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Abstract

Mutations in CHCHD10, a gene coding for a mitochondrial protein, are implicated in ALS-FTD 

spectrum disorders, which are pathologically characterized by TDP-43 accumulation. While both 

TDP-43 and CHCHD10 mutations drive mitochondrial pathogenesis, mechanisms underlying such 

phenotypes are unclear. Moreover, despite the disruption of the mitochondrial mitofilin protein 

complex at cristae junctions in patient fibroblasts bearing the CHCHD10S59L mutation, the role of 

CHCHD10 variants in mitofilin-associated protein complexes in brain has not been examined. 

Here, we utilized novel CHCHD10 transgenic mouse variants (WT, R15L & S59L), TDP-43 

transgenic mice, FTLD-TDP patient brains, and transfected cells to assess the interplay between 

CHCHD10 and TDP-43 on mitochondrial phenotypes. We show that CHCHD10 mutations disrupt 

mitochondrial OPA1-mitofilin complexes in brain, associated with impaired mitochondrial fusion 

and respiration. Likewise, CHCHD10 levels and OPA1-mitofilin complexes are significantly 

reduced in brains of FTLD-TDP patients and TDP-43 transgenic mice. In cultured cells, 

CHCHD10 knockdown results in OPA1-mitofilin complex disassembly, while TDP-43 

overexpression also reduces CHCHD10, promotes OPA1-mitofilin complex disassembly via 
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CHCHD10, and impairs mitochondrial fusion and respiration, phenotypes that are rescued by wild 

type CHCHD10. These results indicate that disruption of CHCHD10-regulated OPA1-mitofilin 

complex contributes to mitochondrial abnormalities in FTLD-TDP and suggest that CHCHD10 

restoration could ameliorate mitochondrial dysfunction in FTLD-TDP.
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Introduction

Frontotemporal lobar degeneration (FTLD), a condition associated frontotemporal dementia 

(FTD), and amyotrophic lateral sclerosis (ALS) are progressive neurodegenerative diseases 

sharing multiple common genetic and pathological links. More than 95% of ALS and ~50% 

of FTD (FTLD-TDP variant) are pathologically characterized by the accumulation of 

TDP-43, which are typically seen as aggregated cytoplasmic TDP-43 inclusions 

mislocalized from the nucleus (1, 2). These cases invariably exhibit severe mitochondrial 

abnormalities (3–5), which are closely associated with TDP-43 pathology (6, 7). Indeed, 

recent studies indicate that the accumulation of TDP-43 in mitochondria of neurons induces 

mitochondrial dysfunction and synaptic damage (8–10). Specifically, TDP-43 is colocalized 

with mitochondria and reduces mitochondrial length by increasing mitochondrial fission, 

which leads to abnormalities in mitochondrial dynamics and transport (10, 11). Moreover, 

overexpression of wild type TDP-43 in transgenic mice shows increased levels of the 

activated mitochondrial fission proteins Dynamin related protein 1 (Drp1) and Fission1 

(Fis1), reduced levels of fusion protein mitofusion1 (Mfn1), as well as fragmented and 

aggregated mitochondria (7). However, there remain significant gaps in the mechanistic 

understanding of TDP-43 in mitochondrial pathogenesis.

The cristae structure of mitochondria is formed from the folds created by the inner 

membrane, which provides an extended surface area allowing the localization of OXPHOS 

enzymes to produce adenosine triphosphate (ATP). The maintenance of cristae structure is 

regulated by an important protein complex called ‘mitochondria contact site and cristae 

organization system’ (MICOS), which is concentrated at cristae junctions (12). Mitofilin/

Mic60, the key component of MICOS (13), is an inner membrane protein essential for 

maintaining mitochondrial cristae structure and respiration as well as cellular viability in 

response to stress (13–17). Mitofilin also interacts with Optic atrophy 1 (OPA1), an inner 

membrane GTPase best known for its role in mitochondrial fusion (18–20). OPA1 activity is 

regulated by proteolytic processing from transmembrane long forms (L-OPA1) to soluble 

short forms (S-OPA1) produced by mitochondrial proteases Oma1 and YME1L (21), and the 

interaction between OPA1 and mitofilin plays a key role in regulating both inner membrane 

fusion (18) and cristae integrity (22, 23).

The nuclear gene Coiled-coil-helix-coiled-coil-helix domain containing 10 (CHCHD10) 

encodes a small 15-kDa mitochondrial protein, which is mutated in sporadic and familial 

FTD-ALS spectrum disorders (24–27). CHCHD10 mutations are also associated with spinal 
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muscular atrophy Jokela type (SMAJ) (28) and Charcot-Marie-Tooth disease type 2 (CMT2) 

(29). CHCHD10 is recognized as an important mitochondrial protein regulating 

mitochondrial respiration as well as maintenance of mitochondrial genome and cristae 

structure (8, 24, 30). A previous study identified CHCHD10 as a component of MICOS, in 

which CHCHD10 physically interacts with the core protein mitofilin (31), and fibroblasts 

derived patients bearing the CHCHD10S59L mutation exhibit impaired MICOS and 

disrupted cristae (31, 32). However, many important questions remain. For example, how do 

FTD/ALS-linked CHCHD10 mutations produce mitochondrial abnormalities in the central 

nervous system (CNS)? Do TDP-43-induced mitochondrial phenotypes converge on 

CHCHD10-dependent mechanisms? If so, what is the role of endogenous CHCHD10 in the 

CNS of human FTLD-TDP and mouse models of FTLD-TDP? Finally, can wild type 

CHCHD10 protect against TDP-43-induced mitochondrial damage? In this study, we 

utilized novel CHCHD10 transgenic mouse variants (WT, R15L & S59L), human TDP-43 

(hTDP-43) transgenic mice, FTLD-TDP patient brains, and transfected cells to demonstrate 

that that CHCHD10 mediates TDP-43-induced mitochondrial phenotypes at least in part 

through disruption of OPA1-mitofilin complexes in the CNS.

Material and Methods

Ethics approval

All the experiments methods and protocols involving mice in this study were approved by 

Institutional Animal Care and Use Committee (IACUC) at the University of South Florida 

(USF), and all methods were performed in accordance with the relevant guidelines and 

regulations have also been approved by USF IACUC and Institutional Biosafety Committees 

(IBC).

Human brain samples

Frozen tissues from the frontal gyrus of FTLD-TDP and nondemented controls were 

obtained from Dr. Allan Levey and Dr. Marla Gearing at Emory Alzheimer’s Disease 

Research Center (ADRC). Pathology-confirmed FTLD-TDP and nondemented control 

tissues were matched as closely as possible for sex, age, and APOE genotypes during the 

procurement phase by the Emory ADRC (P50 AG025688).

Mice

Wild type C57BL6 and hemizygous transgenic mice expressing CHCHD10-WT, 

CHCHD10-R15L, CHCHD10-S59L, or WT human TDP-43 (TAR4) were bred in the 

C57BL6 background. Water and food were supplied ad libitum with 12-hour light/dark cycle 

under standard vivarium conditions. TAR4 mice have previously been described (33). 

Briefly, the transgenic mice line was generated by using an mTUB expression vector with 

Thy-1 promoter expressing wild-type human TDP-43 (TARDBP, NM_007375) on the 

BI6/SJL background mice and bred with Ntg C57BL6/J background mice (33).

To develop transgenic mice expressing human CHCHD10 variants, we obtained the 

transgenic expression construct containing the mouse PrP promoter (MoPrP.Xho) from Dr. 

David Borchelt (University of Florida, FL, USA), which was previously used to generate the 
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widely used APP/PS1 (34), PS19 tauP301S (35), and -synuclein A53T (36) transgenic mice. 

