210 mM mannitol, 70 mM 
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sucrose, 1 mM EGTA, 5 mM HEPES) with 2 mM H2KPO4 
and 1 mM MgCl2.

Filter trap assay

Insoluble protein aggregates were detected by filter trap 
assay as previously described [28]. Briefly, 25 µg of total 
homogenate, cytosolic fraction, or mitochondrial fractions 
were treated with 0.5% Triton X-100 for 15 min on ice. Sam-
ples were loaded onto a Bio-Dot Microfiltration apparatus 
(Bio-Rad) containing a cellulose acetate membrane (0.2 μm 
pore diameter, Whatman). Vacuum was applied to pass sam-
ples through the membrane, which was then was washed 
with 0.5% Triton X-100 in PBS. Proteins were detected with 
specific antibodies.

In silico hydropathy analyses

Kyte–Doolittle hydropathy plots of WT and CHCHD10S55L 
amino acid sequences were generated with the ProtScale 
server [12].

RNA‑seq analyses

cDNA libraries were generated using the Illumina TruSeq 
RNA Sample preparation kit and sequenced with single-
end 50 bps on a HiSeq 4000 sequencer (Illumina). The raw 
sequencing reads in BCL format were processed through 
bcl2fastq 2.19 (Illumina) for FASTQ conversion and demul-
tiplexing. RNA reads were aligned and mapped to the mm9 
mouse reference genome by TopHat2 (Version2.0.11) [19], 
and transcriptome reconstruction was performed by Cuf-
flinks (Version 2.1.1) (http://cole-trapn​ell-lab.githu​b.io/
cuffl​inks/). The abundance of transcripts was measured with 
Cufflinks in Fragments Per Kilobase of exon model per Mil-
lion mapped reads (FPKM) [2, 3, 37, 38]. Gene expression 
profiles were constructed for differential expression, cluster, 
and principle component analyses with the DESeq 2 pack-
age [24].

Statistical analysis

Data are presented as average ± standard deviation (SD) or 
standard error of the mean (SEM), as indicated in figure 
legends. Statistical comparisons were made in GraphPad 
Prism (GraphPad Software Inc.). As a general rule, two 
sample comparisons were done by unpaired Student’s t test. 
Comparisons among groups of repeated measures were done 
by ANOVA with repeated measures and Holm–Sidak cor-
rection for multiple comparisons. Datasets were tested for 
normal distribution and were normally distributed unless 
specified. Kaplan–Meier survival curves were compared 
using the log-rank test. For differential expression analysis, 

pairwise comparisons between two or more groups using 
parametric tests where read-counts follow a negative bino-
mial distribution with a gene-specific dispersion parameter 
were done. Corrected p values were calculated based on the 
Benjamini–Hochberg method to adjust for multiple testing. 
Data used as references (e.g., WT controls) were set at 100% 
or 1.0. p values < 0.05 were considered significant.

Results

CHCHD10S55L mice exhibit motor phenotypes 
and decreased life span

We employed CRISPR/Cas9 endonuclease-mediated 
gene editing to generate mice with a knock-in mutation 
in Chchd10 resulting in an S55L amino acid substitution, 
which corresponds to the human S59L mutation (Fig. 1a). 
With the use of appropriate RNA guides and a mutagenic 
donor DNA oligomer, a C to T mutation was introduced 
in exon 2 of the mouse gene, which changes the codon for 
serine into leucine (Fig. 1b, c). While CHCHD10S55L mice 
were viable and born at Mendelian ratio, both male and 
female heterozygote CHCHD10S55L mice had a shortened 
life span [344 ± 6.7 (SEM) days] (Fig. 1d). CHCHD10S55L 
mice developed a phenotype characterized by severe kypho-
sis (Fig. 1e) and decreased body weight relative to wild-type 
littermates (WT), starting approximately at 200 days of age 
in females (Fig. 1f) and before 125 days in males (Fig. 1g). 
We also examined a cohort of homozygote CHCHD10S55L 
mice and found a more severe body weight loss than het-
erozygote animals (Fig. 1f, g).

WT and CHCHD10S55L mice were monitored for motor 
performance starting at 125 days of age. Heterozygous 
CHCHD10S55L mice showed a decline in forelimb grip 
strength relative to WT, starting at approximately 260 days 
of age (Fig. 2a). In homozygote CHCHD10S55L mice, the 
grip strength deficit was more severe than in heterozygous 
mice and present at the earliest time points tested (Fig. 2a). 
CHCHD10S55L mice also exhibited exercise intolerance, 
defined by time spent on an accelerating treadmill, starting 
at 150 days of age (Fig. 2b). Treadmill performance was 
more severely impaired in homozygous animals (Fig. 2b). 
Muscle weakness corresponded to a marked decrease in 
the muscle mass of CHCHD10S55L mice relative to WT at 
330 days of age, which was not observed in age-matched 
CHCHD10 KO mice (Fig. 2c). These results indicated that 
CHCHD10S55L mice had decreased life span and suffered 
from muscle weakness and diminished exercise endurance.

We further tested motor behavior using the pole descent 
task at 330 days of age and observed a limb incoordina-
tion phenotype in all CHCHD10S55L mice, characterized 
by inability to grasp the pole with the hind limbs during 

http://cole-trapnell-lab.github.io/cufflinks/
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descent and a clasping of the hind paws or clenching of 
a single paw (Fig. 2d, Supplementary Movie 1a, b). This 
defect resulted in a significant delay in pole descent time 
in CHCHD10S55L mice relative to WT (Fig. 2e). We also 
observed an abnormal gait in mutant mice characterized by 
a widened stance and splayed hind limbs (Supplementary 
Movie 2a, b). These alterations suggested that, in addi-
tion to muscle weakness, CHCHD10S55L mice suffered 

from motor coordination defects. The difference in sever-
ity between heterozygote and homozygote CHCHD10S55L 
mice indicated a clear gene dosage effect. Since in humans 
the disease manifests in heterozygote individuals, hete-
rozygote CHCHD10S55L mice better reflect the genetics 
of the disease and the age-related phenotypes. Therefore, 
for the rest of the study we used exclusively heterozygote 
CHCHD10S55L mice.