We subcloned Flag-CHCHD10 (WT, R15L, & S59L) variants into the XhoI site of the 

MoPrP.Xho vector and verified the entire cDNA region by sequencing. Purified transgenic 

constructs were sent to the University of Utah Gene Targeting Core (Salk Lake City, Utah, 

USA) for injection into embryos. Each transgenic construct was microinjected into the 

pronuclei of at least 200 fertilized C57BL/6 embryos and implanted into the oviduct of 

pseudo-pregnant mice. From over 100 offspring born from multiple mothers per transgenic 

construct, genomic DNA from tails were isolated at the time of weaning and genotyped for 

the transgene by PCR (Supplemental Fig. S1a; representative gel) using the following primer 

sets specific for the human CHCHD10 transgene: forward primer, 5’–

GCTCATGGCTCAGATGGCGAC–3’ and reverser primer 5’-

AGGGCAGGGAGCTCAGACCAT-3’. PCR-positive founders were bred with C57BL/6 

mice for at least 3 generations to ascertain stable transmission of the transgene prior to 

determination of transgene expression profiles. Upon establishment of transgenic lines, 

CHCHD10 transgenes were amplified by PCR from genomic DNA, and the entire open 

reading frame was sequenced to confirm the presence of the intended transgene. To quantify 

transgenic CHCHD10 transcripts relative to the endogenous CHCHD10 transcript, total 

RNA isolated from non-transgenic and CHCHD10 transgenic mice (WT, R15L, & S59L) 

were subjected to qRT-PCR using primer sequences common to both mouse and human 

CHCHD10 mRNA: Set 1: forward primer 5’-CCCTGTGTGAGGGCTTCAGCGA-3’, 

reverse primer 5’-TCAGGGCAGGGAGCTCAGACC-3’; Set 2: forward primer 5’-

CCCCTGCAGATGGGGCCCTGC-3’; reverse primer 5’-

TCAGGGCAGGGAGCTCAGACC-3’. Transgenic lines from CHCHD10-WT, CHCHD10-

R15L, and CHCHD10-S59L strains with the closest transgenic protein and mRNA 

expression in brain were chosen for further experiments (Fig. 1b,c; Supplemental Fig. S1b–

d).

Cell culture

HEK293T, Hela, and NIH3T3 cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM, Thermo Scientific, MA, USA) supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin/streptomycin (P/S). Mouse cortical primary neurons from P0 pups were 

cultured in Neurobasal medium with 1 × B-27 supplement and 1 × L-Glutamine (Invitrogen, 

CA, USA) in humidified atmosphere (5% CO2) at 37°C as previously described (8, 37).

DNA constructs, siRNAs, and lentivirus generation

P3X-Flag-CHCHD10-WT, P3X-Flag-CHCHD10-R15L and P3X-Flag-CHCHD10-S59L 

were described previously (8). OPA1-myc construct was obtained from Dr. Alexander M. 

van der Bliek (University of California, Los Angeles, CA, USA), and mito-dendra2 

construct was obtained from Addgene (38). The siRNA duplexes (19 nt) targeting human 

CHCHD10 (5’-UGAAGCAGUGCAAGUACUA-3’), and human mitofilin (5’- 

AAUUGCUGGAGCUG GCCUU -3’) and human YME1L (5’-

UGAAGCAGUGCAAGUACUA-3’), human OPA1 (5’-CUG GAA AGA CUA GUG UGU 

U-3’) were obtained from GE Dhamacon (Lafayette, CO, USA). Lentivirus construct 

expressing CHCHD10 shRNA was obtained from Abmgood (Richmond, BC, Canada). The 

generation of lentivirus has previously been described (8).
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DNA/siRNA transfections and lentivirus transductions

DNA plasmids were transiently transfected in HEK293T, NIH3T3, Hela cells using fugene 

HD (Promega, Madison, WI, USA) and Opti-MEM I (Invitrogen, Carlsbad, CA, USA) 

according to the manufacturer’s instructions. The lipofectamine 2000 (Invitrogen, CA, USA) 

and Opti-MEM I were used for siRNA transfections, and cells were transfected with siRNA 

twice every 24h. After four to six hours transfections, the medium was replaced with new 

complete medium. Generally, cells were incubated 24–48h for plasmid transfections and 72h 

for siRNA transfections prior to harvest. For lentivirus transduction in primary neurons, cells 

were transduced and incubated for 5d.

Antibodies and reagents

Anti-Mic23/Mic26 (2F1) (Cat#: NBP1-28870) primary antibody was obtained from Novus 

Biologicals (Centennial, CO, USA). Anti-YME1L1 (Cat#: 11510-1-AP) and anti-Mic19 

(Cat#: 25625-1-AP) primary antibodies were obtained from Proteintech Group (Rosemont, 

IL, USA). Anti-M2 (Cat#: F3165) and β-actin (Cat#: A2228) monoclonal antibody were 

obtained from Sigma-Aldrich (St. Louis, MO, USA). Anti-myc (Cat#: 2276), OPA1 (Cat#: 

67589), Tom20 (Cat#: 42406), TDP-43 (G400, Cat#: 3448) primary antibodies were 

purchased from Cell Signaling (Danvers, MA, USA). Anti-Complex II (Cat#: 459200) 

primary antibody was purchased from Invitrogen (Camarillo, CA, USA). Anti-TDP-43 

antibody (Cat#: H00023435-M01) was purchased from Abnova (Walnut, CA, USA). Anti-

CHCHD10 (Cat#: ab121196) primary antibody was obtained from Abcam (Cambridge, 

UK). Anti-mitofilin (Cat#: sc-390706) primary antibody were obtained from Santa Cruz 

(Dallas, TX, USA). BMH (bismaleimidohexane) crosslinker was purchased from Sigma-

Aldrich (St. Louis, MO, USA).

SDS-PAGE, Blue Native gel electrophoresis

RIPA lysis buffer (50mM Tris pH 7.4, 150mM NaCl, 2mM ethlenediaminetetra acetic acid, 

1% NP-40, 0.1% sodium dodecyl sulfate) was used lyse cells. Total protein concentrations 

were measured by a colorimetric detection assay (BCA Protein Assay, Pierce, USA). Equal 

protein amounts of protein lysates were separated by SDS-PAGE and transferred to 

nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). For native gel immunoblotting, 

cells or tissues were lysed using NativePAGE Sample Prep Kit (ThermoFisher Scientific, 

MA, USA), which uses the mild detergent digitonin to retain native protein complexes. 

Equal protein amounts of protein lysates were separated by Blue Native gel (ThermoFisher 

Scientific, MA, USA) electrophoresis, and transferred to Immunobilon-P PVDF membranes 

(Millipore Corporation, Bedford, MA, USA).

Mito-dendra2 mitochondrial fusion assay

Mitochondrial fusion assays were performed by photoconversion and live cell imaging with 

the ZEISS LSM880 confocal microscope (ZEISS, Jena, Germany) in a caged humidified 

chamber at 37°C using Hibernate-A medium (Thermo Scientific, MA, USA). For photo-

conversion of mito-dendra2 in live cells, a region of interest (ROI) was illuminated with the 

405 nm line with 4% laser power for 40 seconds. The 488 nm laser line with 5% laser power 

and the 561 nm laser line with 8% laser power were used to excite mito-dendra2 in the 
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unconverted state and photo-converted state, respectively, and images were acquired for 250 

iterations over a period of 20 minutes. The percentages of co-localization within the ROI 

from acquired images were measured by using COLOC2 plugin of Image J software (NIH, 

Bethesda, MD, USA) with identical threshold and adjustment of brightness/contrast.

Seahorse mitochondrial respiration assay

Prior to the day of mitochondrial respiration assay, the utility plate (Agilent, CA, USA) was 

incubated with sterile water at 37°C in a non-CO2 incubator for overnight and water was 

replaced with Searhorse XF calibrant (Agilent, CA, USA) the next day for 1h. On the day of 

the assay, cells were washed with assay medium (DMEM base medium supplemented with 

10 mM glucose, 1 mM pyruvate, 2 mM Glutamine, pH 7.4) and incubated with this assay 

medium at 37°C in a non-CO2 incubator for 1h. Four baseline measurements of OCR were 

taken before sequential injection of mitochondrial inhibitors including oligomycin (1.5 M), 

FCCP (1.0 M), and Antimycin (0.5 M)/rotenone (0.5 M) from the XF Cell Mito Stress Test 

Kit (Agilent, CA, USA). The OCR measurement was performed using Seahorse XFe96 

analyzer (Agilent, CA, USA). After the assays, plates were saved and subjected to protein 

measurement to confirm equal protein concentration of assayed cells.

Immunocytochemistry and in situ proximity ligation assay

For immunocytochemistry (ICC), cells were washed with PBS and fixed at room 

temperature for 15 minutes with 4% paraformaldehyde (PFA). Then cells were washed with 

PBS and incubated with blocking solution containing 0.2% Triton X-100, 3% normal goat 

serum for 1h, followed by overnight incubation at 4°C with related primary antibodies. Then 

cells were washed with PBST (phosphate buffered saline with Triton X-100) for three times 

followed by 1h incubation with Alexa-488 or Alexa-594 conjugated secondary IgG 

antibodies (Vector Laboratories, Burlingame, CA). Slides were then washed three times with 

PBST and mounted with fluorochrome mounting solution (Vector Laboratories) as 

previously described (39).

For in situ proximity ligation assay (PLA), two antibodies (raised in different species) for 

corresponding proteins are applied, after which a pair of oligonucleotide-labeled secondary 

antibodies bind to primary antibodies. If in close proximity to each other (~40 angstroms) 

(40), connector oligos join the PLA probes and are ligated to form circular DNA that are 

amplified by DNA polymerase. This allows up to 1000-fold amplification, and 

complementary detection oligos coupled to a fluorochrome are hybridized to detect the PLA 

signal. For Duolink in situ PLA, fixed cells or tissues were permeabilized and blocked 

blocking solution containing 0.2% Triton X-100, 3% normal goat serum for 1h followed by 

PBS washing. Then they were incubated with two interested primary antibodies diluted in 

blocking solution containing 0.2% Triton X-100, 3% normal goat serum for overnight at 

4°C. They were washed with PBS for seven times. Then cells or tissues were incubated with 

oligonucleotide-labelled PLA probes (PLUS/MINUS) (Sigma Aldrich, St Louis, MO, USA) 

diluted in blocking solution for 30 min at 37°C. They were washed with Duolink wash 

solution A (Sigma Aldrich, St Louis, MO, USA) and the ligation and amplifications were 

performed as instructed in the manufacturer’s protocol. Then the cells/tissues were 
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immunostained or DAPI-stained (Invitrogen) and mounted on slides using nail polish as 

previously described (37).

All images were captured with the Olympus FV10i confocal microscope using 60x objective 

lens (Tokyo, Japan) or ZEISS LSM880 confocal microscope using 40x objective lens, and 

the immunoreactivities were quantified from hippocampus region using the Image J software 

(National Institutes of Health, Bethesda, MD, USA). In ICC and PLA experiments, all 

comparison images were acquired with identical laser intensity, exposure time, and filter. 

Regions of interest were chosen randomly, and investigators were blinded to genotypes of 

mice and experimental conditions during image acquisition and quantification. Adjustments 

to the brightness/contrast were applied equally to all comparison images.

Statistical analysis

All graphs were analyzed and made using GraphPad Prism 6.0 software (GraphPad 

Software, San Diego, CA, USA) using student’s t-test, 1-way analysis of variance (ANOVA) 

followed by Tukey post hoc test, or 2-way ANOVA followed by Sidak post hoc test. 

Differences were deemed significant when P<0.05. Quantified results are expressed as mean 

± S.E.M (error bars).

Results

Transgenic mice expressing human CHCHD10 variants in the CNS

Two recent studies reported the generation and characterization of the CHCHD10S59L 

knock-in mouse model, in which the mutant allele is expressed under control of the 

endogenous mouse CHCHD10 promoter (41, 42). These mice were reported to develop 

mitochondrial cardiomyopathy and myopathy prior to onset of spinal motor neuron disease; 

however, brain regions were relatively unaffected (41, 42). To study the role of wild type 

CHCHD10 and FTD/ALS-linked CHCHD10 mutations (S59L & R15L) in the central 

nervous system (CNS), we sought to develop transgenic mouse models with enriched human 

CHCHD10 expression in neurons of the brain and spinal cord, which are primarily affected 

in FTLD and ALS, respectively. Hence, we generated transgenic Flag-CHCHD10 variants 

(D10-WT, R15L, & S59L) driven by the mouse PrP promoter (Fig. 1a), akin to those 

previously described for APP/PS1 (34), PS19 tauP301S (35), and -synuclein A53T (36) 

transgenic models. The genotypes of transgenic mice were identified by PCR using genomic 

DNA (Supplemental Fig. S1a) and by Western blotting (Supplemental Fig. S1b–d; Fig. 1c). 

From transgenic strains best matched for Flag-CHCHD10 levels (Fig. 1c), real-time 

quantitative RT-PCR using 2 primer sets common to mouse and human CHCHD10 mRNA 

sequences showed that human WT, R15L, and S59L CHCHD10 transcripts were similarly 

expressed at 2.5-2.8-fold higher than the endogenous CHCHD10 transcript in brain (Fig. 

1b). Western blotting for CHCHD10 proteins showed that human CHCHD10 variants were 

widely expressed in all CNS regions examined (Supplemental Fig. S1f–h), similar to 

endogenous CHCHD10 (Supplemental Fig. S1e). However, the Flag-R15L but not Flag-

S59L mutant protein was expressed at ~50% of Flag-CHCHD10-WT levels (Fig. 1c), which 

may be attributed to the instability of the R15L mutant as previously reported (43, 44).

Liu et al. Page 7

FASEB J. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FTD/ALS-linked CHCHD10 mutations disrupt OPA1-mitofilin complexes in transfected cells 
and in vivo

The FTD/ALS-linked CHCHD10 S59L mutation disrupts mitochondrial cristae structure 

and exhibits reduced binding to mitofilin (24, 31, 32). In addition to other MICOS 

components, mitofilin also interacts with OPA1, an inner membrane protein best known for 

its role in mitochondrial fusion (18) and regulation of cristae integrity (22, 23). Hence, we 

looked for evidence of CHCHD10-mediated regulation of both OPA1 and mitofilin in 10-

month old CHCHD10 transgenic mouse variants (D10-WT, R15L, & S59L). We observed 

no significant changes in mitofilin between any of the transgenic groups (Fig. 1d,e). The 2 

major precleaved L-OPA1 bands (~90-95 kDa) were also unchanged by D10-WT or 

CHCHD10 mutations (R15L & S59L) compared to WT mice (Fig. 1d,f). Interestingly, 

higher exposure of the blot revealed that the ~75–80 kDa cleaved S-OPA1 fragments were 

significantly increased in S59L transgenic mice compared to WT, D10-WT, or R15L 

transgenic mice (Fig. 1d,g). Overall levels of Drp1 and Mfn2, mitochondrial outer 

membrane fission and fusion associated proteins, respectively, were not significantly altered 

by CHCHD10 variants in brain (Fig. 1d; Supplemental Fig. S2a,b). Although R15L and 

S59L transgenic mice exhibited a minor trend toward reduced endogenous CHCHD2 levels, 

this difference was not found to be significant (Fig. 1d; Supplemental Fig. 2c).

As OPA1 is known to form a complex with mitofilin (22, 23), we next assessed the OPA1-

mitofilin complex using Duolink in situ proximity ligation assay (PLA) in transfected cells 

and CHCHD10 transgenic mouse brains (see Supplemental methods). Using PLA and two 

antibodies directed against OPA1 and mitofilin, we detected endogenous OPA1-mitofilin 

complexes as PLA puncta (Fig. 1h,j). Exclusion of 1 primary antibody or 1 secondary probe 

yielded no detectable PLA signal, indicating the specificity of the assay (Supplemental Fig. 