Fig. 1   Generation of CHCH-
D10S55L mice. a Alignment of 
human and mouse CHCHD10 
protein sequences. Amino acid 
S55 in mice corresponds to the 
S59 in humans (highlighted in 
red). b CRISPR guide RNA 
to create the TCA → TTA 
mutation in exon 2 of mouse 
CHCHD10 gene which changes 
the codon for serine to leucine. 
c DNA sequence analyses of 
heterozygote and homozygote 
CHCHD10S55L mice. The arrow 
and dashed box indicate the 
C → T mutation introduced by 
gene editing in the CHCHD10 
gene. d Kaplan–Meier sur-
vival analysis. Heterozygous 
CHCHD10S55L mice (n = 21) 
have shortened lifespan than 
WT mice (n = 20). The aver-
age lifespan of male (n = 8) 
and female (n = 13) heterozy-
gous CHCHD10S55L mice is 
shown (inset). e Heterozygous 
CHCHD10S55L mice at 330 days 
of age show decreased body 
size and kyphosis. f, g Body 
weight measurements. Female 
and male CHCHD10S55L 
heterozygote mice exhibit 
a progressive reduction in 
average body weight, which 
is more severe in homozygote 
CHCHD10S55L mice. n = 5 mice 
per group. Error bars indicate 
SD. *p < 0.05, **p < 0.01, 
***p < 0.001, by ANOVA with 
repeated measures and Holm–
Sidak correction for multiple 
comparisons
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Because the CHCHD10 S59L mutation has been asso-
ciated with dementia in humans [1], we sought to test 
recognition memory functions in CHCHD10S55L mice 
at 250 days of age, prior to the worsening of the motor 
phenotype, using the novel object recognition task [20]. 
CHCHD10S55L mice did not spend significantly less time 
with the novel object (Fig.  2f), indicating that at this 
age, recognition memory was preserved. Furthermore, 

no significant differences were observed in the explora-
tion time (Fig. 2g). In the open-field test, which measures 
anxiety-like behavior [6], the time spent in the center field 
by CHCHD10S55L and WT mice did not differ significantly 
(Fig. 2h), indicating that mutant mice do not have anxiety-
like phenotypes. However, CHCHD10S55L mice traveled 
significantly less during the open-field test (Fig. 2i), sug-
gesting a decrease in spontaneous exploring behavior.

Fig. 2   CHCHD10S55L mice manifest motor symptoms and skeletal 
muscle atrophy but no cognitive impairment. a Forepaw grip strength 
expressed as percent of WT average. n = 10 mice per genotype (n = 5 
females, n = 5 males). Error bars indicate SD. *p < 0.05, **p < 0.01, 
***p < 0.001 by ANOVA with repeated measures, Holm–Sidak cor-
rection for multiple comparisons. b Exercise endurance measured 
by time on the treadmill expressed as percent of WT average. n = 10 
mice per genotype. Error bars indicate SD. *p < 0.05, **p < 0.01, 
***p < 0.001 by ANOVA with repeated measures, Holm–Sidak cor-
rection for multiple comparisons. c Image of hind limb muscula-
ture of CHCHD10S55L heterozygote, WT, and CHCHD10 KO mice 
at 330 days of age. d Mice on the pole descent task. CHCHD10S55L 
mice displayed hind limb incoordination characterized by poor 

hind paw pole grasping (magnified images, arrows). e Average pole 
descent time in mice at 330 days of age. n = 3 mice per group, 3 trials 
each mouse. Error bars indicate SEM. *p < 0.05, by Student’s t test. 
f, g Novel object recognition test. Average time spent with the novel 
object and total exploration time recorded during a 5-min testing 
period in mice at 250 days of age. n = 13 WT (7 males and 6 females) 
and n = 16 CHCHD10S55L mice (8 males and 8 females) mice per 
group. Error bars indicate SEM. h, i Open-field test. Average percent 
time spent in the center field relative to total time, and total distance 
traveled. n = 13 WT (7 males, 6 females) and n = 16 CHCHD10S55L (8 
males, 8 females) per group. Error bars indicate SEM. **p < 0.01 by 
Student’s t test
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CHCHD10S55L mice develop severe cardiomyopathy 
and myopathy

Pathology studies of CHCHD10S55L mice at 330 days of age 
revealed a severe hypertrophic cardiomyopathy (Fig. 3a). 
Heart weight relative to body weight in mutant animals was 
increased by 60% relative to WT (Fig. 3b). Hematoxylin and 
eosin (H&E) staining of heart sections revealed increased 
wall thickness and narrowing of the ventricular lumen in 
CHCHD10S55L mice (Fig. 3c). Furthermore, we observed 
a significantly accelerated mortality of CHCHD10S55L 
females that became pregnant, compared to naïve (virgin) 

CHCHD10S55L females (Fig.  3d). This effect was not 
observed in CHCHD10 KO females, which had normal fer-
tility and lifespan after breeding (data not shown). Postmor-
tem analyses of CHCHD10S55L females mated at 42–56 days 
revealed a severely dilated heart in CHCHD10S55L breed-
ing females (Fig. 3e), accompanied by fluid-filled thoracic 
cavities (not shown). Heart failure was reflected in a sub-
stantially decreased cardiac ejection fraction and ventricu-
lar dilation by echocardiogram (Fig. 3f, g, Supplementary 
Movie 3a, b). These results reveal a striking cardiomyopathy 
in CHCHD10S55L mice that is exacerbated in young females 
by the hemodynamic stress associated with pregnancy.