S2d). Surprisingly, WT CHCHD10 transfection in NIH3T3 cells increased the endogenous 

OPA1-mitofilin complex by nearly 2-fold, whereas R15L or S59L mutants significantly 

reduced this complex by up to 65% compared to vector control (Fig. 1h,i). Similar changes 

in endogenous OPA1-mitofilin complex was also observed in CHCHD10 transgenic brains, 

in which WT CHCHD10 significantly increased the OPA1-mitofilin complex by 1.75-fold 

compared to nontransgenic littermates, whereas R15L and S59L mutations dramatically 

reduced OPA1-mitofilin complex by 50% and 70%, respectively, in the hippocampus CA3 

region (Fig. 1j,k). Nearly identical results were observed in the frontal cortex of CHCHD10 

transgenic variants (Supplemental Fig. S2e,f).

FTD/ALS-linked CHCHD10 mutations exhibit reduced binding to OPA1 and mitofilin and 
disrupt high molecular weight native CHCHD10, mitofilin, and OPA1 in vivo

To better understand the mechanistic basis of CHCHD10 mutations in destabilization of the 

OPA1-mitofilin complex, we tested the extent to which CHCHD10 variants can associate 

with endogenous OPA1 and mitofilin in situ. Hence, we co-transfected NIH3T3 cells with 

WT CHCHD10 or CHCHD10 mutations (R15L & S59L) together with GFP in a 3:1 ratio 

and performed PLA to detect OPA1-CHCHD10 and mitofilin-CHCHD10 complexes. 

Quantification of PLA puncta normalized to GFP intensity showed that both R15L and S59L 

mutants exhibit significantly reduced binding to both OPA1 and mitofilin (Fig. 2a–d). 

Interestingly, the extent to which the mutations reduce binding to OPA1 and mitofilin were 
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distinctly different, with the S59L mutations exhibiting a more severe loss of OPA1 binding 

and the R15L mutation exhibiting a more severe loss of mitofilin binding (Fig. 2a–d). Co-

immunoprecipitation (co-IP) experiments likewise showed that wild type CHCHD10 binds 

to both mitofilin and OPA1, whereas CHCHD10 mutations (R15L & S59L) exhibit 

markedly reduced binding compared to WT CHCHD10 (Supplemental Fig. S2g). We also 

confirmed that endogenous CHCHD10 and mitofilin co-immunoprecipitates with 

endogenous OPA1 (Supplemental Fig. S2h).

To gain further insights to the nature of mitofilin, OPA1, and CHCHD10 complexes, we 

assessed CHCHD10 transgenic mouse brains by native blue gel electrophoresis after 

digitonin extraction to maintain native protein complexes (45). Surprisingly, D10-WT 

transgenic extracts showed a dramatic 2.5-fold increase in 480-720 kDa native OPA1 bands 

compared to WT extracts, whereas R15L and S59L mutations largely collapsed the 480-720 

kDa native OPA1 bands to under 300 kDa (Fig. 2e,f), indicating that these mutations 

severely disrupt native OPA1 protein complexes. The native ~720 kDa mitofilin complex 

was modestly but significantly reduced by R15L and S59L mutations compared to WT and 

D10-WT transgenic mice (Fig. 2e,g). Assessment of native CHCHD10 showed that WT 

human Flag-CHCHD10 incorporates into the ~720 kDa, ~480 kDa, and ~300 kDa bands, 

whereas the R15L and S59L mutations exhibit a different banding pattern (Fig. 2e). 

Quantification of the bands normalized to the expression level of transgenic Flag-CHCHD10 

variants showed that R15L and S59L mutations exhibit severely diminished capacity to 

incorporate into 480-720 kDa bands compared to CHCHD10-WT (Fig. 2h). Endogenous 

mouse CHCHD10 was largely seen in the ~720 kDa band (Fig. 2e).

FTD/ALS-linked CHCHD10 mutations impair mitochondrial fusion and respiration

As OPA1 and the OPA1-mitofilin complex play critical roles in mitochondrial inner 

membrane fusion (18), we next assessed whether CHCHD10 variants alter mitochondrial 

fusion. Hence, we performed mitochondrial fusion assays using the mito-dendra2 reporter, 

in which dendra2 is targeted to mitochondria (38). Dendra2 is a photoconvertible fluorescent 

protein that normally possesses excitation-emission maxima at 490/507nm (like GFP). Upon 

photoconversion at 405nm, the excitation/emission spectra permanently shift to 553/573nm, 

thereby converting from green to red fluorescent state. This allows the tracking of the 

photoconverted mito-dendra2 protein (red) in a specific subcellular region of interest (ROI) 

and its subsequent fusion with unconverted mito-dendra2 (green), thereby yielding a yellow/

orange signals upon fusion (38). To confirm the utility of the assay, we first co-transfected 

control siRNA or OPA1 siRNA together with mito-dendra2. Upon photoconversion of a 

small ROI (white boxes) for 40 seconds and live cell imaging over 20 minutes, we observed 

progressive conversion of red signals to yellow (red+green colocalization) over 20 minutes, 

indicative of mitochondrial fusion (Fig. 3a,b). In OPA1 siRNA transfected cells, the 

photoconverted ROI remained largely red and orange over the 20-minute period (Fig. 3a,b), 

confirming the significant loss of mitochondrial fusion by OPA1 siRNA. For assessment of 

CHCHD10 variants, we transfected CHCHD10 variants and mito-dendra2 at a ratio of 2:1 to 

ensure that mito-dendra2 expressing cells also express CHCHD10. Photoconversion and live 

cell imaging over 20 minutes showed that both R15L and S59L transfected cells exhibit 

significantly slower mitochondrial fusion compared to vector control and WT CHCHD10, 
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although the S59L mutation showed a more severe phenotype (Fig. 3c,d). Wild type 

CHCHD10 transfected cells exhibited similar mitochondrial fusion as vector control 

transfected cells (Fig. 3c,d).

As both mitofilin and OPA1 complexes are critical for the regulation of mitochondrial 

respiration (16, 17, 46, 47), we performed the mitochondria stress test using Seahorse 

technology, which measures mitochondrial oxygen consumption rate in response to 

sequential treatments of oligomycin (Complex V ATP synthase inhibitor), FCCP 

(mitochondrial decoupler), and rotenone/antimycin (Complex I & III inhibitors). Both R15L 

and S59L mutations significantly reduced basal respiration, maximal respiration, and 

respiration attributed to ATP production compared to WT CHCHD10 (Fig. 3e–h). The S59L 

mutation generally exhibited a more severe phenotype than the R15L mutation, and WT 

CHCHD10 showed nonsignificant increases in all measures of respiration compared to 

vector control (Fig. 3e–h).

Knockdown of endogenous CHCHD10 destabilizes MICOS components and OPA1-mitofilin 
complex

Mitofilin per se is required to maintain the stability of other components of the MICOS 

complex (10). However, the functional role of endogenous CHCHD10 in MICOS complex is 

unknown. Given the reduction of CHCHD10 in brains of FTLD-TDP patients, we next 

assessed the effects of endogenous CHCHD10 knockdown. We transfected HEK293T cells 

with CHCHD10 siRNA, isolated mitochondria, and looked for several key MICOS subunits 

(mitofilin, mic23/mic26, and mic19) by Western blotting. Knockdown of endogenous 

CHCHD10 significantly reduced all 3 MICOS components, although the reduction in 

mitofilin was the least severe (Fig. 4a,b). YME1L is an inner membrane AAA protease 

known to degrade various proteins at the inner membrane and intermembrane space (IMS) 

(48). Knockdown of YME1L together with CHCHD10 prevented CHCHD10 knockdown-

induced reduction in mitofilin, mic23/mic26, and mic19 (Supplemental Fig. S3a), indicating 

that these proteins are degraded by YME1L upon transient loss of CHCHD10. To assess 

native mitofilin complexes, we next isolated mitochondria, lysed mitochondria with 

digitonin, and subjected proteins to blue native gel electrophoresis. In HEK293T cells, we 

observed 2 prominent bands migrating at ~720 kDa and 480 kDa positive for mitofilin. 

Knockdown of CHCHD10 significantly reduced both mitofilin bands by >50% (Fig. 4c,d), 

confirming that the loss of CHCHD10 disrupts native mitofilin complexes.

As done for CHCHD10 overexpression, we looked for evidence of CHCHD10-mediated 

regulation of OPA1. Knockdown of endogenous CHCHD10 did not produce salient changes 

in L-OPA1 or the cleaved S-OPA1 (Supplemental Fig. S3b–d). However, assessment by blue 

native gels showed the presence of a prominent ~720 kDa native OPA1 band, which was 

significantly reduced by ~50% upon silencing CHCHD10 (Fig. 4e,f). We next conducted co-

immunoprecipitation (co-IP) experiments to assess OPA1-mitofilin interaction. As predicted, 

knockdown of CHCHD10 saliently reduced mitofilin in the myc-OPA1 immune complex 

even the presence of YME1L silencing (Fig. 4g). The specificity of the myc-OPA1/mitofilin 

complex was confirmed by FCCP treatment, which is known to disrupt OPA1 complexes 

and induce OPA1 cleavage (Supplemental Fig. S3e). Indeed, the loss of the OPA1-mitofilin 
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complex by CHCHD10 silencing was as effective as FCCP treatment even with YME1L 

knockdown (Supplemental Fig. S3e). Finally, we confirmed a ~70% reduction of the 

endogenous OPA1-mitofilin complex in NIH3T3 cells transduced with CHCHD10-shRNA-

GFP lentivirus as assed by in situ PLA (Fig. 4h,i).

TDP-43 reduces CHCHD10 and disrupts native CHCHD10, OPA1, and mitofilin complexes 
in brains of human FTLD-TDP and TDP-43 transgenic mice

Multiple studies have shown that the accumulation of TDP-43 in mitochondria of neurons 

induces mitochondrial dysfunction and synaptic damage (8–10). These observations together 

with the current finding that FTD/ALS-linked CHCHD10 mutations disrupt mitofilin and 

OPA1 complexes prompted us to examine whether CHCHD10 and mitofilin levels are 

altered in human TDP-43 proteinopathy. In RIPA extracts from the frontal gyrus of FTLD-

TDP patients and age-matched nondemented controls, we observed a significant ~30% 

reduction in CHCHD10 levels (Fig. 5a,b) in FTLD-TDP (n=10) compared to nondemented 

controls (n=13) without significant changes in mitofilin levels (Fig. 5a,c). Cleaved S-OPA1 

bands migrating ~75-85 kDa were significantly increased by ~70% in FTLD-TDP compared 

to nondemented controls (Fig. 5a,d). Although difficult to detect from human postmortem 

tissues, assessment and quantification of native CHCHD10, mitofilin, and OPA1 by 

digitonin extraction in blue native gels showed that all three proteins were significantly 

reduced in the ~720 kDa band in FTLD-TDP compared to nondemented control 

(Supplemental Fig. S4a–d), suggesting that TDP-43 accumulation might underlie this 

disruption. Hence, we assessed TAR4 mice, which express WT human TDP-43 driven by the 

Thy-1 promoter and exhibits prominent TDP-43 pathology (33). Compared to WT 

littermates, 18-month old TAR4 mouse brains exhibited a significant 60% reduction in 

CHCHD10 (Fig. 5e,f) without significantly altering mitofilin, L-OPA1, or cleaved S-OPA1 

in the RIPA extracts (Fig. 5e,g,h). Digitonin-extracted ~720 kDa native CHCHD10 and 

mitofilin bands were also significantly reduced in TAR4 mouse brains compared to 

littermate controls (Supplemental Fig. S4e–g). In situ PLA experiments to detect OPA1-

mitofilin complexes indeed showed a significant ~40% reduction in OPA1-mitofilin PLA 

puncta in TAR4 mouse brains compared to wild type littermate brains (Fig. 5i,j), 

demonstrating an identical biochemical signature as those seen in mutant CHCHD10 (R15L 

& S59L) transgenic mouse brains. Likewise, overexpression of TDP-43 in HEK293T cells 

also showed a dramatic disruption of the native ~720 kDa mitofilin band from the 

mitochondrial fraction (Supplemental Fig. S4h,i).

We previously showed that TDP-43 physically interacts with CHCHD10 (8). To gain 

mechanistic insights to TDP-43-induced disruption of mitofilin and OPA1 complexes, we 

assessed if TDP-43 can form stable complexes with mitofilin or OPA1. Hence, we 

performed biochemical co-IP experiments after transfection of HEK293T cells with or 

without TDP-43-myc. However, myc immune complexes did not contain specific bands 

corresponding to either mitofilin or OPA1 even through TDP-43-myc was robustly pulled 

down (Supplemental Fig. S4j), suggesting that TDP-43 does not form a stable complex with 

mitofilin or OPA1. Under identical biochemical conditions, Flag-CHCHD10 formed a 

complex with both endogenous mitofilin and OPA1 (Supplemental Fig. S4k). Upon 

transfection of TDP-43-myc, we detected formation of the TDP-43/CHCHD10 complex, 
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which coincided with abolition of the CHCHD10-mitofilin complex and markedly reduced 

CHCHD10-OPA1 complex (Supplemental Fig. S4k). These findings therefore suggest that, 

in addition to reducing endogenous CHCHD10, the binding of TDP-43 to CHCHD10 

interferes with the ability of CHCHD10 to form complexes with mitofilin and OPA1.

TDP-43 recapitulates mitochondrial abnormalities associated with CHCHD10 mutations 
and are rescued by wild type CHCHD10

As TDP-43 interfered with the ability of CHCHD10 to form complexes with OPA1 and 

mitofilin and reduced endogenous CHCHD10, we hypothesized that TDP-43-induced 

mitochondrial abnormalities are at least in part through CHCHD10. If so, then TDP-43 

should recapitulate mitochondrial phenotypes associated with FTD/ALS-linked CHCHD10 

mutations and increasing wild type CHCHD10 expression should at least partially rescue 

TDP-43-induced mitochondrial phenotypes. Hence, we first performed in situ PLA 

experiments in NIH3T3 cells to detect the OPA1-mitofilin complex upon transfection of 

GFP or GFP-TDP-43 with/without OPA1-myc and/or Flag-CHCHD10. We detected the 

endogenous OPA1-mitofilin complex, which more than doubled with transfection of OPA1-

myc (Fig. 6a,b). Transfection of OPA1-myc with CHCHD10 further significantly increased 

OPA1-mitofilin complexes by ~55% (Fig. 6a,b), in agreement with our CHCHD10 

knockdown results (Fig. 4h,i). Transfection of GFP-TDP-43 with OPA1-myc drastically 

reduced the OPA1-mitofilin complex by ~70% compared to OPA1-myc alone (Fig. 6a,b), 

thereby recapitulating the effects of CHCHD10 mutations and knockdown. Expression of 

CHCHD10 with GFP-TDP-43 + OPA1-myc, in contrast, fully restored the OPA1-mitofilin 

complex to levels seen with OPA1-myc transfection alone (Fig. 6a,b). Similarly, primary 

cortical neurons derived from TAR4 mice or HEK293T cells transfected with TDP-43 

exhibited significant disruption of the native mitofilin complex, which was largely restored 

in cortical neurons derived from TAR4;CHCHD10 double transgenic littermates or 

HEK293T cells co-transfected with CHCHD10 (Supplemental Fig. S5a–c).

To determine whether TDP-43 produces functional changes associated with disruption of 

OPA1-mitofilin complexes and whether wild type CHCHD10 can rescue such changes, we 

transfected NIH3T3 cells with TDP-43+vector or TDP-43+CHCHD10 together with mito-

dendra2 at a ratio of 1 mito-dendra2 to 2 TDP-43, vector, or CHCHD10. TDP-43 expression 

resulted in significantly slower mitochondrial fusion compared to vector alone over a 20-

minute period after photoconversion (Fig. 6c,d). However, co-expression of TDP-43 with 

CHCHD10 restored the rate of mitochondrial fusion to vector control levels (Fig. 6c,d), 

consistent with the rescue of TDP-43-induced disruption of the OPA1-mitofilin complex by 

CHCHD10. Likewise, assessment of mitochondrial respiration showed a dramatic reduction 

in mitochondrial respiration by TDP-43, which was significantly restored to near control 

levels by CHCHD10 overexpression (Fig. 6e–g).