Fig. 3   CHCHD10S55L mice 
display cardiac hypertro-
phy exacerbated in breeding 
females. a Hearts at 330 days 
of age. Cardiac hypertrophy 
in CHCHD10S55L mice is 
apparent relative to WT mice. 
b Average heart weight relative 
to body weight (mg/g). n = 7 
WT (3 males, 4 females) and 
n = 7 CHCHD10S55L (3 males, 
4 females) mice per group. 
Error bars indicate SEM. 
***p < 0.001 by Student’s 
t test. C. H&E staining of 
heart sections of WT and 
CHCHD10S55L mice. Left 
ventricular wall thickness is 
increased in CHCHD10S55L 
heart. Scale bar = 1 mm. d 
Kaplan–Meier survival analy-
sis. CHCHD10S55L breeding 
females (n = 5) have shortened 
lifespan than CHCHD10S55L 
naïve females (n = 5). p = 0.0018 
by log-rank test. The orange bar 
indicates the time when females 
were breeding. e Hearts of WT 
naïve and CHCHD10S55L breed-
ing females. f Left ventricle 
ejection fraction measured by 
echocardiogram in WT naïve 
and CHCHD10S55L breeding 
female mice at 80–90 days of 
age. n = 5. Error bars indicate 
SEM. ***p < 0.001 by Student’s 
t test. g Images captured 
from echocardiogram during 
ventricular diastole and systole. 
Scale bar = 3 mm
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The clear disease phenotypes observed in skeletal mus-
cle and heart of CHCHD10S55L mice prompted us to fur-
ther investigate the histopathology of these tissues. Wide-
spread cytoplasmic vacuolization in cardiomyocytes of 
both the atria and ventricles was a consistent finding in 
mutant mice. In H&E-stained sections, vacuoles were well 
defined, optically empty, and variably sized (Fig. 4a, b). 
The sharp demarcation of these vacuoles was suggestive of 
a possible lipid storage, which was excluded with Oil Red 
O staining (not shown), or an abnormal enlargement of 
cytoplasmic organelles. Cardiomyocytes in CHCHD10S55L 
mice also had increased variation of nuclear size compared 
to WT animals. The cardiac interstitium of CHCHD10S55L 
heart was more prominent relative to WT when stained 
by Masson’s Trichrome, indicating fibrotic collagen accu-
mulation (Fig. 4c, d). Electron microscopy revealed an 
increased proportion of mitochondria with profound ultra-
structural alterations in CHCHD10S55L heart, character-
ized by matrix swelling, loss of cristae, and presence of 
abnormal membranous structures, which were virtually 
absent in age-matched CHCHD10 KO hearts (Fig. 4e, f).

Myof ibers  of  the gastrocnemius muscle  of 
CHCHD10S55L mice showed a number of myopathic 
features, including fiber splitting, increased variation of 
myofiber size with a large number of atrophic and angu-
lar fibers, increased nuclear density, and centrally located 
nuclei (Fig. 4g, h). By electron microscopy, there was a 
clear disorganization of the sarcomeres, accompanied by 
an increased number of mitochondria with abnormal ultra-
structure, similar to CHCHD10S55L heart mitochondria in 
CHCHD10S55L, which were virtually absent in CHCHD10 
KO, muscle (Fig. 4i, j). Interestingly, all CHCHD10S55L 
mice analyzed had a sterile otitis media, characterized by 
effusion and accumulation of macrophages, neutrophils, 

and degenerating epithelial cells within the tympanic 
bulla, which could likely be ascribed to the degeneration 
of the stapedius muscle (Supplementary Fig. 1a, b).

CHCHD10S55L mice manifest neuropathological 
alterations

Patients affected by the CHCHD10 S59L mutation present 
with a variety of disorders of the nervous system, including 
motor neuron degeneration, dementia, and PD. We have pre-
viously demonstrated that CHCHD10 is highly expressed in 
specific cell types of the CNS, including dopaminergic neu-
rons of the midbrain and motor neurons of the spinal cord 
[4]. We, therefore, sought to determine if CHCHD10S55L 
mice develop alterations in motor and dopaminergic neu-
rons. We found that 330-day-old WT and CHCHD10S55L 
mice have comparable numbers of choline acetyl-transferase 
(ChAT)-positive motor neurons in the anterior horn of the 
lumbar spinal cord (Fig. 5a, b). However, we detected an 
increased proportion of mitochondria with abnormal vacu-
oles in the soma of motor neurons by electron microscopy 
(Fig. 5c, d), suggesting that CHCHD10S55L motor neuron 
mitochondria were damaged, but the cell bodies had not yet 
degenerated.

Degeneration of the neuromuscular junction (NMJ) is 
an early pathological event in motor neuron disease [9, 25]. 
Due to the pronounced muscle weakness and muscle fiber 
atrophy observed, we investigated if CHCHD10S55L NMJs 
were abnormal. To study NMJ innervation and morphol-
ogy, we immunostained neuronal terminals in the gastroc-
nemius muscle for neurofilaments (NF200) and nicotinic 
acetylcholine receptors (nAChR) with fluorescently labeled 
alpha-bungarotoxin (BTX). In WT muscle, BTX labeled 
characteristic pretzel-shaped NMJs innervated by motor 
neuron terminals (Fig.  5e). Conversely, approximately 
50% of NMJs lacked innervation in CHCHD10S55L muscle 
(Fig. 5e, f). Furthermore, CHCHD10S55L NMJs had abnor-
mal morphology with loss of complexity (Fig. 5g, h) and 
reduced area (Fig. 5g, i). Abnormal NMJ morphology and 
innervation is characteristic of ALS [9]. Therefore, these 
results suggest that a distal motor neuropathy could par-
ticipate in the muscle weakness and atrophy observed in 
CHCHD10S55L mice.

Next, we assessed the number of tyrosine hydroxylase-
positive (TH+) dopaminergic neurons in the substantia nigra 
of 330-day-old mice. We observed similar numbers of TH+ 
cells in CHCHD10S55L and WT substantia nigra (Fig. 6a, 
b), indicating that there was no overt loss of dopaminergic 
neurons in mutant animals. However, electron microscopic 
analyses revealed an increased proportion of abnormal mito-
chondrial ultrastructure in TH+ neurons in the substantia 

Fig. 4   Histopathological and ultrastructural abnormalities in 
CHCHD10S55L muscle and heart. a, b H&E staining of myocardium 
in the apical region of hearts from mice at 330 days of age. The right 
panel of each image is a magnification of the area indicated by the 
square in the left panel. In b, arrows indicate cytoplasmic vacuoles. 
Scale bar = 50  µm. c, d Masson’s trichrome stain of myocardium 
of mice at 330 days of age. The right panel of is a magnification of 
the area indicated by the square in the left panel. In d, arrows indi-
cate areas of cardiac interstitium with abundant collagen accumula-
tion. Scale bar = 50  µm. e Electron micrographs of mitochondria in 
WT, CHCHD10S55L, and CHCHD10 KO cardiac tissue. Arrows 
highlight abnormal membranous structures in mitochondria. Scale 
bar = 500  nm. f Quantification of abnormal heart mitochondria (% 
of total mitochondria). g, h H&E staining of quadriceps femoris. 
The right panel of is a magnification of the area indicated by the 
square in the left panel. Scale bar = 100 µm. i Electron micrographs 
of WT, CHCHD10S55L, and CHCHD10 KO skeletal muscle. Scale 
bar = 1  µm. j Quantification of abnormal skeletal muscle mitochon-
dria (% of total mitochondria)
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nigra of CHCHD10S55L mice (Fig. 6c, d). These ultrastruc-
tural alterations were specific to TH+ cells, because neigh-
boring TH− cells contained normal mitochondria (Fig. 6c). 

Thus, CHCHD10S55L caused mitochondrial alterations that 
could result in dopaminergic defects and contribute to motor 
dysfunction.

Fig. 5   CHCHD10S55L mice 
have abnormal neuronal mito-
chondria and NMJ defects. a 
ChAT immunostaining of motor 
neurons in lumbar spinal cord. 
b Average number of ChAT+ 
neurons per lumbar spinal cord 
section. Bars = 50 µm. n = 4, 6 
sections per mouse. Error bars 
indicate SEM. n.s., not signifi-
cantly different by Student’s t 
test. c Electron micrographs 
of mitochondria in the soma 
of lumbar spinal cord motor 
neurons. Arrows indicate intra-
mitochondrial vacuolization in 
CHCHD10S55L motor neurons. 
Scale bar = 500 µm. d Quantifi-
cation of abnormal spinal cord 
motor neuron mitochondria 
(% of total mitochondria). e 
Gastrocnemius NMJs labeled 
with TRITC-conjugated BTX 
(red) and NF-200 (green). 
Bars = 20 µm. f Average num-
bers of innervated (BTX+ and 
NF-200+) NMJs in gastrocne-
mius expressed as a percent of 
total NMJs imaged. n = 4, 10 
NMJs per mouse. Error bars 
indicate SEM. *p < 0.05 by 
Student’s t test. g Images for 
morphological analysis of NMJs 
labeled by BTX taken with 
fixed settings, and converted to 
binary images by applying iden-
tical thresholds. h Average NMJ 
complexity assessed as the total 
length of branches in each NMJ. 
i Average area of NMJs. In h, i 
n = 4 mice per group, 10 NMJs 
per mouse. Error bars indicate 
SEM. *p < 0.05, **p < 0.01 by 
Student’s t test
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CHCHD10S55L and CHCHD2 form large insoluble 
aggregates in mitochondria of affected tissues

To investigate the molecular mechanisms of pathology 
caused by CHCHD10S55L, we first assessed CHCHD10 pro-
tein content in heart cytosolic and mitochondrial fractions. 
We observed that in CHCHD10S55L heart there was a strik-
ing accumulation of CHCHD10 selectively in mitochondria 
(Fig. 7a). As expected, CHCHD10 was absent in both frac-
tions of CHCHD10 KO mice. Intriguingly, CHCHD10 was 
distributed both in cytosolic and mitochondrial fractions of 
WT hearts. We excluded the possibility that the cytosolic 
localization of CHCHD10 was due to a loss of mitochon-
drial outer membrane integrity because the intermembrane 
protein cytochrome c was only detected in the mitochondrial 
fractions, albeit severely decreased in CHCHD10S55L relative 
to WT and CHCHD10 KO. The accumulation of CHCHD10 
in mutant heart mitochondria was paralleled by an increase 
of the paralog protein CHCHD2, while CHCHD10 KO mice 
did not show significant changes in CHCHD2 content.

CHCHD10 mRNA in CHCHD10S55L heart was 
unchanged relative to WT (Supplementary Table 1) and 

CHCHD2 mRNA was significantly decreased (Fig. 7b), 
while there was no significant change in CHCHD2 mRNA 
levels in CHCHD10 KO heart. Furthermore, it was previ-
ously shown that CHCHD10 and CHCHD2 have short half-
lives, in the order of a few hours [4, 15]. Taken together, this 
evidence clearly indicates that the aberrant accumulation 
of CHCHD10 and CHCHD2 in mutant heart mitochondria 
was due to delayed protein turnover rather than increased 
protein synthesis.

Protein aggregation is a common feature of neurode-
generative disorders [17] and can lead to sequestration and 
accumulation of proteins in intracellular compartments. 
To determine if CHCHD10 and CHCHD2 aggregated 
in CHCHD10S55L heart mitochondria, we utilized a filter 
trap assay that captures large detergent-insoluble protein 
aggregates. We detected strong immunoreactivity for both 
CHCHD10 and CHCHD2 in homogenates of CHCHD10S55L 
heart, but not in CHCHD10 KO (Fig. 7c). Importantly, these 
unfilterable aggregates of CHCHD10 and CHCHD2 were 
largely confined to mitochondrial fractions. We also iden-
tified the presence of large CHCHD10 immunoreactive 
aggregates in CHCHD10S55L heart (Fig. 7d). Therefore, in 

Fig. 6   CHCHD10S55L mice have 
abnormal mitochondria in dopa-
minergic neurons. a TH immu-
nostaining of substantia nigra 
pars compacta. Bars = 100 µm. 
b Average TH+ neurons count 
in a 200 × 500 µm area encom-
passing the substantia nigra pars 
compacta expressed relative 
to WT. n = 4 mice, 4 areas per 
mouse. n.s., not significantly 
different by Student’s t test. 
c Electron micrographs of 
mitochondria in immunogold 
labeled TH+ neurons of the 
substantia nigra. Abnormal 
cristae and vacuolization are 
visible in CHCHD10S55L TH+ 
neurons. The right panel of each 
image is a magnification of the 
area indicated by the square in 
the left panel. Scale bar = 1 µm. 
d Quantification of abnormal 
mitochondria in TH+ neurons 
(% of total mitochondria)
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CHCHD10S55L heart, mitochondrial abnormalities and his-
topathology are associated with the accumulation of mito-
chondrial CHCHD10/D2 aggregates.