Discussion

FTLD-TDP and ALS patients exhibit severe mitochondrial abnormalities (3–5), which are 

closely associated with TDP-43 pathology (6, 7). In this study, we made a series of novel 

observations regarding the interplay between CHCHD10 and TDP-43 utilizing transfected 
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cells, CHCHD10 transgenic mice, TDP-43 transgenic (TAR4) mice, and FTLD-TDP brains. 

The CHCHD10 transgenic mouse variants (WT, R15L, & S59L) described in this study 

represent the first mouse models of human CHCHD10 variant expression enriched in the 

CNS. Using these transgenic models, we showed that FTD/ALS-linked CHCHD10 

mutations disrupt the OPA1-mitofilin complex in brain to impair mitochondrial fusion and 

respiration, whereas wild type CHCHD10 promotes the OPA1-mitofilin complex. Such 

changes by FTD/ALS-linked CHCHD10 mutations were recapitulated in brains of FTLD-

TDP patients as well as cellular and animal models of TDP-43, as seen by the loss of the 

OPA1-complex as well as impaired mitochondrial fusion and respiration. Importantly, these 

TDP-43-induced mitochondrial abnormalities were rescued by expression of wild type 

CHCHD10, supporting the notion that CHCHD10 mutations and TDP-43 produce 

mitochondrial dysfunction through convergent mechanisms and that the loss of endogenous 

CHCHD10 expression or activity at least in part drives TDP-43-induced deficits in 

mitochondrial fusion and respiration through disruption of the OPA1-mitofilin complex.

Our findings showed for the first time that CHCHD10 mutations (R15L & S59L) strikingly 

disrupt the OPA1-mitofilin interaction, with S59L being more severe than R15L, whereas 

WT CHCHD10 robustly increases this interaction, suggesting that CHCHD10 functions to 

bridge the interaction between OPA1 and mitofilin. Interestingly, the interaction between 

CHCHD10 and OPA1 was more severely deficient with the S59L mutation compared to the 

R15L mutation, whereas the interaction between CHCHD10 and mitofilin was more 

severely reduced by the R15L mutation, suggesting that the mechanism of OPA1-mitofilin 

complex disruption may be subtly different between the 2 mutations. This may be partially 

explained by the observation that the S59L but not R15L mutation significantly increased 

the cleaved S-OPA1 isoforms compared to WT CHCHD10 transgenic brains. As the cleaved 

S-OPA1 fragment generally favors mitochondrial fission versus fusion (46, 49), such 

increase in S-OPA1 likely accounts for the more severe mitochondrial fusogenic phenotype 

associated with the S59L mutation. Nevertheless, our biochemical and imaging studies 

showed that OPA1 complex assembly and OPA1-mitofilin interaction were disrupted by 

both S59L and R15L mutations, indicating that the increase in S-OPA1 is an added feature 

of the S59L mutation accounting for more severe mitochondrial phenotypes. Like mitofilin 

and L-OPA1, we observed no detectable differences in the overall levels of Mfn2, Drp1, or 

CHCHD2 proteins. However, we cannot rule out the possibility that different complexes of 

these proteins are altered by CHCHD10 mutations, particularly CHCHD2, which has been 

reported to form a complex with CHCHD10 (44, 50–52). Interestingly, a recent study using 

a Drosophila model reported that the wild type version of Drosophila CHCHD2 increases 

OPA1 levels, while CHCHD2 mutations decrease OPA1 through as yet unknown mechanism 

(53).

Disruption of native high molecular weight (HMW) mitofilin bands by R15L and S59L 

mutations closely mirrored the disruption of the native HMW CHCHD10 bands by the same 

mutations, suggesting that the loss of CHCHD10 incorporation into HMW native 

CHCHD10 bands destabilizes the native mitofilin complex in brain, a complex linked to 

mitochondrial cristae integrity (13). It is also likely that changes in the OPA1-mitofilin 

complex contribute to the observed alterations in mitochondrial respiration seen by 

CHCHD10 variants (17, 18, 22). It is also notable that while WT CHCHD10 dramatically 
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increased the HMW native OPA1 complex and OPA1-mitofilin interaction, WT CHCHD10 

failed to increase the HMW native mitofilin complex, consistent with mitofilin per se as a 

rate limiting factor in the assembly of MICOS (13). This also suggests that the native HMW 

mitofilin complex may be largely distinct from and epistatic to the native HMW OPA1 

complex with only partial overlap, such as CHCHD10 (23). Aside from the ~720 kDa 

MICOS complex containing at least mitofilin, CHCHD10, Mic19, Mic25, Mic27, Mic23, 

Mic10, and Mic12 (54), we also observed ~480 kDa and ~300 kDa native complexes from 

mouse brains. The ~480 kDa complex containing mitofilin and CHCHD10 is reminiscent of 

the ~450-600 kDa MICOS Centerpiece complex thought to contain at least mitofilin, Mic19, 

and Mic25 (54–56). While the ~300 kDa complex remains to be fully defined, native OPA1 

and CHCHD10 but not mitofilin were detected at this molecular weight, especially in R15L 

and S59L transgenic brains.

Our novel finding that knockdown of endogenous CHCHD10 destabilizes MICOS 

components mitofilin, Mic23, and Mic19 argues that endogenous CHCHD10 has an 

essential role in MICOS assembly through the binding and stabilization of the complex, the 

loss of which leads to YME1L-mediated degradation of its subunits. Although constitutive 

CHCHD10−/− cells display only subtle mitochondrial respiration deficits (30), this may be 

due to the upregulation of CHCHD2, a partially redundant CHCHD10 homolog that forms a 

complex with CHCHD10 (8, 50, 51) and is known to be upregulated in response to 

mitochondrial stress (44, 57). In our experimental setting, we used transient knockdown of 

CHCHD10, which does not result in increased CHCHD2 (8). While RNAi-mediated 

CHCHD10 knockdown failed to alter OPA1 levels, CHCHD10 knockdown drastically 

reduced the native OPA1 complex and OPA1-mitofilin interaction. Hence, we interpret these 

results to indicate that endogenous CHCHD10 also constitutes a key component mediating 

the stabilization of OPA1-mitofilin complex, likely by bridging this interaction. In this 

context, the observation that R15L and S59L mutations disrupt the OPA1-mitofilin 

interaction suggests that these mutations may exert a dominant negative activity on this 

complex, by binding to mitofilin and/or OPA1 but failing to stabilize the cross-interaction.

The observation that the CHCHD10 protein is significantly reduced in brains of FTLD-TDP 

patients indicates that phenotypes associated with CHCHD10 reduction may be 

pathogenically relevant to FTLD-TDP. Indeed, disease-linked CHCHD10 mutations R15L 

and G66V mutations exhibit reduced CHCHD10 levels and increased turnover, indicative of 

partial haploinsufficiency (43, 44). FTLD-TDP brains and TDP-43 transgenic mice not only 

exhibited reduced CHCHD10 protein but also disruptions in native CHCHD10, mitofilin, 

and OPA1 assemblies. It is notable that TDP-43-induced loss of the native CHCHD10 

complex was more severe than the loss of either native mitofilin or OPA1 complexes, 

suggesting that the loss of CHCHD10 from native HMW assemblies may trigger the loss of 

OPA1 and/or mitofilin from these complexes in brain. Indeed, co-IP and PLA experiments 

revealed that TDP-43 binds to CHCHD10 and interferes with the ability of CHCHD10 to 

form complexes with OPA1 and mitofilin, thereby recapitulating the effects of CHCHD10 

mutations. While human FTLD-TDP brains exhibited a significant increase in cleaved S-

OPA1 isoforms, TDP-43 transgenic mice only showed a mild but nonsignificant increase in 

S-OPA1. This suggests that the OPA1 phenotype is more severe in human FTLD-TDP 
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compared to TDP-43 transgenic mice and that disruption of the OPA1-mitofilin complex is 

an earlier and separable TDP-43-related phenotype versus S-OPA1 generation.