To determine the relationship between the presence of 
aggregates and CHCHD10S55L CNS pathology, we per-
formed filter trap assays on tissue from several brain regions 
(cortex, striatum, midbrain, cerebellum, and spinal cord) 
and observed increased CHCHD10 and CHCHD2 immu-
noreactivity only in mitochondria from CHCHD10S55L mid-
brain and spinal cord (Fig. 7e). In the substantia nigra, we 
observed that TH+ neurons had stronger CHCHD10 immu-
noreactivity compared to WT (Fig. 7f, g) and contained 
large, intensely immunoreactive puncta indicative of protein 
aggregation. We also assayed peripheral organs other than 
heart (skeletal muscle, liver, lung, kidney, spleen, and pan-
creas) by filter trap and found that, in addition to heart, only 
skeletal muscle presented increased CHCHD10/2 immuno-
reactivity (Fig. 7h). Overall, the presence of CHCHD10/2 
aggregates specifically in affected tissues supports the 
hypothesis that mitochondrial protein aggregates contribute 
to pathology, because both gross and histological examina-
tion of all the organs and tissues devoid of CHCHD10/2 
aggregates in mutant mice did not show morphological 
abnormalities and the blood chemistry reflected normal liver 
and kidney function (Supplementary Table 2), despite high 
protein expression in these tissues [4].

Both CHCHD10 and CHCHD2 contain hydrophobic 
stretches that could participate in their membrane association 

or protein–protein interactions. Interestingly, we found that 
the S55L mutation increased the hydrophobicity of the most 
hydrophobic portion of the protein, as determined by in sil-
ico comparative analysis of the Kyte–Doolittle hydropho-
bicity plots of WT CHCHD10 and CHCHD10S55L (Fig. 7i). 
This raises the intriguing possibility that the S55L mutation 
alters the normal membrane association of the protein, its 
interaction with other proteins, or its normal intra-mitochon-
drial distribution to induce aggregation and pathology.

It was previously reported that mutations in CHCHD10 
alter the nuclear localization of TAR DNA-binding protein 
43 (TDP-43) causing its cytoplasmic redistribution [39]. 
Therefore, we performed TDP-43 immunocytochemistry 
of WT and CHCHD10S55L heart sections and found that in 
WT cardiomyocytes the majority of TDP-43 co-localized 
with the nuclear stain TOPRO, indicating a mostly nuclear 
distribution (Fig. 8a). In contrast, large TDP-43 puncta were 
distributed throughout the cytosol of CHCHD10S55L cardio-
myocytes, indicating that CHCHD10S55L induced TDP-43 
pathology in heart tissue in vivo. Cytoplasmic TDP-43 
inclusions may result from recruitment into stress gran-
ules in response to cellular stress [22, 31]. Indeed, TDP-43 
puncta co-localized with the stress granule marker TIA-1 in 
CHCHD10S55L heart (Fig. 8b). We also observed cytosolic 
TDP-43-positive puncta in TH-positive neurons of the sub-
stantia nigra in CHCHD10S55L mice (Fig. 8c), indicating the 
induction of stress granules similar to the heart. However, 
we did not detect TDP-43 inclusions in ChAT-positive motor 
neurons in CHCHD10S55L mice (Fig. 8d). At this disease 
stage (11 months), mitochondrial alterations appeared to 
be more severe in cardiomyocytes and TH-positive neurons 
than in motor neurons, suggesting a correlation between 
mitochondrial alterations and TDP-43 recruitment in stress 
granules.

The mitochondrial integrated stress response 
is strongly induced in CHCHD10S55L mice

The normal function of CHCHD10 remains unknown. Thus, 
in an attempt to gain a high-level understanding of cellu-
lar processes affected by loss of the protein, we performed 
RNA-seq of heart from CHCHD10 KO and WT mice at 
1 year of age. Surprisingly, very few transcripts were signifi-
cantly altered in CHCHD10 KO mice (Fig. 9a, Supplemen-
tary Table 2), further supporting our conclusion that mice 
can adapt to the lack of CHCHD10.

Next, we compared the transcriptomic profiles 
of CHCHD10S55L and WT hearts at 1  year of age. 
CHCHD10S55L heart showed > 1000 significantly altered 
genes relative to WT (Fig. 9b, Supplementary Table 1). 
Interestingly, many of the significantly altered genes par-
ticipate in the mitochondrial unfolded protein response 
(mtUPR) [26] and, more broadly, the mitochondrial 

Fig. 7   Mutant CHCHD10 aggregates with CHCHD2 in mitochondria 
of affected tissues. a Western blot of heart cytosolic (C) and mito-
chondrial (M) fractions. D10, CHCHD10; D2, CHCHD2; Cyt c, 
cytochrome c, short (S) and long (L) exposures are shown for D10. 
The red color in L indicates overexposure. The inner membrane pro-
tein Tim23 was used as a loading control. b CHCHD2 mRNA con-
tent measured by RNA-seq and expressed as average log2 fold change 
relative to WT control. Error bars indicate SEM. ***p < 0.001 by 
Student’s t test with Benjamini–Hochberg correction. c Filter trap 
analysis of total homogenate (T), cytosolic (C) and mitochondrial 
(M) fractions from heart. Immunoreactive material was detected by 
immunoblot (IB) with either D10 or D2 antibodies. d Cardiomyo-
cytes immunolabeled with antibodies against CHCHD10 (red) and 
cytochrome oxidase subunit 1 (MTCOI). Bars = 25  µm. The lower 
panel in each image is a magnification of the area indicated by the 
square in the top panel. e Filter trap analysis of specific brain regions 
for D10 and D2 aggregates. Immunoreactive material was detected 
by immunoblot (IB) with either D10 or D2 antibodies. Mid midbrain, 
SC spinal cord, CTX cortex, Str striatum, Cbl cerebellum. f Substantia 
nigra neurons immunostained for TH and CHCHD10. Bars = 10 µm. 
The right panel in each image is a magnification of the area indicated 
by the square in the middle panel. Hyper-intense CHCHD10-positive 
puncta are indicated by arrows. g Average CHCHD10 immunolabe-
ling intensity in TH+ neurons of the substantia nigra. n = 20 WT and 
n = 35 CHCHD10S55L TH+ neurons, from 4 animals per group. Error 
bars indicate SEM. ***p < 0.001 by Student’s t test. h Filter trap anal-
ysis of peripheral tissues for D10 and D2. SkM skeletal muscle, Kdn 
kidney, Spl spleen, Panc pancreas. i Kyte–Doolittle hydrophobicity 
plots of the α-helices of CHCHD10 WT and CHCHD10S55L
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integrated stress response pathway (mtISR), which has been 
described in mitochondrial myopathies [18]. The stress-
induced transcription factor ATF4 was highly upregulated, 
as well as many of its validated transcriptional targets, 
such as CHOP and ATF5 (Fig. 9c). There was also a strong 
induction of the expression of the two myokines fibroblast 
growth factor 21 (Fgf-21) and growth differentiation factor 
15 (Gdf15) (Fig. 9c), which were previously shown to be 
elevated in patients and animal models affected by mito-
chondrial myopathies [36]. Moreover, expression of genes 
involved in tetrahydrofolate (THF) biosynthesis for one-
carbon metabolism (Mthfd2, Mthfd1L), serine biosynthesis 
(Phgdh, Psat1, Psph, Shmt2), and glutathione biosynthesis 
(Cth) (Fig. 9d) was markedly elevated (Fig. 9e). Conversely, 
nuclear-encoded mitochondrial oxidative phosphorylation 
genes, such as Cyc1 (cytochrome c) and various subunits of 
the respiratory chain complexes were repressed (Fig. 9f), as 
expected in the context of the mtUPR [26].

Increased expression of selected mtISR genes, Mthfd2, 
Mthfd1L, and ATF4, was confirmed at the protein level by 
western blot analyses in CHCHD10S55L heart, while there 
was no change in CHCHD10 KO heart (Fig.  10a). The 
mtISR was shown to be activated through the mammalian 
target of rapamycin complex 1 (mTORC1) in mitochondrial 
myopathy models [18]. Consistent with activation of this 
pathway, we observed accumulation of the autophagy adap-
tor p62 in CHCHD10S55L heart by western blot (Fig. 10a) 

and by immunocytochemistry (Fig. 10b), suggesting stalling 
of the autophagy process. Co-labeling of the mitochondrial 
outer membrane protein Tom20 showed partial co-localiza-
tion with p62, suggesting that p62 is not exclusively accu-
mulating on mitochondria (Fig. 10b). As a further confirma-
tion that mTORC1 was activated in CHCHD10S55L heart, 
we found a strong increase in the phosphorylation of the 
ribosomal protein S6, which is phosphorylated downstream 
of mTORC1, relative to total S6 (Fig. 10a).

Since activation of the mtISR induced a decline in the 
expression of mitochondrial oxidative phosphorylation 
genes, we measured mitochondrial respiration by oxygra-
phy in enriched mitochondrial fractions obtained from the 
hearts of 330-day-old mice. CHCHD10S55L heart mitochon-
dria had significantly decreased respiration relative to WT 
with substrates for both complex I (malate/glutamate) and 
complex II (succinate/glutamate) (Fig. 10c). Therefore, it is 
plausible that mitochondrial damage caused by aggregation 
of CHCHD10/2 triggers the mtISR and the downregulation 
of oxidative phosphorylation gene expression, which further 
impairs mitochondrial respiratory function.

mtISR induced expression of Fgf-21, which is a myokine 
secreted by muscle into the bloodstream. Fgf-21 has pro-
found effects on the metabolism of distal tissues, notably 
liver and adipose tissue. We measured serum Fgf-21 levels 
at different ages and found that it was already significantly 
elevated in CHCHD10S55L mice relative to WT at 180 days, 

Fig. 8   TDP-43 pathology in 
mutant CHCHD10 mice. a 
Cardiomyocytes immunolabeled 
with antibodies against TDP-43 
(green) and counterstained with 
the nuclear probe TOPRO3 
(red). The right panels show the 
merged images. Arrowheads 
indicate TDP-43 inclusions. 
b Cardiomyocytes immunola-
beled with antibodies against 
TDP-43 (green) and TIA-1 
(red). The right panels show the 
merged images. Arrowheads 
indicate inclusions positive 
for both TDP-43 and TIA-1. c 
Midbrain neurons immunola-
beled with antibodies against 
TDP-43 (green) and TH (red). 
Arrowheads indicate TDP-43 
inclusions. d Spinal cord motor 
neurons immunolabeled with 
antibodies against TDP-43 
(green) and ChAT (red). Scale 
bars = 20 µm
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when disease symptoms manifest, and remained elevated 
throughout disease progression. Conversely, CHCHD10 KO 
mice did not show increased serum Fgf-21 at any age tested 
(Fig. 10d). Consistent with Fgf-21 elevation and its role in 
modulating white adipose tissue metabolism by increasing 
insulin sensitivity [2], we found that the white fat tissue of 
CHCHD10S55L mice at end stage (380 days) was almost 
entirely lost, unlike CHCHD10 KO mice, where the amount 
of fat was similar to WT mice (Fig. 10e).