Under pathological conditions, TDP-43 mislocalizes from the nucleus to cytoplasm and is 

associated with the ER, RNA granules, mitochondria-associated membranes (MAMs), and 

mitochondria (8, 10, 58–61). Within mitochondria, TDP-43 reduces mitochondrial length by 

promoting mitochondrial fission (11). Mitochondrial fission and fusion are in dynamic 

balance, in which loss of fission (i.e. Drp1, Fis1) favors fusion, and loss of fusion (Mfn1/2, 

OPA1) favors fission (62). While fragmented mitochondria are associated with reduced 

membrane potential and health, fusion of mitochondria (elongated) increases mtDNA and 

protein components needed to rejuvenate mitochondria (62, 63). TDP-43 experimental 

models demonstrate tipping of the balance toward increased fission, as TDP-43 induces the 

loss of Mfn1 as well as increased Drp1 and Fis (7, 64, 65). Moreover, TDP-43 expression is 

associated with disruption of mitochondrial cristae structure as well as reduced 

mitochondrial respiration (6, 66). In this context, the observation that TDP-43 recapitulates 

the mitochondrial phenotypes (OPA1-mitofilin interaction, fusion, & respiration) associated 

with CHCHD10 mutations is intriguing. But more importantly, the finding that these 

TDP-43-induced mitochondrial defects are largely rescued by wild type CHCHD10 

indicates that TDP-43 drives mitochondrial impairments in large part through CHCHD10 

deregulation. As CHCHD10 fully rescued the defects in OPA1-mitofilin interaction and 

mitochondrial fusion induced by TDP-43 but partially rescued TDP-43-induced impairments 

in mitochondrial respiration, factors other than CHCHD10-depenent OPA1-mitofilin 

complex also contribute to overall mitochondrial defects associated TDP-43 (6, 65). As 

examples, neither Drp1 nor Mfn2 were altered in mutant CHCHD10 transgenic mice, 

whereas Drp1, Fis1, and Mfn1 were found to be altered by TDP-43 (7, 64, 65). Collectively, 

these results support the notion that destabilization of the native CHCHD10 complex and 

OPA1-mitofilin interaction significantly contribute to mitochondrial abnormalities in FTLD-

TDP brains and that increasing CHCHD10 expression could be beneficial to mitigating 

mitochondrial dysfunction in FTLD-TDP.
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Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations

CHCHD10 Coiled-coil-helix-coiled-coil-helix domain containing 10

CMT2 Charcot-Marie-Tooth disease type 2
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FTD–ALS frontotemporal dementia–amyotrophic lateral sclerosis

FTLD-TDP frontotemporal lobar degeneration with TDP-43 pathology

HMW high molecular weight

ICC immunocytochemistry

IHC immunohistochemistry

MAMs mitochondria-associated membranes

MICOS mitochondria contact site and cristae organization system

OPA1 Optic atrophy 1

PFA paraformaldehyde

PLA proximity ligation assays

P/S penicillin/streptomycin

RIPA radioimmunoprecipitation assay buffer

ROI region of interest

TDP-43 Transactive response DNA binding protein 43 kDa

WT wild type
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Fig. 1. FTD/ALS-linked CHCHD10 mutations disrupt OPA1-mitofilin complexes in transfected 
cells and in vivo mice
(a) Schematic model of human CHCHD10 expression (D10-WT, R15L, S59L) driven by the 

mouse PrP promoter in transgenic mice.

(b) Equal amount of total RNA isolated from the cortex of 10-month old WT and CHCHD10 

transgenic mice (D10-WT, R15L, & S59L) were subjected to qRT-PCR and quantification of 

CHCHD10 mRNA transcripts normalized to WT (n=4 mice/genotype, average of 2 primer 

sets).

(c) Quantification of relative cortical Flag-hCHCHD10 protein normalized to D10-WT 

transgenic mice from D10-WT, R15L, and S59L transgenic mice. Flag-hCHCHD10 level 

was first normalized to endogenous CHCHD10 level in littermate WT mice (n=7-10 WT 

littermates, n=7 D10-WT, n=5 R15L, n=12 S59L).

(d) Equal protein amounts of RIPA extracts from the cortex of 10-month old WT and 

CHCHD10 transgenic mice (D10-WT, R15L, & S59L) were subjected to SDS-PAGE and 

immunoblotting for indicated proteins.

(e-g) Quantification of mitofilin and OPA1 levels (1-way ANOVA, posthoc Tukey, N.S.=not 

significant, **p<0.01, n=3 mice per group).

(h) NIH-3T3 cells were transfected with vector control or Flag-CHCHD10-WT, Flag-R15L, 

or Flag-S59L for 48h. Cells were then subjected to in situ proximity ligation assay (PLA) for 

endogenous OPA1-mitofilin complexes (red), immunostaining for Flag-CHCHD10 (green), 

and DAPI (blue).
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(i) Quantification of PLA puncta number per cell (1-way ANOVA, posthoc Tukey, 

#p<0.001, ##p<0.0001, n=31/group from 4 experiments).

(j) Brain sections from 10-month old WT and CHCHD10 transgenic mice (D10-WT, R15L, 

& S59L) were subjected to in situ PLA for OPA1-mitofilin complexes (red) and DAPI 

staining (blue). Representative images show hippocampus CA3 region.

(k) Quantification of PLA puncta intensity in hippocampus CA3 region (1-way ANOVA, 

posthoc Tukey, #p<0.001, ##p<0.0001, n=12 sections/group from 4 mice/group).
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Fig. 2. FTD/ALS-linked CHCHD10 mutations exhibit reduced binding to OPA1 and mitofilin 
and disrupt high molecular weight native CHCHD10, mitofilin, and OPA1 in vivo
(a,c) NIH-3T3 cells were co-transfected with GFP and Flag-CHCHD10-WT, Flag-R15L, or 

Flag-S59L for 48h. Cells were then subjected to in situ PLA for CHCHD10-OPA1 

complexes (red) or CHCHD10-mitofilin complexes (red), DAPI staining (blue), and GFP 

(green) fluorescence microscopy.

(b,d) Quantification of CHCHD10-OPA1 PLA intensity normalized to GFP intensity (n) and 

CHCHD10-mitofilin PLA intensity normalized to GFP intensity (p) (1-way ANOVA, 

posthoc Tukey, *p<0.05, **p<0.01 #p<0.001, ##p<0.0001, n=24–32 images/group from 4 

repeat experiments).

(e) Equal protein amounts of digitonin extracts from the cortex of 10-month old WT (non-

TG) and CHCHD10 transgenic mice (WT, R15L & S59L) were subjected in blue native gel 

electrophoresis and detection of the indicated high molecular weight (HMW) native protein 

complexes. Molecular weight markers in kDa are indicated to the right. Representative blots 

shown.

(f-h) Quantification of native OPA1, mitofilin, and CHCHD10 complexes (480–720 kDa). 

(1-way ANOVA, posthoc Tukey, *p<0.05, **p<0.01, #p<0.001, n=4 mice per group).
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Fig. 3. FTD/ALS-linked CHCHD10 mutations impair mitochondrial fusion and respiration
(a) Hela cells were co-transfected with mito-dendra2 and control siRNA or OPA1 siRNA for 

72h and subjected to photoconversion of mito-dendra2 at 405nm followed by live cell 

imaging over a 20 minutes period. Pre=pre-photoconversion. While boxes show 

photoconverted ROIs. Representative images shown.

(b) Quantification of the percentage of red/green colocalization in ROI (2-way ANOVA, 

posthoc Sidak, **p<0.01 #p<0.001, ##p<0.0001, n=3 repeats).