Taken together, these results demonstrate a chronic induc-
tion of the mtISR triggered by mTORC1 activation and ATF4 
signaling in CHCHD10S55L mice but not in CHCHD10 KO 
animals. Chronic mtISR results in profound alterations of 
metabolism in affected tissues and in non-cell autonomous 
metabolic effects in peripheral tissues through secretion of 
myokines.

Fig. 9   CHCHD10S55L hearts 
activate a transcriptional 
profile of mtISR. a, b Vol-
cano plots of transcriptomic 
changes in CHCHD10 KO and 
CHCHD10S55L hearts relative 
to WT heart. c Changes (log2 
fold) in heart RNA content of 
genes involved in mtUPR and 
mtISR. Hif1α hypoxia-induced 
factor 1α, Pck2 phospho-
enolpyruvate carboxykinase 2, 
Hsp70 heat shock protein 70, 
Lonp1 Lon protease homolog, 
n.s. not significant. *p < 0.05, 
***p < 0.001, by Student’s t test 
with Benjamini–Hochberg cor-
rection. d Schematic diagram 
of enzymes involved in serine 
biosynthesis and one-carbon 
metabolism under ATF4 tran-
scriptional regulation. PHGDH 
phosphoglycerate dehydroge-
nase, PSAT1 phosphoserine 
aminotransferase 1, PSPH 
phosphoserine phosphatase, 
MTHFD2 methylenetetrahy-
drofolate dehydrogenase 2, 
MTHFD1L methylenetetrahy-
drofolate dehydrogenase 1-like, 
CTH cystathionine gamma-
lyase. e Changes (log2 fold) 
in heart RNA content of genes 
involved in serine biosynthesis 
and one-carbon metabolism. 
***p < 0.001, by Student’s t 
test with Benjamini–Hochberg 
correction. f Changes (log2 
fold) in heart RNA content of 
genes encoding subunits of the 
mitochondrial oxidative phos-
phorylation complex I (Ndufs7), 
II (Sdha), III (Uqcrfs1), IV 
(Cox7a1), and V (Atp5a1) 
and cytochrome c (cyc1). 
***p < 0.001, by Student’s t 
test with Benjamini–Hochberg 
correction
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Discussion

Here, we report a novel mutant CHCHD10 knock-in mouse 
model that recapitulates several fundamental clinical aspects 
of human CHCHD10-related mitochondrial diseases. In 
this mouse model, the mutant protein is under the control 
of the endogenous promoter, preserving its physiological 
expression pattern. The CHCHD10 protein sequence is well 
conserved between humans and mice, except for a stretch 
of four amino acids missing in the unstructured domain of 
the mouse protein. Therefore, the highly conserved ser-
ine at position 59 in humans corresponds to mouse ser-
ine 55. In patients, the CHCHD10 S59L mutation causes 
a variety of disease phenotypes including ALS, FTD, PD, 

cardiomyopathy and mitochondrial myopathy [11, 29]. 
This broad range of phenotypes is not uncommon in pri-
mary mitochondrial diseases, as many organs and tissues, 
especially the most energy-demanding ones, suffer from the 
consequences of mitochondrial dysfunction [8]. However, 
CHCHD10 mutations are unique among mitochondrial dis-
orders because they cause late-onset diseases that are very 
similar to common neurodegenerative diseases. Hence, 
CHCHD10 mutants bridge the gap between mitochondrial 
disorders and neurodegenerative diseases.

CHCHD10S55L mice manifest a late-onset phenotype 
indicative of neuromuscular dysfunction, which is one of 
the cardinal features of human CHCHD10-related diseases. 
We find degeneration of the NMJ, in the absence of spinal 

Fig. 10   mtISR leads to mito-
chondrial dysfunction and sys-
temic metabolic remodeling in 
CHCHD10S55L mice. a Western 
blots of total heart homogen-
ates for MTHFD1L, MTHFD2, 
ATF4, p62, phospho-S6, total 
S6. Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) is 
used as a loading control. b 
Cardiomyocyte immunolabeling 
for p62 (green) and Tom20 
(red). The right panels show the 
merged images. Bars = 20 µm. 
c Average oxygen consumption 
rates in freshly isolated heart 
mitochondria measured with 
complex I (glutamate/malate) 
and complex II (glutamate/
succinate) substrates and 
expressed as a percentage of 
WT. n = 6. Error bars indicate 
SEM. **p < 0.01 by Students t 
test. D. Average FGF-21 levels 
in mouse serum at 180 days 
(n = 10 WT, 6 CHCHD10S55L, 
4 KO), 280 days (n = 2 WT, 
6 CHCHD10S55L, 2 KO), 
and 380 days (n = 8 WT, 
4 CHCHD10S55L, 2 KO) 
expressed relative to WT. 
Error bars indicate SEM. 
***p < 0.001 by Student’s t 
test. e Visceral (top panel) and 
subcutaneous (lower panel) 
fat pads at necropsy. f Sche-
matic representation of the 
pathway of mTORC1/ATF4-
mediated mtISR triggered by 
CHCHD10/2 aggregation and 
mitochondrial dysfunction in 
CHCHD10S55L mice
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cord motor neuron loss, suggesting that mitochondrial 
defects lead to distal motor neuropathy. Furthermore, in the 
midbrain we observe abnormalities of mitochondrial ultras-
tructure in dopaminergic neurons. Despite the lack of overt 
cell loss, mitochondrial alterations can cause dysfunction of 
these neurons resulting in motor incoordination, decline of 
spontaneous motility, and abnormal gait.