(c) NIH-3T3 cells were co-transfected with mito-dendra2 and vector control, CHCHD10-

WT, R15L, or S59L for 48h and subjected to photoconversion of mito-dendra2 at 405nm 

followed by live cell imaging over 20 minutes period. Pre=pre-photoconversion. While 

boxes show photoconverted ROIs. Representative images shown.

(d) Quantification of the percentage of red/green colocalization in ROI (2-way ANOVA, 

posthoc Sidak, ##p<0.0001 at 10-20 minutes time points, n=10 cells/group from 3 repeat 

experiments).

(e) HEK293T cells were transfected pcDNA vector control or CHCHD10 variants (WT, 

R15L, or S59L) for 24h and allowed to grow in low serum medium (2% FBS) for 24h. Equal 

number of cells were then subjected to mitochondrial respiration assay using XF96 Seahorse 

(mito stress test) with injection of the indicated drugs at indicated time points. Graph shows 

average of 3 experiments.

(f-h) Quantification of basal respiration, maximal respiration, and ATP production phases of 

OCR (1-way ANOVA, posthoc Tukey, *p<0.05, **p<0.01, #p<0.001, ##p<0.0001, n=22–27 

measurements/group from 3 repeat experiments).
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Fig. 4. Knockdown of endogenous CHCHD10 destabilizes MICOS components and OPA1-
mitofilin interaction
(a) HEK293T cells were transfected with control siRNA or CHCHD10 siRNA for 72h and 

subjected to mitochondrial isolation. Equal protein amounts of mitochondrial lysates were 

then subjected to SDS-PAGE and immunoblotting for indicated proteins. Representative 

blots shown.

(b) Quantification of mitofilin, Mic23 and Mic19 (t-test, **p<0.01, #p<0.001, ##p<0.0001, 

n=4/group).

(c,e) HEK293T cells were transfected with control and CHCHD10 siRNA for 72h and 

subjected to mitochondrial isolation. Equal protein amounts of digitonin extracted 

mitochondria were then subjected to blue native gel electrophoresis and detection of high 

molecular weight native bands containing mitofilin (c) or OPA1 (e) as well as native 

Complex II as loading control. Molecular weight markers in kDa are indicated to the right. 

Representative blots shown.

(d,f) Quantification of 480-720 kDa native mitofilin (d) or native OPA1 (f) bands (t-test, 

**p<0.01, n=4/group).

(g) HEK293T cells were transfected with vector control or myc-OPA1 and control siRNA, 

CHCHD10 siRNA and/or YME1L siRNA for 72h. Equal protein amounts of whole cell 

lysates were then subjected to immunoprecipation (IP) using anti-myc antibody and 

immunoblotting for mitofilin and myc-OPA1 or direct immunoblotting for indicated 

proteins.

(h) NIH3T3 cells were transduced with control shRNA-GFP lentivirus or CHCHD10 

shRNA-GFP lentivirus for 60h and subjected to in situ PLA for OPA1-mitofilin complexes 

(red), DAPI staining (blue), and GFP fluorescence (green). Representative images shown.

(i) Quantification of OPA1-mitofilin complex PLA puncta per cell (t-test, #p<0.001, n=19–

38 images from 4 repeat experiments).
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Fig. 5. Reduced CHCHD10 and OPA1-mitofilin complex in brains of FTLD-TDP and TDP-43 
transgenic mice
(a) Equal protein amounts of RIPA extracts prepared from the frontal gyri of post-mortem 

pathology confirmed FTLD-TDP and nondemented control cases were subjected to 

immunoblotting for CHCHD10, mitofilin, OPA1, and actin. Representative blots shown.

(b-d) Quantification of CHCHD10, mitofilin and cleaved S-OPA1 (~75-85 kDa) proteins 

from RIPA extracts (t-test, **p<0.01, n=13 control, n=10 FTLD-TDP).

(e) Equal protein amounts of RIPA extracts from the cortex of 18-month old hTDP-43 

transgenic (TAR4) and WT littermate mice were subjected to immunoblotting for human 

TDP-43 (hTDP-43), CHCHD10, mitofilin, OPA1, and actin.

(f-h) Quantification of CHCHD10, mitofilin and cleaved S-OPA1 (~75-80 kDa) from TAR4 

and WT littermate cortex (t-test, **p<0.01, n=3 mice/per group).

(i) Brain sections from 18-month-old TAR4 transgenic and WT littermate mice were 

subjected to in situ PLA for OPA1-mitofilin complexes (red) and DAPI staining (blue). 

Representative images show the frontal cortex.

(j) Quantification of PLA puncta intensity in the frontal cortex (t-test, ##p<0.0001, n=22 

images/group from 4 mice/group).
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Fig. 6. TDP-43 recapitulates mitochondrial abnormalities associated with CHCHD10 mutations 
and are rescued by wild type CHCHD10
(a) NIH3T3 cells were co-transfected with GFP or GFP-TDP-43 ± OPA1-myc and/or 

CHCHD10-WT for 48h. Cells were then subjected to in situ PLA for OPA1-mitofilin 

complexes (red), DAPI staining (blue), and GFP fluorescence (green). White box regions 

magnified in upper panels.

(b) Quantification of OPA1-mitofilin PLA puncta per cell (1-way ANOVA, posthoc Tukey, 

##p<0.0001, n=18-23 images from 3 repeat experiments).

(c) NIH3T3 cells were co-transfected with mito-dendra2 and pcDNA vector control, 

TDP-43, or TDP-43+CHCHD10-WT for 48h. Transfected cells were then subjected to 

photoconversion of mito-dendra2 at 405nm followed by live cell imaging over a 20 minutes 

period. Pre=pre-photoconversion. White boxes show photoconverted ROIs. Representative 

images shown.

(d) Quantification of percentage of the red/green colocalization in ROI (1-way ANOVA, 

posthoc Tukey, **p<0.01 #p<0.001, ##p<0.0001, n=10 cells/group from 3 repeat 

experiments).

(e) HEK293T cells were transfected with pcDNA vector control, TDP-43, or TDP-43+ 

CHCHD10-WT for 24h and starved in low serum medium (2% FBS) for 24h. Cells were 

then subjected to mitochondrial respiration assay (mito stress test) using Seahorse XFe96 

instrument to measure oxygen rate consumption (OCR) with the indicated drug treatments at 

indicated time points.
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(f,g) Quantification of basal respiration and ATP production phases of OCR (1-way 

ANOVA, posthoc Tukey, **p<0.01, #p<0.001, ##p<0.0001, n=9 measurements/group from 

3 repeat experiments).
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Fig 7. CHCHD10 and TDP-43 mediated coordination of mitochondrial fusion, respiration, and 
cristae integrity in healthy or pathogenic conditions
(a) In mitochondria of healthy brains, WT CHCHD10 interacts with both OPA1 and 

mitofilin/MICOS complexes and promotes OPA1-mitofilin interactions, which stabilizes 

both OPA1 and mitofilin complexes. Stabilization of the native OPA1 complex and OPA1-

mitofilin interaction tips the balance of mitochondrial dynamics toward fusion. Stabilization 

of mitofilin/MICOS complex promotes the maintenance of cristae integrity and facilitates 

the activity of mitochondrial respiratory complexes (CI-CV). At the same time, healthy 

expression of WT CHCHD10 counteracts TDP-43-induced disruption of OPA1-mitofilin 

complexes.

(b) In mitochondria of pathogenic brains (i.e. FTLD-TDP), either CHCHD10 mutations (i.e. 

R15L or S59L) or TDP-43 disrupt both native OPA1 and mitofilin complexes as well as 

OPA1-mitofilin interaction by interfering with the ability of CHCHD10 to stabilize OPA1-

mitofilin complexes. This inhibits mitochondrial fusion, tipping the balance toward fission. 

Disruption of mitofilin/MICOS complexes leads to impaired cristae integrity and defective 

activity of mitochondrial respiratory complexes (CI-CV).
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