Although a subset of patients with the CHCHD10 S59L 
mutation suffer from symptoms of dementia, we do not 
detect obvious cognitive defects in CHCHD10S55L mice 
at the time when they started developing motor dysfunc-
tion (250 days of age). At this point, we cannot exclude that 
cognitive impairment may arise later in the disease course. 
However, it must be noted that tests of cognitive function 
in mice rely on unimpaired mobility. Thus, cognitive phe-
notypes could be obscured by the neuromuscular defects 
and loss of motor initiative in CHCHD10S55L at late disease 
stages.

Previous work exploring the role of CHCHD10 has 
used patient fibroblasts [13, 35], cell lines overexpressing 
CHCHD10 [4, 15, 30], or non-mammalian models with 
transgenic overexpression of the protein [3, 39]. These 
studies have provided valuable information on the biology 
of CHCHD10 and CHCHD2, including intracellular locali-
zation, trafficking, turnover, and protein–protein interac-
tions but have also led to divergent conclusions about the 
pathophysiology of CHCHD10 mutations. Our findings 
comparing the CHCHD10S55L mouse to the CHCHD10 KO 
mouse provide, for the first time in a mammalian in vivo 
system, evidence of toxic gain-of-function mechanisms of 
CHCHD10S55L. Nevertheless, our results cannot exclude 
that, in humans, loss of CHCHD10 function or a dominant 
negative function of mutant CHCHD10 could result in mito-
chondrial dysfunction, over a prolonged period of time.

CHCHD10 and CHCHD2 expression is highly variable 
in different mammalian cell types [1, 4]. We show that dis-
ease phenotypes arise in a subset of tissues that express high 
amounts of the mutant protein, such as heart, muscle, mid-
brain dopaminergic neurons, and spinal motor neurons but 
not in others that also express high levels of the proteins like 
kidney, liver, and pancreas. We propose that mitochondrial 
degeneration and disease are linked to the aggregation of 
mutant CHCHD10/2, and that only the high-expressing cell 
types in which the proteins aggregate are affected. Future 
work will investigate the mechanisms underlying the tis-
sue specificity of CHCHD10/2 mitochondrial aggregation, 
but potential explanations could include differences in the 
mitochondrial proteostatic systems, such as the levels of 
chaperones and proteases, or the rate of turnover of mito-
chondria by autophagy. Intriguingly, cellular stress in the 
heart induces cytosolic aggregation of TDP-43 and TIA-1, 
which is a common pathological feature in the CNS of most 
forms of ALS/FTD [23] and is also found in inclusion body 

myopathy [7], but never before reported in mitochondrial 
diseases. Recent studies have demonstrated that activation 
of the mTOR-S6 kinase pathway promotes stress granule 
formation [33]. Therefore, we propose that cellular stress 
initiating in the mitochondria, downstream of CHCHD10/2 
aggregation, triggers mTOR-dependent cytosolic mislocali-
zation and aggregation of TDP-43 in CHCHD10S55L mice.

The mechanisms whereby CHCHD10/2 aggregates cause 
mitochondrial damage and dysfunction may involve seques-
tration of the two proteins together with other CX9C proteins 
essential for mitochondrial homeostasis. A candidate is the 
mitochondrial disulfide relay protein import system Mia40, 
on which CHCHD10 mitochondrial import depends [5]. 
Interestingly, it has been shown that a number of CHCHD10 
mutants that harbor mutations in the hydrophobic domain, 
including S59L, are imported efficiently into mitochondria 
by Mia40, where they form abnormal clusters [21]. Our 
results show that mitochondrial protein aggregation triggers 
a potent mtUPR that results in mTORC1-mediated mtISR. 
This response involves a number of metabolic pathways, 
most notably the upregulation of one-carbon and serine 
metabolism, and global downregulation of nuclear-encoded 
components of the oxidative phosphorylation machinery 
(Fig. 10f).

The mtISR has been proposed to be a double edge sword 
[26]. The accumulation of misfolded proteins in mitochon-
dria is being increasingly recognized as a fundamental 
pathogenic event in mitochondrial disorders. Protein mis-
folding and aggregation lead to defective mitochondrial 
protein import and structural and functional failure of the 
organelle. As a consequence, mtISR is activated and sig-
nals to the nucleus to decrease transcription of mitochondrial 
genes and upregulate antioxidants and chaperones [32]. In 
the short term, adaptive mtISR is protective and subsides 
after transient mitochondrial insults. However, chronic 
mtISR may be detrimental, ultimately resulting in cellu-
lar and organ failure. Maladaptive, prolonged induction of 
mtISR has been demonstrated in the skeletal muscle of the 
Twinkle KO mouse model of mitochondrial DNA depletion, 
where mtISR is activated in an mTORC1-dependent manner 
[18]. Chronic treatment with rapamycin to inhibit mTORC1 
resulted in a striking improvement of the biochemical pheno-
type and the metabolic alterations, including normalization 
of the mtISR markers in the Twinkle KO mouse. Rapamycin 
was also beneficial in other murine models of mitochondrial 
diseases including the NDUFS4 KO [16] mouse model of 
Leigh syndrome and the TK2 mutant mouse model of mito-
chondrial DNA depletion [34], further highlighting the nox-
ious effects of chronic mTORC1-mediated mtISR.

Collectively, our results obtained in the CHCHD10S55L 
mouse model of mitochondrial disease reveal that aggre-
gation of mutant CHCHD10 in mitochondria causes a 
tissue-specific toxic gain of function that induces chronic, 
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maladaptive mtISR. In a back-to-back manuscript in this 
issue, Genin et. al. report a very similar phenotype in knock-
in mice with the same CHCHD10 mutation. The two manu-
scripts illustrate complementary aspects of CHCHD10S55L 
mice, including cardiomyopathy and central nervous sys-
tem involvement, mitochondrial dysfunction, mitochondrial 
DNA abnormalities, and aberrant cellular responses to meta-
bolic stress. These mouse models will be crucial for testing 
therapeutic strategies to modulate the mtISR and ameliorate 
the disease phenotypes. Importantly, while CHCHD10 muta-
tions are relatively rare in the general population, the disease 
mechanisms identified here can apply to a diverse group of 
diseases mediated by mtISR dysregulation.
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